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Nanotechnology development is directly linked to long-term energy 
and environment sustainability. However, many new nanomaterials 
require new commercial production techniques. In this respect, more 
and more industries are recognizing compressed and supercritical 
CO2 as a powerful green and safe technology for nanomaterial 
design and manufacturing. Supercritical CO2 technology has made a 
transition over the past 25 years from a laboratory curiosity to a large-
scale commercial reality for materials processing, with very diverse 
applications, such as pharmaceuticals, nutraceuticals, polymers, and 
textiles. Moreover, the use of recycled CO2 in industries instead of 
more pollutant solvents would mitigate the CO2 detrimental effect 
on climate change. 
 This book illustrates the basis of currently important supercritical 
CO2 processing techniques, as well as the main laboratory and 
industrial applications. The chapters in this book provide tutorial 
accounts of topical areas to better understand the capacity of this 
environmentally friendly technology for creating and manipulating 
nanoscale materials for the next generation of products and 
technologies. 

C. Domingo
P. Subra-Patternault
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Nanotechnology development is directly linked to the long-term 
energy and environment sustainability. Hence, the critical aspects 
of sustainable nanotechnology, such as life cycle assessment, green 
synthesis, green energy, industrial partnerships, environmental 
and biological fate, and the overall sustainability of engineered 
nanomaterials, must always be addressed for designing a 
development. Many green nanomaterials require new commercial 
production techniques. In this respect, more and more industries 
are recognizing scCO2 technology as a promising green technology 
for nanomaterial manufacturing, since increased environmental 
awareness had led to restrictions on previously used toxic solvents. 
This chapter covers the transition of scCO2 technology over the past 
25 years from a laboratory curiosity to a commercial reality for 
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nanomaterials processing, with applications not only in high-added 
value products, such as pharmaceuticals, nutraceuticals, foods 
and flavors, polymers, and chemicals, but also to mass commodity 
products, such as textiles and concrete. Chapter 2 addresses the 
fundamentals of fluids at supercritical conditions, while Chapter 3  
treats the critical properties of confined fluids into nanometric 
pores. 

1.1 Nanotechnology and Nanoproducts

Nanotechnology is commonly defined as the design, control, and 
structuring of matter of sizes less than 100 nm, at least in one 
dimension, to create materials with fundamentally new properties 
and functions [1]. The meaning of nanotechnology varies from field 
to field of science and it is widely used as a “catch all” description 
for anything very small. Nanotechnology encompasses two main 
approaches, (i) the top-down, in which large structures are reduced 
in size to the nanoscale, while maintaining their original properties 
(e.g., miniaturization in the domain of electronics) or deconstructed 
from larger structures into their smaller, composite parts, and (ii) 
the bottom-up, in which materials are engineered from atoms or 
molecular components through a process of either forced or self-
assembly.
 Global world market predictions show that by 2015 nanopro-
ducts will reach a 10% of the total industrial output of materials, 
representing about $2.5 trillion business and more than 1 million 
workers involved in R&D, production, and related activities [2]. 
However, further than figures themselves, more impressing seems to 
be the rapid evolution of nanobased applications and their expansion 
to new technological areas. Nanoelectronics and nanoenergy have 
currently the highest visibility in nanotechnology, but the greatest 
short-term business opportunities lie in the materials for the 
medicine sector, mainly due to the already attained progress in 
manufacturing nanoparticles that can be now exploited to prepare 
useful nanoproducts [3, 4]. Nanostructured hybrid materials are an 
especial class of composite systems comprising organic, inorganic, 
or biological components distributed at the nanometric scale. The 
synergistic combination of at least two of these components in a  
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single material at the nanosize level provides novel properties for 
the development of multifunctional materials [5]. There are two 
key approaches for the creation of composite structures at the 
nanometer scale, self-aggregation and dispersion. Nanostructured 
self-aggregated hybrid composites are materials with spatially 
well-defined domains for each component and with control of 
their mutual arrangement at the nanolevel. On the contrary, the 
combination by dispersion of small nanoparticles (fillers) within soft 
continuous matter, particularly polymers, or a second particulate 
phase allows the easy preparation of hybrid materials with improved 
properties but with a disordered nanostructure. The fascinating 
characteristics of these unique nanocomposites enable a wide range 
of applications in the fields of energy, biomedicine, optoelectronics, 
etc. [6]. Moreover, to effectively explore the remarkable properties 
of nanoparticles and to manipulate them to form nanostructured 
hybrid composites, one essential step is the surface modification or 
functionalization of the nanoparticles. The reason is that dissimilar 
phases in the composite are often incompatible due to low interfacial 
interactions [7]. The lack of interfacial interaction, coupling or 
bonding between the components could lead to the preparation of 
hybrid materials with nonisotropic properties and relatively poor 
mechanical behavior that limited their applications [8]. This fact 
becomes especially relevant for nanometric components, which 
have a large surface-area-to-volume ratio. 

1.2 Nanomanufacturing

In their widest sense, nanomanufacturing has been used by industries 
for decades (semiconductors) and, in some cases, considerably 
longer (chemicals). However, developments over the past 20 years 
in the tools used to characterize materials (microscopes) have 
led to an increased understanding of the behavior and properties 
of matter at very small size scales. Currently, nanomanufacturing 
has developed to a stage that allows the large-scale production of 
different-tailored single-component nanosized entities, ranging 
from inorganic nanoparticles to carbon nanotubes [9]. At this point, 
a major challenge is to demonstrate the feasibility of up-scaling the 
fabrication of complex nanostructured products or devices. Current 

Nanomanufacturing
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manufacturing bottom-up methods of nanostructured materials 
have severe limitations for mass production. On one side, the rapid 
condensation vapor-related physical routes lead to products with 
low contamination levels, but they are not easily scaled up at a 
reasonable cost. On the other hand, liquid-related chemical bulk 
approaches provide large quantities of nanosized entities at a low 
cost but with reduced purity. Furthermore, with size reduction to 
nanoscale, classical solvent approaches may be destructive for the 
production of complex nanostructures, since the liquid solvent itself 
can damage the extremely reactive surfaces that it is helping to 
create. This is due to undesired liquid viscosity and surface tension 
effects. Besides, nanoentities are extremely difficult to manipulate 
in liquid solvents and to integrate them into final products whilst 
avoiding agglomeration, degradation, or contamination. Finally, 
the efficient dispersion of nanometric fillers in the bulk of diverse 
matrices through their surface modification is a process technically 
needed. Consequently, and to effectively move nanoproducts 
commercialization forward during the next decades, new up-scaling 
approaches are required and, preferentially, minimization of the use 
of hazardous materials such as toxic volatile organic solvents [10]. 
 In general, there are two alternatives to conventional solvent 
technology. The first option is to use processes not involving 
solvents. This includes top-down approaches (e.g., wet milling and 
high-pressure homogenization) and bottom-up physical techniques 
(e.g., vapor condensation and freeze drying), which are all difficult 
to apply to the processing of thermally labile compounds. On the list 
of damaging chemicals, solvents rank highly because they are often 
used in huge amounts and because they are volatile liquids that 
are difficult to contain. Thus, the second option is to replace toxic 
organic solvents by intrinsic benign solvents, applying the principles 
of green chemistry. Water is the obvious choice for research in green 
chemistry next to the development of environmentally benign new 
solvents, so-called neoteric solvents. Water is rarely seen as the 
solvent of choice in which to carry out synthetic chemistry, simply 
because many substances are not soluble in water. The term “neoteric 
solvents” refers principally to ionic liquids and supercritical fluids 
that have remarkable new properties and that offer a potential for 
industrial application [11]. These neoteric solvents are characterized 
by physical and chemical properties that can be finely tuned for a 
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range of applications by varying the chemical constituents in the 
case of ionic liquids and by varying physical parameters in the case 
of supercritical fluids.

1.3 Green Technology

Green technology encourages innovation and promotes the creation 
of products that are both environmentally and economically 
sustainable. Nowadays, although most of the current products and 
goods are obtained using (nongreen) conventional methodologies, 
the relevance of the green counterpart is increasing rapidly. Green 
industry aims at designing products and processes that eliminate or 
reduce significantly the use and generation of hazardous substances 
and prevent negative environmental and health impacts. Hence, 
green technology, at its core, is about sustainability and efficiency 
and this means smarter use of fewer resources—raw materials, 
volatile organic solvents, energy, equipment, facilities, and time—as 
well as less waste and, finally, low cost. 
 There are fewer areas of more importance in green chemistry 
than that of solvents [12]. A solvent is defined as any substance 
that dissolves another substance so that the resulting mixture is 
a homogeneous solution. Solvents are used in manufacturing as 
a medium for chemical transformations, as well as in separation 
and extraction procedures, together with cleaning solutions. With 
solvents being of extremely high volume and very broad breadth of 
applicability, their potential for negative impact on human health 
and the environment is very large. In nanomanufacturing, when 
using liquid-related chemical bulk processes, the choice of solvent 
must be done in an early stage of industrial development and it is 
usually not questioned unless dramatic problems are encountered 
during up-scaling. Hence, environmentally friendly solvents must be 
considered in the designed processing pathway already at a lab scale. 
Major advances are needed to reduce the use of organic solvents 
(methanol, toluene, xylene, methyl ethyl ketone, methyl chloride, 
etc.), which account for 27% of the total toxic-release chemicals 
[13]. Some are recognized as carcinogens (e.g., benzene, carbon 
tetrachloride, trichloroethylene), while others have reproductive 
hazards (e.g., 2-ethoxyethanol, 2-methoxyethanol, methyl chloride) 
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or are neurotoxics (e.g., n-hexane, tetrachloroethylene, toluene). 
Millions of workers around the world are exposed to those organic 
solvents that are used in a large variety of chemical industries, such 
as paints, varnishes, lacquers, adhesives, glues, and degreasing/
cleaning agents, and in the production of dyes, polymers, plastics, 
textiles, printing inks, agricultural products, and cosmetics or 
pharmaceuticals. Common hazards include not only inherent 
toxicity, but also flammability, explosivity, ozone depletion, and 
global warming potential. When selecting a solvent for one 
application, often the key parameters for performance criteria are 
solute solubility, polarity, viscosity, and volatility. However, green 
chemistry suggests that reduced hazard and sustainability are equal 
performance criteria that need to be matched in the selection of a 
solvent. 
 The immediate environmental solution on problems related 
to managing waste or reducing pollution relies strongly on end-
of-pipe solutions, such as waste treatment. EU policies include in 
the measures to reduce greenhouse gas emissions technological 
solutions in the chemical industry that incorporate both prevention 
and minimization of pollution [14]. Nowadays, a priority objective 
is to promote the shift from old polluting technologies to new clean 
technologies, incorporating environmental considerations into their 
design from the beginning to minimize the use of persistent organic 
solvents and preventing pollution from arising. Using the principles 
of green chemistry, new solvents or solvent systems, which reduce 
the intrinsic hazards associated with traditional solvents, are being 
developed. In some cases, new substances are being designed, while 
in other cases some of the best known and characterized compounds 
are finding new applications as solvents. Some of the leading areas 
of work in alternative green solvents comprise (i) aqueous solvents, 
(ii) supercritical fluids, (iii) ionic liquids, (iv) immobilized solvents, 
(v) solvent-less conditions, (vi) reduced hazard organic solvents, 
and (vii) fluorinated solvents [15, 16]. Water in aqueous solvents is 
one of the most innocuous substances on the planet; however, the 
correct use of water global resources and water pollution control 
must be taken into account. Ionic liquids or room-temperature 
molten salts are solvents with a negligible vapor pressure and, thus, 
reduced hazards [17]. Immobilized solvents or solvent molecules 
tethered to a polymeric backbone follow the same logic as the ionic 
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liquids. The complete elimination of those solvent can obviously 
be the ultimate in eradicating the hazards associated with solvent 
usage. However, this is an area where the life cycle assessment must 
be considered, since, usually, a rigorous and material intensive 
separation processes is needed downstream. In a different approach, 
the investigation and application of various next-generation, less 
toxic, solvents is being pursued. The application of fluorous systems 
has advantages for certain types of processes, but the environmental 
impacts and their persistence must be first evaluated. An extremely 
important area of green solvent research and development is the 
area of supercritical and compressed fluids, particularly the area of 
supercritical carbon dioxide (scCO2) technology [18–21]. In this case, 
an innocuous, extremely well-characterized substance is used as 
the solvent system. What is more, the US Environmental Protection 
Agency has performed a scrutiny over existing 25 next-generation 
environmental technologies [22] focused on the redesign, at the 
molecular and nanoscale levels, of manufacturing processes with 
the aim of reducing the use of hazardous materials. The report 
covered a wide range of near-term application technologies in 
varying economic sectors and at differing stages of development 
and commercialization. Compressed CO2 fluid technology has 
been chosen as the top case 1 by considering the range of current 
development from early research to a full deployment in profitable 
businesses.

1.4 Supercritical CO2 Fluid Technology

1.4.1 Physicochemical Characteristics of Supercritical 
Fluids

The critical point is defined by the temperature (Tc) and pressure (Pc) 
coordinates, above which no physical distinction exists between the 
liquid and the gas phases (Fig. 1.1a). By using the unique properties 
of scCO2 (Fig. 1.1b), which are intermediate between those of liquids 
(high density that allows dissolving several compounds of low vapor 
pressure) and gases (low viscosity and null surface tension that 
enhance mass transfer properties), this fluid can be used to design 
innovative processes taking advantage of both above-mentioned 



8 Sustainable Processing and Nanomanufacturing

physical and chemical nanofabrication bottom-up approaches [23]. In 
the supercritical region, the physical properties values can be varied 
continuously by modifying the pressure and/or the temperature, 
which allows the tailoring of fluids with the characteristics 
required specifically for each application. The solvent capacity of 
a supercritical fluid is related with its density and, then, depends 
on the pressure and the temperature (Fig. 1.1c). The supercritical 
region is highly compressible. In the area close to the critical point, 
small fluctuations in pressure lead to a large variation in density 
and, as a consequence, it is in this area where most of the synthesis 
and materials processing are carried out. In the compressed region, 
the dependence between variables can be calculated using cubic 

Figure 1.1 CO2 pressure–temperature behavior: (a) phase diagram, (b) 
physicochemical properties, (c) schematic density diagram and 
cubic equation of state, and (d) approximations for solubility 
data correlation.
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equations of state, like Peng–Robinson [24–27] in Fig. 1.1c. The 
measurement of solubility values at high pressure and temperature 
is expensive and time consuming. Hence, several empirical and semi-
empirical approximations have been developed to correlate data 
[28, 29] (Fig. 1.1d). Using this approximations, solubility diagrams 
as a function of density or pressure and temperature (Fig. 1.1c) can 
be build, needing only a reduced amount of experimental data.

1.4.2 Historical Perspective of scCO2 Technology

When Prof. Andrews of Queens College [30] (U.K.) determined the 
critical point of CO2 in 1875 and later when, at a meeting of the 
Royal Society (London) in 1879, Hannay and Hogarth reported that 
“compressed gases have a pressure-dependent dissolving power” 
[31], they could probably not envisage that huge supercritical plants 
will be built in the 1970s and 1980s in Germany, decaffeinating 
coffee with scCO2 in a process that eliminates regulatory concerns 
about solvent residues, environmental concerns about ozone 
depletion or hydrocarbon emissions, and worker safety concerns, 
while simultaneously producing a product with superior taste 
and at a cost competitive with the standard organic solvent-based 
processes. Starting in the 1960s, many research groups, primarily 
in Europe, and then later in the U.S., examined scCO2 technology for 
developing advanced extraction processes [32]. 
 Extraction was emphasized from botanical substrates, such as 
hops, spices, and herbs, and by the 1980 there were several large 
supercritical fluid extraction plants in operation in Germany, the 
U.K., and the U.S. It was not until the 1980s that supercritical fluid 
technology started to be developed for nonextractive industrial 
applications. In this decade and during the 1990s, the production 
of complex materials using supercritical fluids was explored, the 
formation of ultrafine particles being foremost among them. Even 
though during this time supercritical fluid technology showed a 
huge progress related to materials production on a laboratory scale, 
created innovations did not easily reached industrial implementation. 
Reasons have been identified as a lack of awareness of the potentials 
of CO2 processing as industrial instead of academic technology, the 
complexities encountered in the replacement of current mature 
technology by still insecure technology, insufficient controlled 



10 Sustainable Processing and Nanomanufacturing

evidence that CO2 processes lead to value-added products, and the use 
of pressure equipment together with the general impression of the 
high initial capital cost need for supercritical fluid processes relative 
to other technologies. However, the 21st century is witness to many 
supercritical fluid advanced processes that have been developed to 
exploit the properties of scCO2, since first the pharmacy industry 
and then others have finally recognized the technical, regulatory, 
and market attributes of supercritical fluids. Reasons are related 
to a reduced loss of production due to minimization of thermal and 
chemical degradation, health motivations in regard of solvent use and 
residual traces side reactions, and environmental concepts linked to 
the need of replacing organic solvents and minimizing waste disposal. 
Currently, the challenges of introducing the CO2 fluid technology into 
manufacturing lines producing single solid micro- and nanoparticles 
have been overcome and several scaled-up plants are currently in 
operation [33]. Industrial applications for compressed supercritical 
technology have been mostly applied to natural products and food/
cosmetics/pharmaceutical manufacturing lines, where scaled-up 
plants are currently in operation with extremely low waste factors. 
Large particle size reduction plants have been built and are operated 
for food applications, especially for precipitation derived processes, 
providing a basis for scale-up and cost estimation for the industrial 
production of nanoproducts. Although scCO2 technology is originally 
European (Germany), its development for specific applications, 
including pharmaceuticals, has been more rapidly implemented in 
the U.S. Moreover, emerging countries (Brazil-Russia-India-China 
[BRIC]), principally China and India, are beginning to establish 
themselves as serious global players in scCO2 extraction technology 
implementation. Still, the most active companies in CO2 patent 
activities are German firms (BASF and Degussa/Evonik) followed by 
DuPont and Exxon Mobil from the U.S. Next, more than 10 Japanese 
companies go behind, from Hitachi to Mitsubishi.

1.4.3 scCO2 Processing Advantages

CO2 has an extended range of characteristics that facilitates materials 
processing:

 (i) A low critical temperature (304.25 K), which allows processing 
of thermally labile materials.
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 (ii) A relatively low critical pressure (7.29 MPa), which allows for 
use of working standard pressures in the order of 10–25 MPa. 
These pressures are in the low limit of high-pressure systems 
and can be up-scaled in a straightforward way.  

 (iii) A large degree of tunability of solvent power at supercritical 
conditions through simple pressure changes, a characteristic 
used for process design.

 (iv) A low dielectric constant and no dipole moment but a 
substantial quadrupole moment (–1.4 10–34 J0.5 m2.5), which 
confers solubility to organic compounds of relatively low 
polarity (e.g., esters, ethers, lactones, epoxides, hydrocarbons, 
aromatics). A large solubility enhancement in scCO2 is reported 
for fluorinated compounds and silicon atom–containing 
molecules. Moreover, the addition of a small amount (5–10 
wt%) of a cosolvent (e.g., acetone, ethanol) to scCO2 is used 
to increase the solubility of polar molecules in the resulting 
mixture. Recently, the solubility of a large number of organic 
compounds in scCO2 has been compiled in a review book [34].

 (v) A high diffusivity at supercritical conditions, which facilitates 
mass transfer, reducing processing times.

 (vi) A gas-like viscosity and null surface tension at supercritical 
conditions, converting this fluid in a nondamaging ideal 
solvent for nanostructures and allowing the internal 
functionalization of nanoporous materials not possible using 
conventional solvents.

 (vii) An additional degree of freedom related to the density of 
compressed CO2, which allows the technology to carry out 
simultaneous control of the composition and the (nano)
structure and the design of one-stage processes. Reactions and 
processes can be carried out homogeneously in the solution 
bulk and heterogeneously on specific surfaces or confined into 
microreactors (microemulsions, micro/mesoporous zeolites).

 (viii) A gas state at ambient conditions; hence, produced materials 
can be isolated by simple depressurization, resulting in dry 
compounds and reducing reaction/postprocessing steps, 
which eliminate the cost of filtration (particularly complicated 
for nanoparticulated matter) and any energy-intensive drying 
procedure.

 (ix) Low cost, no flammability, and negligible toxicity.

Supercritical CO2 Fluid Technology
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1.4.4 Green Chemistry and scCO2 Technology

The 12 principles of green chemistry [35] provide a road map for 
engineers to implement green chemistry and can be applied to 
processes designed using scCO2: 

 1. Design chemical processing to prevent waste (leaving no waste 
to treat): (i) scCO2 fluid technology avoids or minimizes the 
use of persistent organic solvents, (ii) the engineered (nano)
structures prepared using scCO2 do not need any additional 
final washing and drying steps, and (iii) processes are 
designed to be closed-loop (after end-product fabrication the 
CO2 is recycled back to the pressure vessel). It is considered a 
zero-waste technology.

 2. Design safer products (preserving efficacy of function while 
reducing toxicity): (i) Health hazards are minimized by 
reducing the organic solvent concentration in the fabricated 
products, thus reducing risks of adverse side effects, while 
improving the conservation period of manufactured products 
due to the lack or residual solvent traces, and (ii) CO2 is 
considered by the Food and Drug Administration (FDA) as 
having “Generally Recognized as Safe” (GRAS) status.

 3. Design less hazardous processes (no toxicity to humans/
environment): (i) CO2 has no flammability and (ii) negligible 
toxicity.

 4. Use renewable raw materials and feedstock (rather than 
depleting): (i) Used CO2 is a by-product of other processes 
and the technology does not generate new CO2, (ii) shifting 
from organic solvent use must, at the end, decrease the 
total CO2 output, and (iii) more efficient use of current high-
cost organics and active agent resources is performed by 
decreasing the rate of degradation when stored by eliminating 
solvent inclusions.

 5. Use catalysts (accelerating the reactions): The use of catalysts 
is a common practice in CO2 technology, for example, 
catalytic hydrogenation [36], photoreduction of CO2 [37], or 
immobilization of organometallic catalysts [38].

 6. Avoid chemical derivatives (blocking or protecting groups): (i) 
scCO2 is mostly a nonreactive molecule and the protection of 
functional groups from solvent attack is usually not necessary.
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 7. Maximize the incorporation of materials used in the process 
into the final product: (i) Product recovery in single-stage 
scCO2 processes is generally high (ca. 80%–90%), offering 
significantly higher yields than conventional multistage 
processing, and (ii) the used compressed fluid is easily 
recycled and the remaining high-value raw materials are 
simply recovered by lowering the pressure of the CO2.

 8. Use safer solvents (innocuous): CO2 is an environment-
friendly nontoxic solvent.

 9. Increase energy efficiency (energy and economic impacts 
should be minimized): The energy usage is reduced in the 
designed one-stage processes due to the minimization of 
postprocessing steps and in the generated volume of waste 
for disposal, recycling, or destruction.

 10. Design chemicals and products to degrade after use: (i) 
Amorphous polymers plasticize and swell by absorbing 
scCO2, becoming viscous liquids without the need of elevated 
temperatures, and (ii) newly designed (nano)material 
approaches have a tendency to shift to the use of polymer-
based materials versus metal-based materials, since polymers 
can be more easily recycled or even biodegraded. 

 11. Perform in-process monitoring and control (analyze in real 
time to prevent pollution): (i) In-process chemical monitoring 
instruments for high-pressure equipment is being developed, 
and (ii) high-pressure reactors are supplied with sapphire 
windows.

 12. Minimize the potential for accidents (releases to the 
environment, explosions): (i) CO2 is a friendly solvent that 
improves working conditions when replacing organic solvents 
by avoiding workers’ exposure to hazardous, flammable, and 
toxic materials, and (ii) high-pressure risks are limited by 
taking correct established engineering measures.

 Companies’ mission statements often emphasize environmentally 
responsible care; investments in clean technologies therefore fit in 
general policies. Moreover, industries constantly have to comply 
with the newest regulations regarding the environment. In the 
longer run, an intrinsic clean process will eliminate others that have 
damaging effects on the environment and health. Next to this, there 
is a growing tendency, for both consumers and investors to award 
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products or companies that operate applying clean technology. 
The CO2 used is a waste product of other chemical industries. 
Therefore, the application of scCO2 as a solvent does not increase 
the anthropogenic greenhouse gas emission, as it does not generate 
any additional CO2. Moreover, a net reduction of CO2 emissions to 
the atmosphere is expected by using CO2 in chemical processes that 
produce valuable carbon containing products. In general, the use of 
recycled CO2 in industries will mitigate the CO2 detrimental effect on 
climate change. These advantages could easily offset the initial high 
investment cost due to the pressure equipment needed and safety 
requirements.

1.5 Supercritical CO2 Applications in 
Sustainability and Nanoprocessing

The concept of sustainability is not just about resource use, 
efficiency of utilization, and conservation but also contains strong 
social, economic, and cultural attributes. Today, it is often taken 
for granted that a cost–benefit analysis is needed to ensure better 
regulation and to avoid inefficiency in public and private investment. 
However, once upon a time, protection of human health and the 
natural environment could not always require such a severe 
economic analysis [39]. Supercritical fluid technology has several 
inherent processing advantages that could lead to cost/benefit 
gain, respecting the environment at the same time. Supercritical 
fluid nanotechnology can be designed for the decentralization of 
chemical processes (just-enough production), which would promote 
a sustainable society, with less dependence on goods transport. 
This means to achieve factors such as reduction in equipment cost, 
environmental compatibility, safety and handling through compact 
apparatus, and simplified conversion steps. High pressure and fast 
processes are effective for reducing the size of production apparatus. 
Even more, changing toward chemical systems that can be converted 
to products in a single stage gives a cost–benefit analysis of the 
technology favorable in many applications.
 Commensurate with the goal of environmentally benign 
processing is the use of supercritical CO2 for nonpolar to moderately 
polar solutes, and compressed water between its boiling and critical 
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points for more polar solutes and reactants. Ethanol, a naturally 
derivable sustainable solvent, is suggested as a preferred cosolvent 
to be paired with carbon dioxide. This simple, renewable compressed 
fluids platform has many advantages and it can be used to achieve 
multiple results, particularly when used sequentially or in tandem 
with multiple-unit processes. In material-manufacturing processes, 
supercritical fluid technology remains as an attractive alternative to 
the use of organic solvents, which are widely recognized as pollutant 
or toxins. The advantage of the compressed fluid–processing route 
lies in its applicability in various industrial sectors, with the ability 
of producing primary (organic, inorganic) or complex (composite, 
hybrids) nanoparticles. The advantage of scCO2 processing is that 
it cuts across many industries, from pharmaceutical to textile and 
from catalysis to concrete. The production of simple and complex 
functional high-added-value products for the food, biomedical, 
and pharmaceutical industries is the most developed supercritical 
sector. However, during the last years, technology transfer to other 
industries without the food/biomedical special requirements, for 
instance, high-tech industries (catalysis, sensors) and commodity 
or consumer product sectors (plastics, packaging, construction, 
specialty paper), is taking place speedily. scCO2 technology is used 
for the production of high-performance existing and new products 
with unique characteristics in regard of composition (purity), size 
(micro or nanoscale), and architecture (particles, films, fibers, 
foams). Importantly, some classical boundaries between types of 
materials related to processing methods can be broken down using 
scCO2 technology, used for the processing of a large number of 
products: inorganic, organic, and polymeric. scCO2 technology holds 
the exceptional promise of creating new markets for the emerging 
manufacturing industries of nanoparticles, nanodevices, polymers, 
surface modification, and functionalization. The viability of the 
application of any of the developed supercritical processes must be 
subjected to a detailed case-by-case study.
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Supercritical fluid technology has allowed significant improvements 
in several industrial processes and there are still many opportunities 
for further applications in new emergent areas. To optimize the 
conditions at which supercritical fluid processes take place, a precise 
characterization of this region is needed; however, the particular 
behavior and singularities observed in the properties of compounds 
and their mixtures in the near-critical region makes the study of this 
region a challenge from any modeling and experimental approaches. 
This chapter focuses on fundamentals of the supercritical fluids. 
It deals the singularities found in the critical region of fluids 
as a consequence of the inhomogeneities in the density (and 
composition for the case of mixtures) and how to take them into 
account in a modeling approach. The theory is illustrated with the 
incorporation of a crossover term, based on renormalization theory, 
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into a molecular-based equation of state (soft-SAFT) and applied to 
some experimental systems.

2.1 Introduction: The Near-Critical Region of 
Fluids

2.1.1 What Is a Supercritical Fluid?

Before we get into the details of the singularities of the critical 
point, let’s start with some definitions. A phase is a homogeneous 
region of matter in which there is no spatial variation in average 
density, energy, composition, or other macroscopic properties. 
The coexistence of phases in thermodynamic equilibrium with one 
another in a system consisting of two or more phases is called phase 
equilibrium. The simplest examples of phase equilibrium are the 
equilibrium of a liquid and its saturated vapor, such as liquid water 
and its vapor, and the equilibrium of a liquid in equilibrium with its 
solid phase, such as liquid water and ice at the melting point of ice. 
The temperature at which a phase transition occurs—for example, 
a boiling point or a melting point—changes if the pressure changes. 
The temperature change that results from an infinitesimal change in 
pressure is given by the Clapeyron equation. 
 Graphs that represent the interrelation of the various 
thermodynamic variables at phase equilibrium are called phase 
transition curves or surfaces; a set of such curves or surfaces is known 
as a phase diagram. A phase transition curve may either intersect 
two other phase transition curves at a triple point or terminate at a 
critical point. At the critical point the densities of the liquid and gas 
phases become equal and the distinction between them disappears, 
resulting in a single phase, called supercritical. A supercritical 
fluid is then any substance at a temperature and pressure above its 
critical point. Close to the critical point, small changes in pressure 
or temperature result in large changes in density. In addition, there 
is no surface tension in a supercritical fluid, as there is no liquid-/
gas-phase boundary. By changing the pressure and temperature of 
the fluid, the properties can be “tuned” to be more liquid- or more 
gas-like, allowing, as a consequence, increasing the solubility or the 
reactivity of specific compounds in the supercritical phase.
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 Figure 2.1 shows a schematic of the pressure–temperature phase 
diagram of a substance where the critical point is shown, together 
with the solid, liquid, and gas phases, and the lines corresponding to 
two phases in equilibrium. The proximity of the molecules (related 
to the density of the fluid) is also sketched to illustrate the changes 
in density, depending on pressure and temperature.

Figure 2.1 Pressure–temperature phase diagram of a fluid, showing the 
phase equilibria lines, the triple point, T, (where solid, liquid, 
and gas coincide), and the critical point, C, (where liquid and 
gas coincide). The supercritical fluid (SCF) region is found 
above the critical point. 

 The critical point was discovered in 1822 by Baron Charles 
Cagniard de la Tour in his cannon barrel experiments. He identified 
the critical temperature by listening to discontinuities in the sound 
of a rolling flint ball in sealed cannon filled with fluids at various 
temperatures. Above a certain temperature, the densities of the liquid 
and gas phases become equal and the distinction between them 
disappears, resulting in a single supercritical fluid phase. Figure 2.2 
shows pictures of the phase transition from vapor–liquid equilibria 
to the critical region taken at different pressures–temperatures 

Introduction
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at equilibrium [1]. The critical temperature and pressure of some 
common substances are provided in Table 2.1.

Figure 2.2 Pictures of pure CO2 at different temperatures–pressures 
along equilibrium, from vapor–liquid up to the critical point 
[1].

Table 2.1 Critical points of common substances

Substance
Critical 

temperature (K)
Critical pressure 

(atm)

Hydrogen (H) 33.3 12.8
Nitrogen (N) 126 33.5
Argon (Ar) 151 48.5

Methane (CH4) 191 45.8
Ethane (C2H6) 305 48.2

Carbon dioxide (CO2) 305 72.9
Ammonia (NH3) 406 112

Water (H2O) 647 218

 The properties of a supercritical fluid are those between a gas 
and a liquid (see Table 2.2 for viscosity, density, and diffusivity) and, 
as stated, can be tuned by changing the pressure or the temperature.

Table 2.2 Comparison of average values of gases, supercritical fluids, and 
liquids

Density
(kg/m3)

Viscosity
(µPa∙s)

Diffusivity
(mm²/s)

Gases 1 10 1–10
Supercritical 
fluids 100–1000 50–100 0.01–0.1
Liquids 1000 500–1000 0.001
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2.1.2 Molecular Singular Behavior at the Near-Critical 
Region

It is known that the reliable estimation of properties of fluid has a 
direct influence on the cost of equipment of the process operations. 
The increasing number of industrial applications near the critical 
conditions has encouraged researchers to seek for an accurate 
description of the thermodynamic behavior of pure fluids and their 
mixtures in the vicinity of the critical point. However, the complex 
molecular behavior of any compound at these conditions makes it 
a difficult task. 
 In the near-critical region, density and concentration fluctuations 
caused by long-range correlations among all the molecules lead 
to singularities of the pure compound properties (and mixtures) 
at the critical point. The value of some properties (e.g., speed of 
sound, isochoric heat capacity, thermal compressibility, etc.) change 
very rapidly with a small modification of the operating conditions. 
For instance, when approaching the critical point of CO2 from the 
two-phase region with a density equal to the critical, the thermal 
conductivity tends to infinity as the temperature approaches the 
critical temperature. This means that unless an accurate method to 
describe the region is in place, small deviations in the calculations 
may lead to large errors for the final operating conditions of the 
process. As an example, Fig. 2.3 shows the behavior of the isobaric 
heat capacity of methanol as a function of the density for three 
different temperatures close to the critical point [2].
 From the mathematical point of view, the approach to the 
critical point leads to a nonanalytic asymptotic behavior different 
that the one observed far away from the critical region. This is 
usually known as the crossover from classical to nonclassical 
behavior. From a microscopic point of view, the classical theory of 
critical points corresponds to a mean-field approximation, which 
neglects local inhomogeneities fluctuations in density. It is well 
known that the nonclassical critical behavior of the thermodynamic 
properties is a consequence of the long-range fluctuations of an 
order parameter, the density for the case of pure fluids. The spatial 
extend of the density fluctuations diverge at the critical point and 
become larger than any molecular scale in the critical region. Only 
theories which account for these density fluctuations can provide 
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the correct approach to the critical point. In fact, most equations 
of state (EoSs), accurate to describe the vapor–liquid equilibria, 
cannot reproduce this change of behavior in the near-critical region 
because they are based in mean-field theories that do not take into 
account the inherent fluctuations in this region. The problem is also 
shared with more refined molecular-based EoSs, they also fail in the 
representation of the near-critical properties.
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Figure 2.3 Total isobaric heat capacity of methanol at three near-critical 
temperatures, T = 533.15, 553.15, and 573.15 K. Symbols 
represent the experimental data obtained from Vargaftik et al. 
[3], while the lines represent soft-SAFT calculations of Llovell 
and Vega [2]. 

 Hence, the rigorous estimation of vapor–liquid equilibria far 
from and close to the critical region requires a specific treatment 
taking into account the long-range fluctuations as one approaches 
the critical point. One of the most successful treatments comes from 
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the theory of scaling of the Nobel Laureate Kenneth Wilson, based on 
how fundamental properties and forces of a system vary depending 
on the scale over which they are measured. He devised a strategy for 
calculating how phase transitions occur by considering each scale 
separately and then abstracting the connection between contiguous 
ones, in a novel appreciation of renormalization group (RG) theory 
[4]. 
 On the basis of that work, some authors have developed different 
treatments to couple the RG theory to several EoSs, being able to 
reproduce the whole phase envelope with the same degree of 
accuracy (see, for instance, Refs. [5, 6]). These treatments are usually 
called crossover theories as they describe the crossover behavior 
from classical to nonanalytical as the critical region is approached. 
The accuracy of these so-called crossover equations lays on the 
accuracy of the equation to which the nonclassical behavior is 
coupled to, since the equation reduces to the original equation far 
from the critical point. Figure 2.4 illustrates the phase diagram of 
CO2 obtained with a classical mean-field equation and the same 
one with a specific crossover treatment [6]. Note that the dashed 
line (mean-field equation) accurately describes the behavior of the 
fluid far from the critical temperature (below 290 K), but it provides 
an overestimation of the critical temperature. On the contrary, the 
equation with the crossover treatment is able to accurately describe 
the whole phase envelope, far from and close to the critical point.
 In addition to theory, the thermodynamic properties of 
supercritical fluids, including thermal properties, can also be 
calculated by molecular simulations, and several works are available 
in the literature. For instance, Colina et al. [7] performed Monte 
Carlo simulations to calculate the volume expansivity, isothermal 
compressibility, isobaric heat capacity, Joule–Thomson coefficient 
and speed of sound for carbon dioxide in the supercritical region, 
using the fluctuation method based on Monte Carlo simulations in 
the isothermal–isobaric ensemble. However, simulations are time 
consuming, especially when dealing with the critical region, as taking 
into account long-range fluctuations requires large simulation boxes 
and long simulation times, making this approach of no practical 
use for engineering purposes with the speed of the computers and 
algorithms available today.
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Figure 2.4 Phase diagram of CO2 where the experimental data is 
represented by symbols. Dashed line: Calculation of the phase 
enveloping with a mean-field equation. Full line: Calculation of 
the phase diagram with the same equation adding a crossover 
term [6]. See text for details.

2.2 Incorporating Nonclassical Behavior in the 
Near-Critical Region: Crossover Soft-SAFT 
EOS

In this section we summarize the mathematical treatment required 
to include a crossover term, based on renormalization theory, to a 
molecular-based EoS, coming from the Statistical Associating Fluid 
Theory (SAFT, the so-called soft-SAFT equation [8–10]. It should be 
mentioned that the same procedure can be used in a classical cubic 
EoS (see, for instance, the work by Llovell et al. [11]). 
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2.2.1 The SAFT Approach and the Soft-SAFT Equation of 
State

SAFT stands for statistical associating fluid theory, as the approach 
is based on Wertheim’s first-order thermodynamics perturbation 
theory (TPT1) of associating fluids [12–14]. The original equation 
was proposed almost 25 years ago [15–17] and it has been used 
since then for several researchers in both academia and industrial 
environments. SAFT has been especially successful in some 
engineering applications for which other classical EoSs fail. The 
success of the equation in its different versions is proved by the 
amount of published works since its development [18]. 
 The key of the success of SAFT-based equations is their solid 
statistical–mechanics basis, which lets a physical interpretation 
of the system. It provides a framework in which the effects of 
molecular shape and interactions on the thermodynamic properties 
can be separated and quantified. Besides, its parameters are few in 
number, with physical meaning and transferable, which makes SAFT 
a powerful tool for engineering predictions. 
 SAFT equations are usually written in terms of the residual 
Helmholtz energy, where each term in the equation represents 
different microscopic contributions to the total free energy of the 
fluid. For associating chain systems the equation is written as

 ares = aref + achain + aassoc + apolar  (2.1)

where ares is the residual Helmholtz free energy density of the 
system. The superscripts ref, chain, assoc, and polar refer to the 
contributions from the monomer, the formation of the chain,  
the associating sites, and a polar contribution, respectively. Most 
SAFT equations differ in the reference term [8, 15–20], keeping 
formally identical the chain and the association term, both obtained 
from Wertheim’s theory [12–14]. 
 Soft-SAFT [8–10] uses as the reference term a Lennard–Jones 
(LJ) spherical fluid, which accounts both for the repulsive and 
attractive interactions of the monomers forming the chain. The 
free energy and derived thermodynamics of a mixture of LJ fluids 
are obtained through the accurate equation of Johnson et al. [21]. 
The chain contribution for a LJ fluid of tangent spherical segments, 
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obtained through Wertheim’s theory, in terms of the chain length m 
and the pair correlation function gLJ of LJ monomers, evaluated at 
the bond length σ is

 a k T x m gi i
i

chain
B LJ= -Âr ( )ln1  (2.2)

where ρ is the molecular density of the fluid, T is the temperature, m 
is the chain length, kB the Boltzmann constant, and gLJ is the radial 
distribution function of a fluid of LJ spheres at density rm = mr. 
We use the function fitted to computer simulation data for gLJ as a 
function of density and temperature.
 The association term, within the first-order Wertheim’s 
perturbation theory for associating fluids, is expressed as the sum 
of contributions of all associating sites of component i:

 a k T x X
X M

i i
i i
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assoc
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2 2
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with Mi being the number of associating sites of component i and Xi
a 

the mole fraction of molecules of component i nonbonded at site a, 
which accounts for the contributions of all the associating sites in 
each species. Figure 2.5 illustrates the molecular model of propane. 

Figure 2.5 Representation of a propane molecule. Left: Chemical 
structure. Right: Soft-SAFT model of propane, a chain of LJ 
segments.

 For the case of mixtures of different compounds each term in 
the equation should be expressed in terms of composition. Since 
the chain and association term in SAFT are already applicable to 
mixtures, the extension needs to be performed just for the reference 
term; extended Lorentz–Berthelot combining rules are used, 
together with van der Waals one-fluid theory [6].
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2.2.2 The Crossover Soft-SAFT Equation 

As stated, a term taking into account the long-range fluctuations in 
the near-critical region should be added to the equation to accurately 
describe the critical region. Llovell and Vega have followed the 
approach of incorporating White’s global RG theory [22, 23] into 
soft-SAFT. White’s approach consists of a set of recursion relations 
where the contribution of increasingly longer-wavelength density 
fluctuations up to the correlation length is successively taken into 
account in the free-energy density. In this way, properties approach 
the asymptotic behavior in the critical region, and they exhibit a 
crossover between the classical and the universal scaling behavior 
in the near-critical region.
 In our work [5] we followed the implementation of White’s 
global RG method, as done by Prausnitz and collaborators [24–26]. 
Since the method has been widely explained in the literature, only 
a brief summary of the most relevant details is presented here. To 
include the long-wavelength fluctuations into the free energy, the 
interaction potential is divided into a reference contribution, mainly 
due to the repulsive interactions, and a perturbative contribution, 
mainly due to the attractive interactions. The RG theory [22, 23] 
is only applied to the attractive part, since it is considered that the 
other term contributes mostly with density fluctuations of very 
short wavelengths. The effect of the density fluctuations due to the 
attractive part of the potential is then divided into short-wavelength 
and long-wavelength contributions. It is assumed that contributions 
from fluctuations of wavelengths less than a certain cutoff length L 
can be accurately evaluated by a mean-field theory. The effect of this 
short wavelength can be calculated using the soft-SAFT equation 
or any other mean-field theory. However, the choice of the mean-
field theory is of relevance for the overall behavior of the crossover 
equation. The RG term corrects the approach to the critical region 
but it does not improve the performance of the underlying original 
equation far from the critical point. The strengths and limitations 
of the original equation will always be there. This is why different 
crossover equations have been developed and continue under 
development nowadays. 
 Following the RG approach, the contribution of the long-
wavelength density fluctuations is taken into account through 
the phase–space cell approximation. In a recursive manner, the 

Incorporating Nonclassical Behavior in the Near-Critical Region
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Helmholtz free energy per volume of a system at density ρ can be 
described as [5, 22, 23]

 an(r) = an–1(r) + dan(r) (2.4)

where a is the Helmholtz free energy density and dan the term where 
long-wavelength fluctuations are accounted for in the following way:

 da Kn n
n

n
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where Ωs and Ωl represent the density fluctuations for the short-
range and the long-range attraction respectively, and Kn is a 
coefficient:

 K
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B

23 3
 (2.6)

where T is the temperature and L the cutoff length. Expressions 
for calculating each one of the terms can be found in Refs. [5, 6], 
including the extension to mixtures.
 The process of successively taking into account the interactions 
between the different molecules (and hence density fluctuations) in 
a recursive manner is graphically illustrated in Fig. 2.6.

Figure 2.6 Schematic representation of the phase–cell space 
approximation of White to take into account the fluctuations 
near the critical region.
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2.2.3 Calculation of Second-Order Thermodynamic 
Derivative Properties

A complete analysis of the performance of any EoS should include 
the description of second-order thermodynamic derivative 
properties. These properties are obtained by direct derivation from 
the Helmholtz energy and the pressure [27]:
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with Cv being the isochoric heat capacity, κT the reduced bulk 
modulus, µ the Joule–Thomson coefficient, α the thermal expansion 
coefficient, Cp the isobaric heat capacity, and ω the speed of sound. 
 As shown in Eqs. 2.7–2.12 these properties can be calculated by 
direct derivation of a thermodynamic potential function, however, 
it has been shown that they are more sensitive to errors than the 
original function; in fact, an accurate description of the singular 
behavior second order derivative properties show near the critical 
region become a challenge for any EoS. In addition, as most of these 
properties experience great changes in their values with respect to 
small changes in the operating conditions near the critical point, it is 
of interest to see how accurately they are obtained as predicted from 
the crossover EoS.
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2.2.4 Phase Equilibria and Critical Line Calculations

For phase equilibria calculations, thermal stability and mechanical 
stability are satisfied by imposing the equality of chemical potentials 
of each component in the coexisting phases at fixed temperature 
and pressure. Because SAFT is formulated as an explicit function of 
temperature, chemical potentials and the pressure are equated at a 
given temperature, as follows:

 PI(T, rI, xI) = PII(T, rII, xII) (2.13)

 m r m ri
I I I

i
II II IIT x T x( , , ) ( , , )=  (2.14)

 The critical point is reached in a pure fluid when the densities of 
the vapor and the liquid phase become identical at a given pressure 
and temperature.
 In the case of mixtures, given the additional degree of freedom 
provided by the composition, instead of a critical point, a critical 
line is obtained. These critical lines of mixtures are calculated by 
numerically solving the necessary conditions [28], which involve 
second and third derivatives of the Gibbs free energy with respect to 
the molar volume (pure systems) or the composition (in mixtures) 
as well as the extra condition to assure stability for critical points. 
In the SAFT case these derivatives are rewritten in terms of the 
Helmholtz free energy with respect to volume and composition at 
constant temperature:
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where the notation AnVmx = (dn+mA/dVndxm) is used for the 
derivatives of the Helmholtz free energy.

2.3 Application to Pure Fluids

As an illustration of the importance of adding the right terms of 
an EoS to accurately describe the near-critical region we present 
next the application of the crossover soft-SAFT equation to selected 
compounds and mixtures. The performance of the equation is 
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checked versus experimental data for several thermodynamic 
properties of relevance in supercritical processes.
 To apply soft-SAFT to experimental systems it is necessary 
to choose a molecular model to represent each compound in the 
mixture. Within the soft-SAFT context n-alkanes [9, 10] are modeled 
as homonuclear chainlike molecules composed by m LJ segments 
of equal diameter σ and the same dispersive energy ε, m being 
the chain length. The quadrupolar interactions present in CO2 are 
taken into account by an additional term into the equation. This 
term involves a new molecular parameter Q that represents the 
quadrupolar moment of the molecule. These molecular parameters 
plus the crossover parameters, f and L, are enough to describe 
all thermodynamic properties of the pure components. These 
parameters are usually obtained by fitting vapor–liquid equilibrium 
data and are provided in Table 2.3 for completeness [6, 10]. 

Table 2.3 Soft-SAFT molecular parameters used in this work [5, 6]

Substance m s (Å) e/kB (K) f L/s

Methane 1.000 3.741 151.1 5.50 1.04
Propane 1.776 3.831 225.8 6.75 1.16 
n-Butane 2.134 3.866 240.3 7.25 1.22
n-Pentane 2.497 3.887 250.2 7.57 1.27
n-Hexane 2.832 3.920 259.8 7.84 1.33
n-Heptane 3.169 3.937 266.0 8.15 1.38 
n-Octane 3.522 3.949 271.0 8.30 1.43
n-Decane 4.259 3.960 278.6 8.44 1.55
1-Propanol* 1.941 3.815 249.8 7.30 1.32
Carbon dioxide** 1.606 3.158 159.9 5.79 1.18 

* KHB (Å3) = 2300, eHB/kB (K) = 3600
** Quadrupole value: 4.4 × 10–40 cm2

 The modeling approach is first illustrated for the case of CO2 and 
the n-alkane series. Figure 2.7 depicts the temperature–density and 
pressure–temperature diagrams of pure CO2, while n-alkanes are 
presented in Fig. 2.8. It is clearly observed that original soft-SAFT 
accurately describes the phase envelope, except near the critical 
region, while crossover soft-SAFT is able to describe, with the same 

Application to Pure Fluids



34 Fundamentals of Supercritical Fluids and the Role of Modeling

degree of accuracy, the phase diagram far from and close to the 
critical point.

Figure 2.7 Phase diagram of carbon dioxide. Left: Temperature–density 
diagram Right: Pressure–temperature diagram. Symbols 
represent experimental data from Ref. [29], dashed lines are 
soft-SAFT calculations and the solid lines are the crossover 
soft-SAFT results.

Figure 2.8 Phase diagram for the light members of the n-alkane series, 
from methane to n-octane. Left: Temperature–density diagram. 
Right: Pressure–temperature diagram. Symbols represent the 
experimental data taken from Ref. [29]; dashed lines, soft-SAFT 
predictions; and solid lines, crossover soft-SAFT predictions.

 To further illustrate the performance of the equation for the 
near-critical region three selected supercritical isotherms and 
isobars of n-butane are presented in Fig. 2.8, corresponding to 
reduced temperatures Tr = T/Tc = 1.05, 1.10, and 1.15 and reduced 
pressures Pr = P/Pc = 1.05, 1.10, and 1.15. As observed, crossover 
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soft-SAFT gives quantitative agreement with the experimental data, 
while the original equation overestimates the temperature and 
pressure in the near-critical region, giving an incorrect shape to the 
curve. Results shown in Fig. 2.9 represent pure predictions, as the 
molecular parameters were fitted from vapor–liquid equilibrium 
data [29].

Figure 2.9 n-Butane. Left: Pressure–density diagrams for three 
temperatures above the critical point. Right: Temperature–
density diagrams for three pressures above the critical point. 
Circles: Experimental data [29]; dashed lines: original soft-
SAFT predictions; solid lines: crossover soft-SAFT predictions. 
See text. 

2.3.1 Derivative Properties

The singular behavior of derivative properties in the vicinity of the 
critical point is exemplified for the case of propane in Fig. 2.10. In 
these calculations, there is not any additional molecular parameter 
fitting. As derivative properties were not included in the fitting, 
results obtained are pure predictions of the equation. The data 
used for comparison was taken from the correlated data provided in 
NIST Chemistry Webbook [29]. Figure 2.10a depicts the vapor–liquid 
equilibria as obtained by two versions of soft-SAFT (with and without 
a crossover treatment) versus a correlation to the experimental 
data of propane [29] from which the molecular parameters were 
obtained. Figure 2.10b–d shows the residual isochoric heat capacity, 
residual isobaric heat capacity, and isothermal compressibility of 
propane. The chosen reduced temperatures for comparison, where 

Application to Pure Fluids
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Tc = 1.1, 1.25, and 1.5 (three Tc different values are used in this case, 
the experimental one, the one that is obtained from the original soft-
SAFT, and the equivalent one with crossover soft-SAFT). 

Figure 2.10 The behavior of selected properties of n-propane. (a) 
Temperature–density diagram, (b) residual isochoric heat 
capacity, (c) residual isobaric heat capacity, and (d) isothermal 
compressibility [29]. Symbols as in Fig. 2.9.

 As observed in Fig. 2.10, the overall agreement is very good in 
all cases. The largest deviations are obtained for the residual heat 
capacities very close to the critical point. Soft-SAFT with parameters 
fitted to vapor–liquid equilibria is able to capture the extrema 
(maxima and minima) in very good agreement with the experimental 
data, except very close to the critical region.

2.4 Application to Mixtures in the Near-Critical 
Region

To apply the equation to mixtures isomorphism assumption is used, 
replacing the one-component density by the total density of the 
mixture in the RG approach, in the same way as Cai and Prausnitz 
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[26]. Details on the implementation of crossover soft-SAFT to 
mixtures can be found in the original references [6].
 As an illustration of the crossover equation we present next 
the phase equilibria, critical behavior, and derivative properties of 
selected n-alkane/n-alkane, n-alkane/1-alkanol and CO2/n-alkane 
binary mixtures because of their particular importance from 
both scientific and technical points of view. The goal is to show 
the robustness of the approach using the same set of molecular 
parameters fitted to vapor–liquid equilibria for all properties. 
Mixtures among n-alkanes are commonly found in several 
industrial processes, including those of the petrochemical industry. 
The behavior of n-alkane/1-alkanol mixtures is also of interest 
due to the nonideal behavior found in these mixtures, because of 
the presence of the hydroxyl group in the 1-alkanol molecules, while 
the behavior of CO2/n-alkanes mixtures is of practical interest for 
several chemical and supercritical processes. 
 In addition to the three parameters already mentioned for 
n-alkanes (m, σ, and ε), 1-alkanols need two extra parameters to 
mimic the hydroxyl group; this is modeled by two square-well sites 
embedded off-center in one of the LJ segments, with volume kHB and 
association energy εHB. According to our model, these three (alkanes) 
or five (1-alkanols) molecular parameters plus the crossover 
parameters f and L are enough to describe all thermodynamic 
properties of the pure components.

2.4.1 The Phase and Critical Behavior of Binary 
Mixtures

Figure 2.11 shows the performance of crossover soft-SAFT for the 
mixtures of similar light alkanes. Figure 2.11a shows the temperature 
composition projection for the mixture n-butane/n-octane at two 
different pressures, while Fig. 2.11b depicts the PT projections of 
the PTxy surfaces for the n-butane series, with mixtures between 
n-butane and n-pentane, n-hexane, n-heptane, and n-octane. As it 
was expected, crossover soft-SAFT predicts type I critical behavior, 
according to the classification of van Konynenburg and Scott [30], 
in quantitative agreement with experimental data for all mixtures.

Application to Mixtures in the Near-Critical Region



38 Fundamentals of Supercritical Fluids and the Role of Modeling

Figure 2.11 Left: Temperature–composition diagram for the binary mixture 
n-butane/n-octane at 2.07 and 2.76 MPa. Right: PT projection 
of the binary mixtures of the n-butane series: n-butane/n-
pentane, n-butane/n-hexane, n-butane/n-heptane, and 
n-butane/n-octane. Symbols represent experimental data from 
Refs. [31, 32] and solid lines represent crossover soft-SAFT.

 The mixture CO2/ethane has been chosen as representative of 
a nonideal CO2/n-alkane binary mixture. Figure 2.12a shows the 
vapor–liquid equilibria of the mixture at different temperatures 
(crossover soft-SAFT calculations were obtained with a binary 
energy parameter ξ = 0.990 fitted at 283K), while Fig. 2.12b shows 
predictions of the critical lines for this binary mixture. Note that 
the azeotropes are predicted at the correct pressure and mole 
fraction and the critical line is also in quantitative agreement with 
experimental data.

Figure 2.12 Left: PTx projection of the CO2/ethane mixture at 263.15, 
283.15, and 293.15 K. Right: PT projection of the PTx surface 
for the CO2/ethane mixtures. Symbols represent experimental 
data [33] and solid lines represent crossover soft-SAFT predic-
tions. The dashed line represents the critical line of the mixture.
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Finally, as an example of the application of the equation to calculate 
second-order derivative properties of mixtures, two cases were 
selected, as shown in Fig. 2.13, the speed of sound of the mixture 
methane/n-butane and the isobaric heat capacity of the 1-propanol/
n-decane binary mixture at two temperatures.

Figure 2.13 Left: Speed of sound vs. pressure of the methane/n-butane 
binary mixture at 311 K and methane composition of 
0.894. Right: Isobaric heat capacity–density diagram of the 
1-propanol/n-decane binary mixture at 280 and 318 K. Symbols 
represent experimental data from [34, 35], respectively, and 
solid lines represent crossover soft-SAFT. 

2.5 Summary and Conclusions

This chapter has focused on fundamentals of the supercritical 
fluids, dealing with the singularities found in the critical region 
as a consequence of the inhomogeneities in the density (and 
composition for the case of mixtures). After a general introduction of 
what a supercritical fluid is and the main properties of them directly 
linked to supercritical process optimization, a detailed procedure 
has been explained on how to take into account the fluctuations in 
the critical region in a modeling approach based on renormalization 
theory, illustrated for the case of the crossover soft-SAFT EoS. The 
importance of taking into account this term to accurately describe 
phase equilibria, critical lines, and second-order derivative 
properties such as heat capacities, speed of sound, and isothermal 
heats capacities has been highlighted with specific examples of 

Summary and Conclusions
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experimental systems. Experimental data has been compared with 
the original soft-SAFT equation (mean field) and with the crossover 
soft-SAFT (which includes the nonanalytical behavior in the near-
critical region). When dealing with supercritical processes one 
should be aware of the proximity of the operating conditions to the 
critical region of the fluid, and, hence,  the possible influences of the 
fluctuations of the density (or composition) for the given property 
in order to accurately design the process using the appropriate tool.
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The prediction of properties in porous materials is of continuing 
interest in the fields of chemical and materials engineering. 
Application areas include (i) the use of supercritical fluids to 
synthesize porous materials [1–4], (ii) physical adsorption of 
trace components from gaseous effluents, (iii) gas storage using 
microporous materials [5], and (iv) chemical separations using 
inorganic membranes [6]. Given this situation, there has been 
substantial effort over the years devoted to developing equations 
of state suitable for thermodynamic property predictions in fluids 
confined in porous media. However, developing tractable physically 
based models has remained elusive [7]. An important class of these 
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equations of state is of the mean-field type, which are of interest 
because they are often analytic and therefore amenable for use in 
process engineering calculations [8]. Two important questions arise 
in the context of such equations of state: (i) How accurate are they for 
real fluids, and (ii) can the number of adjustable parameters required 
for their use be kept to a minimum? The main purpose in this chapter 
tutorial is to describe a mean-field statistical mechanical approach 
for developing equations of state for predicting the properties of 
confined fluids, including their critical properties, which can be 
quite different from their bulk fluid counterparts.

3.1 The Hamiltonian for a Confined Lattice Gas

In porous systems, the host material consists of void space with 
complementary regions taken up by solid matrix (adsorbate) 
material. In the void space one will, in general, find isolated molecules, 
those with nearest neighbors, as well as molecules adjacent to pore 
surfaces. Furthermore, pore surface heterogeneities will generally 
be present and all of these effects should be captured in any realistic 
analytical theory [6]. A lattice gas with a fixed number of matrix 
pore-blocked sites randomly assigned throughout the structure is 
considered (see Fig. 3.1 for a 2D schematic) with the remaining lattice 
sites’ void spaces that may, or may not, be occupied by fluid particles.

Figure 3.1 Schematic of a random porous medium.
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 Nearest-neighbor fluid particles interacted through a constant 
interaction energy, while solid matrix–fluid energetic interactions 
were represented by a probability density function that represents 
the effect of binding site energy heterogeneities on the solid surface. 
They considered a simple cubic lattice in d dimensions and for each 
site defined a quenched random variable, where d can take on the 
value of either 0 or 1. The value of 0, found with probability p, implies 
the existence of a solid matrix particle at that position in the lattice, 
while the value 1 designates a void space. In addition, at each void 
site they assigned an annealed variable, which can assume either the 
value 0, denoting the absence of a fluid particle, or the value 1, which 
represents the presence of a fluid particle; the variable is the usual 
density variable associated with the lattice gas partition function. 
For a completely random quenched structure (like aerogels) the 
variables are assumed to be uncorrelated. The Hamiltonian for such 
a system is given by the equation

- = ¡ + - + - +
< > < >
Â ÂÂH n n n n ni j
ij

i j i i j j j i i i
iij
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where 4¡ is the coupling constant between two adjacent fluid 
particles, G the coupling constant between a fluid and a solid particle, 
and µ the chemical potential of the confined fluid. The summation in 
Eq. 3.1 (represented by the notation <ij>) is over all i, j pairs but 
the effect of the εi, εj variables is to ensure that the first term in 
the Hamiltonian captures fluid–fluid interactions, the second term 
represents fluid–solid ones, and the third term is the standard field 
term.

3.1.1 Mean-Field Treatment: The Confined Lattice Gas

Next, a mean-field approximation for the exact Hamiltonian given 
in Eq. 3.1 is described. The “exact” thermal average of molecular 
density at site i, which is defined as ·niÒ ∫ r, is given by the rigorous 
statistical mechanical equation
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where HLG is given by Eq. 3.1 and β ∫ 1/kT.

The Hamiltonian for a Confined Lattice Gas
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 In the mean-field regime, however, Eq. 3.2 can be considerably 
simplified. Consider a site i surrounded by z sites, each of which may 
be pore blocked, may be empty, or may contain another molecule. 
The fundamental mean-field assumption is that molecules in any of 
these surrounding sites must be at their respective mean densities. 
If amongst these z neighboring sites, N of them are pore blocked, 
then the probability of observing this configuration is given by the 
quantity WN defined as

 WN
z N Nz

z N N
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-( ) -!

( )! !
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with the total number of all possible configurations designated as 
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in the mean-field situation by summing over the values ni= 0, 1 to get 
the following equations: 
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which can be simplified to yield the equation
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making use of a quantity YN defined as
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Substituting Eq. 3.3 in Eq. 3.6 yields the following result for the 
density of the confined fluid:
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which to first order in p yields the equation
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where the following dimensionless quantities are used:

 b b¢ ∫ ¡  (3.10)

 m m¢ ∫ ¡  (3.11)

 G G¢ ∫ ¡  (3.12)

 T kT¢ ¢∫ = ¡
1

b
 (3.13)

 Equation 3.9 is the exact mean-field equation of state for a 
confined fluid in a highly porous quenched random structure. 

3.1.2 The Critical Point for the Model

The conditions for the critical point in this system are defined by the 
following two thermodynamic equations:

 ∂m
∂r b

¢

¢

Ê
ËÁ

ˆ
¯̃

=
c

0  (3.14)
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 To establish these derivatives Eq. 3.9 is rewritten more generally 
as

 r r b m= f ( , , )¢ ¢  (3.16)

which together with Eqs. 3.14 and 3.15 gives rise to the following 
equations at the critical point:

 r r b mc c c c= f ( , , )¢ ¢  (3.17)

 ∂
∂r b m

fÊ
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ˆ
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=
¢ ¢c c,

1  (3.18)
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3.1.3 The Low p Limit: For Use in Highly Porous Aerogels

The conditions given by Eqs. 3.17–3.19 provide three equations that 
can be solved for the critical values of Tc, µc, and ρc; however, these are 
implicit equations and for the low p limit an analytic approximation 
for Eq. 3.9 is used. This is done by defining perturbation functions χ 
and F as follows:

 m m c b¢ ¢ ¢ ¢- ∫=p p0 ( , )G  (3.20)

 r r f b- ∫=p p0 ( , )¢ ¢G  (3.21)

 The functions χ and F are, as yet, unknown but solutions of Eq. 
3.9 for p = 0 yield the values µ¢p = 0 = –2z, ρp = 0 = 1/2. Using these 
equations in Eqs. 3.18 and 3.19, it is found that
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 Solving both of these equations simultaneously for χ and F leads 
to the results 
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 When Eqs. 3.24 and 3.25 are combined with Eqs. 3.9 and 3.18–
3.21, they yield the following results for the critical properties Tc, µc, 
and ρc in the confined fluid to first order in p:
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 At the p = 0 limit, Eqs. 3.26–3.28 may be used to get the critical 
properties of the pure 3D lattice gas model within a mean-field 
approximation. These results are given by the equations

 rc( )p = =0 1
2

 (3.29)

 T p z¢c( )= =0  (3.30)

 m¢c( )p z= = -0 2  (3.31)

and conform to the established results for this system.

3.2 Energy Heterogeneity in the Fluid–Solid 
Interaction

These results can be extended to the situation where the fluid–
solid interaction term is given by a statistical distribution, that is, 
the surface is composed of sites with energetically heterogeneous 
binding energies. In this case, it is assumed that Г¢ is given by a 
probability distribution η(Г¢).
 The mean-field equation of state can be modified so that the 
average of the right hand side in Eq. 3.27 is now taken, leading to a 
critical temperature of the confined fluid given by the equation

 T z p z z¢c = - - -{ }ÈÎ ˘̊1 1( )g  (3.32)

where γ is the average of sec h2(Г¢/z), defined by the integral

 g h= -Ê
ËÁ

ˆ
¯̃Ú ( )sec

( )G G G¢ ¢ ¢h
z

d2 2

2
 (3.33)

 For a narrow distribution around some average energy Г¢0, it is 
derived a simple expression for γ by Taylor expansion of sec h2((Г¢ – 
2)/2z). This yields the result
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 For a narrow Gaussian distribution, with variance s << Г¢0 it is 
found that
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3.3 Model Predictions: Pure Fluid 

Following, some of the predictions available from this theory are 
illustrated. Figure 3.2 shows three adsorption isotherms at various 
values of p calculated at a dimensionless temperature T¢ = 6 with the 
value of the fluid–pore surface interaction parameter Γ¢ = 4. 

Figure 3.2 Equation-of-state predictions of adsorption isotherms of a 
confined fluid.
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 This temperature is the critical one for the zero p case as derived 
in Eq. 3.30 and the infinite slope of the p = 0 adsorption isotherm 
is evident at the critical chemical potential µ’c(p = 0) = –2z = –12. 
As p increases, the system moves further away from criticality (into 
a supercritical temperature regime) and the slopes of the various 
isotherms become finite throughout the region shown. 
 The variation of the system’s critical temperature with the 
fluid–pore surface interaction parameter Γ¢, at various values of p, 
is presented in Fig. 3.3, where it can be observed that the critical 
temperature decreases with increasing values of p, a result that 
follows mathematically from Eq. 3.27. 

Figure 3.3 Equation-of-state predictions for the critical temperature of a 
confined fluid.

 The effect of porosity on the density enhancement of the adsorbed 
fluid, relative to the bulk fluid in thermodynamic equilibrium with 
it, is also seen in the results given in Fig. 3.2. In the technologically 
interesting case (attractive fluid–pore interactions, that is, Γ¢ > 0) 
the adsorbed fluid density is enhanced with increasing p at a given 
value of both Γ¢ and temperature. This enhancement is particularly 
pronounced in the lower pressure (chemical potential) region, 
a result that finds use in practical applications involving light gas 
storage in porous media. One would also expect that increasing the 
fluid–pore surface interaction parameter Γ¢, at a given temperature 
and value of p, should increase the magnitude of the adsorbed fluid’s 
density. This is the case as shown in the results presented in Fig. 3.4 
for the situation p = 0.03 and a dimensionless temperature T¢ = 6.
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Figure 3.4 Equation-of-state predictions of adsorption isotherms of 
a confined fluid at various values of a surface interaction 
parameter. 

 In any real material the fluid–pore energy interaction parameter 
Γ¢ is likely to be heterogeneous. For the results shown in Fig. 3.5 for 
p = 0.1, the distribution of the energy heterogeneity was assumed to 
follow a Gaussian form with various values for the mean/variance 
ratio. 

Figure 3.5 Equation-of-state predictions of the effects of surface energy 
heterogeneity on the critical temperature of a confined fluid.
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 The effect of this heterogeneity on the critical temperature of the 
system is to effectively widen the distribution of the T¢c(Γ¢) function 
about Γ¢max.

3.3.1 Model Comparison with GCMC Computer 
Simulations

Some comparisons between this mean-field model and grand 
canonical Monte Carlo (GCMC) computer simulation [9] results 
are given in Figs. 3.6 and 3.7. The reducing parameters for all 
the thermodynamic properties in these comparisons are the 
corresponding critical values in the respective pure systems (i.e., p = 
0). These are known exactly for the lattice gas and used here for the 
simulation results, while those for the mean-field model were found 
from Eqs. 3.29–3.31. 
 Figure 3.6 shows a comparison of adsorption isotherms of both 
the mean-field model and simulation results in a highly porous sys-
tem (p = 0.01) at a slightly supercritical temperature corresponding 
to a reduced temperature of 1.01. In Fig. 3.7 comparisons are shown 
at a higher porosity and two different temperatures. The average 
absolute deviation between the mean-field model and simulation 
results at the lower (closer to critical) temperature is about 10.3%, 
while at the higher temperature this is 7.4%. 

Figure 3.6 Comparison between theory and GCMS computer simulation 
results. 

Model Predictions
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Figure 3.7 Comparison between theory and GCMS computer simulation 
results.

 Experimental adsorption data for methane in a silica aerogel at 
308 K is used with the model in Fig. 3.8.

Figure 3.8 Comparison between theory and experimental data for 
methane adsorbed in a silica aerogel.

 Such data is usually represented as pressure (chemical potential)-
density adsorption isotherms and the mean-field equation of state 
given earlier in Eq. 3.9 provides a way of calculating the variation 
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of density with chemical potential along the experimental isotherm, 
given assumed values for the model parameters and at a given value 
of porosity, which is often known from independent measurements. 
Integration of this function provides the pressure change in the 
system between any two chosen states 1 and 2 using the following 
thermodynamic identity:

 D GP d1 2

1

2

- = ¡( )Ú r b m
m

m

¢ ¢ ¢
¢

¢

, ,  (3.36)

 This series of calculations is repeated in an attempt to optimize 
the values of Γ¢ and ¡ by establishing the values that provide the 
best fit with the data. These results are shown in Fig. 3.9 for various 
porosities and illustrate very good agreement between the model 
and the results recently obtained in supercritical carbon dioxide–
porous silica aerogels at the porosity of 95% given in that paper 
[10, 11]. Moreover, Fig. 3.9 also shows model predictions of large 
pressure shifts and density enhancements at other conditions for 
which experimental data is unavailable.

Figure 3.9 Comparison between theory and experimental data for carbon 
dioxide adsorbed in a silica aerogel.

 On a similar performance, Fig. 3.10 shows results for pure bulk 
and confined C3H8 on the same aerogel, at 371 K (Tc = 369.7 K). The 
model shows in this case a good agreement with a porosity of 92%. 
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Figure 3.10 Model calculations showing the agreement for experimental 
adsorption data of bulk and confined C3H8 at 371 K in a silica 
aerogel.

 In Fig. 3.11 the model is applied for the case of CO2 at the critical 
confined temperature, that is, T = Tc¢ from Eq. 3.27, at various 
porosities (80%, 90% and 95%) and compared to the bulk isotherm.

Figure 3.11 Adsorption isotherms at the critical temperature of confined 
CO2 at various porosities and compared to the bulk isotherm. 
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3.4 Summary and Conclusions

Here’s a summary of the important characteristics of the effects of 
confinement on the critical behavior of a confined fluid:

	 •	 Critical temperatures are always lowered by confinement, 
while densities of the confined fluid increase with increasing 
porosity at given thermodynamic conditions.

	 •	 The confined fluid density is substantially enhanced relative 
to that of the bulk fluid in equilibrium with it.

	 •	 The critical universality class of these systems remains an 
open question to the present time but it appears to fall within 
the random field the Ising system [12].
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Particle generation may be performed by expansion, for example, 
RESS or PGSS, or by dilution of liquids by dense gases, for example, 
GAS or SAS. Precipitation techniques in scCO2 have already been 
investigated quite in detail for pure model and real substances, 
but interdependences between several compounds in composite 
products are less known. This chapter illustrates the basis of the 
most important scCO2 precipitation techniques for the generation 
of powders and composites, particularly those with applications in 
the pharmaceutical industry. The bioavailability of pharmaceuticals 
presented in a solid formulation strongly depends on the size, 
particle size distribution, and morphology of the particles and, thus, 
on the used precipitation technique.
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4.1 Particle Formation Processes with 
Supercritical Fluids

Several supercritical fluid (SCF) nonreactive spray precipitation 
processes are now under development, involving many 
pharmaceutical applications. The SCF is used as a precipitation 
medium for materials recrystallization or composite product 
formation. Spray processes, supported by compressed CO2, allow 
for the generation of powders and composites with characteristics 
different from those obtained using conventional methods. Next, the 
different concepts used for SCF particle design are shortly described 
in order to clarify a rather confusing domain where many similar 
processes are designated by different acronyms. Process design is 
strongly dependent on the solubility of CO2 of the ingredients to be 
precipitated [1–6].

4.1.1 Supercritical Fluid as a Solvent

Processes designed for compounds soluble in supercritical carbon 
dioxide (scCO2) consist of dissolving the product in a compressed 
fluid at pressures in the order of 150–300 MPa and rapidly 
depressurizing the formed solution. This process takes advantage 
of the large variations in the solvent power of the SCF with changes 
in pressure. Known for long, this process is attractive due to the 
absence of organic solvent use; unfortunately, its application is 
restricted to products that present a reasonable solubility in scCO2 
(low-molecular-weight and low-polarity organic or organometallic 
compounds). Even in the most favorable cases, the production 
capacity of these processes is limited. This problem can be alleviated 
by the use of a cosolvent, but in this case the benefit of the total 
elimination of the organic solvent is lost.
 RESS: This acronym refers to rapid expansion of supercritical 
solutions. The depressurization is carried out through an adequate 
nozzle, causing an extremely rapid nucleation of the product into a 
highly dispersed material. 

4.1.2 Supercritical Fluid as an Antisolvent

Processes designed for compounds with negligible solubility in 
scCO2. The SCF is not used as a solvent but as an antisolvent that 



61

causes the precipitation of a solute initially dissolved in an organic 
liquid. These processes typically operate at moderate pressures 
(5–10 MPa). The saturation of the organic solvent with CO2 causes 
a decrease in the solvent power of the liquid mixture and the 
precipitation of the solute. The main advantage of this process over 
the processes in which the solute is dissolved in scCO2 is versatility, 
as with a proper selection of the solvent, it is possible to micronize 
a very wide range of products. The only requisite for the application 
of this technology is that the solute must be soluble in an organic 
solvent and it must be insoluble in scCO2.
 GAS: This refers to batch gas antisolvent in which the compressed 
CO2 is added into a continuous phase of an organic solution.
 ASES: This refers to a batch aerosol solvent extraction system. 
The process consists of pulverizing an organic solvent solution of 
the solute(s) into a vessel filled by the SCF. Sometimes, it is also used 
to designate semicontinuous processes in which both fluids are 
delivered in countercurrent mode.
 SAS or PCA: This refers to the semicontinuous supercritical 
antisolvent or precipitation with a compressed antisolvent, 
respectively. These processes are developed to overcome the 
limitations in the production capacity of the batch processes. In this 
precipitation method, CO2 and a solution of the substance of interest 
are continuously fed to a precipitator. The mixing between these 
streams causes the precipitation of the solute due to the antisolvent 
effect of compressed CO2.
 SEDS: This refers to solution-enhanced dispersion by supercriti-
cal fluids. It works as a semicontinuous process in which an organic 
solution and a stream of scCO2 are sprayed simultaneously through 
properly designed coaxial nozzles.
 SFEE: This refers to supercritical fluid extraction of emulsions. 
The application of SCFs in the particle technology with emulsions 
appears as a natural decision to avoid the main problems of each 
separated technology. Emulsions techniques usually involve large 
quantities of organic solvents. SCFs often are not able to produce 
particles in the nanometer range or the products obtained present 
agglomeration problems. The combination of this two techniques 
give place to a process involving oil/water emulsions extracted with 
scCO2.

Particle Formation Processes with Supercritical Fluids
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4.1.3 Supercritical Fluid as a Solute

Processes designed for compounds with negligible solubility in 
scCO2, but which can dissolve a significant amount of compressed 
fluid. Typically, the SCF is dissolved into a liquid substrate or a 
melted solid. They are particularly suitable to process solid lipids 
and polymers or to encapsulate liquids. Developed processes are 
well-established technologies with favorable economical conditions 
for commercial application. They show significant advantages over 
other formulation processes, including the reduced use of organic 
solvents, the possibility of operating at moderate temperatures in an 
inert atmosphere, thus avoiding oxidation or thermal degradation 
of the solute, as well as solute losses due to evaporation, and 
an enhanced control of particle size enabled by the fast precipitation 
kinetics.
 PGSSTM: This acronym refers to particles from gas-saturated 
solutions. It works by rapid depressurization of CO2/substrate 
mixtures through a nozzle, producing the formation of solid particles 
due to the intense cooling caused by CO2 expansion.
 CPFTM: This refers to concentrated powder form. Most of the 
supercritical processes are designed to produce powders from 
liquids that are solid at ambient temperature. This process generates 
powders from liquids that are not solidified during spraying. In this 
process, a liquid and a gas are pressurized, mixed together, and 
expanded into a spray tower. A powder carrier is dosed into the 
produced fine droplet spray and a powder with a liquid content of up 
to 90 wt% is formed. Particles loaded with liquids and encapsulated 
liquids are thus obtained. 

4.2 Supercritical CO2 Precipitation Technology 
Applied to Nanopharmaceuticals and 
Biomaterials

Scientists have dated the first medical record in ca. 2100 BC in 
China. The document describes the extraction of an active agent 
from an herb using a process of pulverization and maceration in oil 
or water, followed by boiling, filtering, and then adding the extract 
to beer for oral administration (Fig. 4.1a). This is basically the same 
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Figure 4.1 Drug delivery systems. (a) The first example of a processed 
drug and its administration. (b) Conventional vs. controlled 
or sustained drug delivery. (c) An example of a complex 
target drug delivery system based on porous nanoparticles 
of g-Fe2O3@SiO2 functionalized with the necessary moieties: 
The matrix is loaded with a selected drug bonded to the matrix 
through a coupling agent (silane) and with a label for targeting 
malignant cells (folic acid). Moreover, an amphiphilic coating 
(PEG) is necessary to minimize the attack of the immune 
system. (d) The nanoparticles can release their contents 
in close proximity to the target cells or internalize into the 
cell. (e) The use of magnetic nanoparticles (g-Fe2O3) allows 
guided targeting by means of an external magnetic field 
and, simultaneously, hyperthermia treatment and imaging 
diagnosis using the g-Fe2O3 as a contrast enhancer.

technology that it is use today to formulate oral liquids, tablets, or 
capsules. Of course, the manufacturing process has been improved, 
with great advances in machinery and product quality control. 
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Moreover, the number of active principles is nowadays vast and the 
efficacy and safety of these products is excellent. Nevertheless, the 
crucial need for innovation in the pharmaceutical and biomedical 
industries is continuous. One important innovation route is through 
the development of green products and processes [7]. As the ratio 
of waste to useful product is very high in the pharmaceutical sector, 
there is a considerable need for green pharmacy innovations that are 
“benign by design.” The emergence of nanotechnology and scCO2 has 
had a significant impact on the drug delivery and tissue engineering 
sectors of the pharmaceutical industry [8, 9].

4.2.1 Drug Delivery Systems

Drug delivery systems offer several advantages compared to conven-
tional dosage forms. These systems act as a reservoir of therapeutic 
agents, with specific time release profiles of the drug, thus leaving 
to a control of the pharmacokinetics and bioavailability (Fig. 4.1b). 
By using these systems with an engineered biodistribution profile, 
problems like insufficient drug concentration, rapid metabolization, 
high fluctuation of plasma levels, and negative side effects could be 
overcome. The control becomes complete if the system is also de-
signed for drug targeting with specific influences on the biodistri-
bution (Fig. 4.1c–e). Current technology for controlled drug deliv-
ery is mainly based on the use of micron or submicron matrixes of 
homopolymers or blends in which the drug is encapsulated in the 
form of microspheres or microparticles, dispersed, adsorbed, or 
chemically bonded [10]. The cytotoxicity of nanoparticles or their 
degradation products remain a major problem, and improvements 
in biocompatibility obviously are a main concern of on-going re-
search. Moreover, up-scaling in the pharmaceutical industry from 
product development to marketing is not a straightforward process 
due to the necessary interaction with safety regulatory authorities 
[11, 12]. Figure 4.2 shows the scheme of the several stages involved 
in the full development and up-scaling of a target drug delivery sys-
tem, which is similar to that of a new dug. 
 The application of nanotechnology to health care has led to 
the development of an array of novel nanoproducts for controlled 
drug delivery, the characteristics of which are changing the 
foundations of disease diagnosis, monitoring, and treatment and 
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turning promising old and new drug discoveries into benefits for 
patients. The advancement in drug delivery is expected by designing 
nanopharmaceutical products where the in vivo fate of the active 
agent is determined mainly by the properties of the matrix (Fig. 
4.1d,e), combining several of the properties required from an ideal 
drug delivery system: (i) diffusion-controlled sustained delivery 
and/or increased bioavailability, (ii) passive targeting based on 
nanometric size and the possibility of accumulation in pathological 
areas with compromised vasculature, (iii) active targeting by using 
cell-labeling molecules or external stimuli (magnetic, optical, etc.), 
and (iv) contrast properties for in vivo visualization and diagnosis 
protocols. In recent years, it has been shown that nanocarriers can 
penetrate through small capillaries, across numerous physiological 
barriers and can be taken up by cells, thus inducing efficient drug 
accumulation at the target site. 

Figure 4.2 Simplified view of the several stages involved in the full 
development of a target drug delivery system (TDDS) for 
industrial take-up (not to the time scale).

 Nanometric or colloidal drug delivery systems (Fig. 4.3), 
consisting of small simple or composite particles of 10–400 nm 
diameter, permit the effective administration of drugs that are 
highly water soluble or water insoluble or unstable in the biological 
environment, since the contents of the drug delivery system are 
effectively protected against hydrolysis and enzymatic degradation. 
 A broad variety of useful properties in both diagnosis and 
drug delivery have been reported for formulated pharmaceutical 
nanocarriers [13–15]. Nanocarriers can be designed for different 
administration routes: intravenous, intramuscular, subcutaneous, 
oral, nasal, or even ocular. Nanoparticles provide a unique 
opportunity for rapid topical and transdermal delivery, given the 
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ability to penetrate human tissue. Nanotechnology is also opening up 
new opportunities in implantable release systems applied in tissue 
engineering and ophthalmic delivery in which the drug release can 
be externally controlled by using stimuli-sensitive nanocomponents. 
Finally, nanotechnology has the potential to revolutionize cancer 
diagnosis and therapy, specifically by exploiting the potential of 
magnetic nanoparticles and quantum dots [16] in hyperthermia 
and in vivo imaging. Some of those carriers have already made their 
way into the clinical arena (e.g., ferrofluids and polymeric particles), 
while others are still under preclinical development (e.g., liposomes) 
or in fundamental research (dendrimers and quantum dots) 
(Fig. 4.4).

Figure 4.3 Nanopharmaceuticals for drug delivery systems.

 The Würster fluid-bed process (Fig. 4.5a) is recognized by 
the pharmaceutical industry as the best technology for precision 
application of a polymeric film coating onto particulate drugs 
to prepare drug delivery systems of the type shown in Fig. 4.4a 
(nanocapsules) [17]. This technology can be used to encapsulate 
efficiently only micrometric powder. Following a similar idea, 
the spray-drying method (Fig. 4.5b) has been developed for 
nanopharmaceuticals [18]. The most commonly applied technique 
for the preparation of drug delivery systems is, however, the 
emulsion–solvent method [19]. The single-emulsion method 
(Fig. 4.5c) has been used primarily to encapsulate hydrophobic 
drugs dissolved in an organic solvent containing the polymeric 
matrix emulsified in a water phase (oil in water). Water-soluble 
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drugs can be encapsulated by the double-emulsion water-in-oil-in-
water method (Fig. 4.5d). The solvent in the emulsion is removed by 
either evaporation at high temperature, liophilization, or extraction. 
Coprecipitation, phase separation by addition of an organic 
antisolvent, and complex coacervation processes are also widely 
used methods for the manufacturing of nanostructured organic 
matrix-based drug delivery systems [20] (Fig. 4.4b–e). Ceramic 
nanoparticles, mesoporous silica, ferrofluids, and quantum dots are 
prepared using the sol–gel and colloidal precipitation approaches 
[21] (Fig. 4.4f–i).

Figure 4.4 Schematics of different nanotechnology-based therapy and 
diagnosis systems.
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Figure 4.5 Schematic representation of techniques used for drug delivery 
system preparation: (a) Würster process, (b) spray drying, and 
(c) single- and (d) double-emulsion techniques.

 With a difference, the most used green process in the 
production of both simple and complex pharmaceutical products 
is scCO2 technology. The application of SCFs for the precipitation 
of pharmaceuticals and natural substances has attracted great 
attention due to the peculiar properties of these fluids. The null 
or little use of organic solvents, the straight preparation of dry 
products in confined autoclaves, and CO2 intrinsic sterility are of 
particular interest to produce food, cosmetic, and pharmaceutical 
products and for their stabilization and formulation. Several particle 
formation techniques of the micro- to the nanorange, both in pure 
and encapsulated forms, have been developed for pharmaceutical 
applications using scCO2 [22] (Fig. 4.6). Particle generation by spray 
processes using scCO2 as a precipitation aid may be performed by 
expansion, for example, RESS [23, 24] and PGSS [25, 26] processes, 
or by dilution of liquids with dense gases, for example, GAS, SAS, 
PCA, and ASES [27] processes. 
 A common feature in all those particle formation techniques 
is that the fluid is expanded through a restriction device or nozzle 
in a controlled fashion. The geometry of the nozzle influences the 
morphology of the precipitated particles. In RESS and PGSS processes, 
the nozzle controls the nucleation and crystal growth by affecting 
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the dynamics of jet expansion and the Joule–Thompson temperature 
drop. On the contrary, the nozzle in antisolvent processes affects 
particle size by controlling the initial liquid droplet diameter and 
the rate of solvent extraction by the SCF. 

Figure 4.6 scCO2 spray precipitation techniques.

 In addition to particle formation, scCO2 has been used to 
fabricate porous polymers that can be further impregnated using 
scCO2 as a mobile phase to obtain a drug delivery system [28–31]. 

Supercritical CO2 Precipitation Technology Applied to Nanopharmaceuticals
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After impregnation, the drug is often dispersed at a molecular level 
into the polymer instead of being crystallized (Fig. 4.7a). The scCO2 
impregnation process is also applied to modify intrinsic porous 
materials, such as zeolites and mesoporous silica [32–37] (Fig. 
4.4f). For instance, aerogels nanoparticles can only be produced 
and impregnated using SCF technology. Coating or encapsulation 
with a thin layer of polymer using scCO2 processes are powerful 
alternatives to the conventional chemical coating [38, 39] (Fig. 
4.7b). Complex pharmaceuticals have also been precipitated in 
scCO2/water emulsions and in water/oil emulsions extracted with 
scCO2 [40].

Figure 4.7 Schematic setups for (a) impregnation and (b) coating scCO2 
processes.

4.2.2 Scaffolds in Tissue Engineering

Tissue engineering is evolving from the use of implants that 
repair or replace damaged parts, to the use of controlled 3D 
scaffolds that induce the formation of new functional tissues 
either in vitro or in vivo [41]. Many polymeric scaffolds are being 
evaluated for a possible role in tissue engineering. Biodegradable 
homopolymers and copolymers of poly(lactic acid) (L-PLA) and 
poly(glycolic acid) (PGA) are typically chosen for these applications 
[42]. Poly(ε-caprolactone) (PCL) had also attracted attention as 
a biocompatible polymer due to the lack of toxicity and low cost, 
although it is a slow degradation polymer. Nonbiodegradable 
materials such as polymethylmethacrylate (PMMA) are being 
also tested in tissue engineering to achieve long-term mechanical 
stability after implantation as well as high hydrophobicity that 
enhances cells adhesion [43]. Along with the ongoing search for 
new materials, polymeric blends composed by a biostable polymer 
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and a biodegradable counterpart have recently gained significant 
attention in tissue engineering, due to the possibility of providing 
them with specific advantages in morphological, degradation, and 
mechanical properties [44]. Not only the chemical composition 
but also the architecture of a scaffold plays an important role in 
modulating tissue growth and response behavior of cultured cells. 
A correct architecture of a scaffold would be the one that mimics 
the natural extracellular matrix that surrounds cells in the body 
[45]. Hence, required characteristics include high porosity and 
an interconnected 3D macroporous network necessary for cell 
proliferation [46], and a high surface area to promote cell adhesion.
 Scaffolds can take forms ranging from complex monolithic 3D 
microcellular structures (macroporous sponges) to networks of 
fibers [47–49] (Fig. 4.8). Scaffolds can be produced in a variety of 
ways, using either conventional techniques such as solvent casting, 
foaming, physical separation, and freeze drying or advanced 
processing methods such as rapid prototyping technologies, where 
the scaffolds are built layer by layer from a computer-aided design 
model [50]. The main drawbacks of conventional scaffold production 
methods involve a reduced capability to control pore size and pore 
interconnectivity. Moreover, when using solvent approaches, the 
residual organic molecules left in the polymer after processing 
may be harmful to the transplanted cells and can inactivate 
biologically active growth factors. Finally, the preparation of blend 
systems presents a significant challenge using conventional solvent 
technology, as the constituent polymers are highly immiscible. 
Technology based on scCO2 is an alternative to overcome some of the 
problems associated with the use of traditional organic solvents for 
polymers processing. scCO2 technology has been already proposed 
for the production of a great range of biocompatible polymers with 
excellent control on morphology, surface properties, and purity 
[51–54]. Many of these applications exploit the fact that scCO2 is an 
excellent nonsolvating porogenic agent for amorphous polymers, 
while being a poor solvent [55]. It is used to produce polymer foams 
by pressure-induced phase separation (Fig. 4.8a). Furthermore, 
spray processes involving scCO2 have achieved considerable success 
in addressing polymer particles and fiber production [56–58].
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Figure 4.8 Tissue engineering scaffolds produced using scCO2 
technology: (a) PLA monolithic blocks obtained by foaming 
with scCO2 and (b) PMMA/PCL fibers precipitated by a scCO2 
antisolvent technique.

 For practical purposes, the use of solvent spray approaches, 
such as RESS, is limited, since scCO2 can only dissolve a very small 
number of polymers. Alternatively, antisolvent spray processes uses 
common organic solvents to dissolve the polymer and, thus, a large 
variety of these compounds can be processed (Fig. 4.8b). Finally, the 
potential role of CO2 in assisting the blending of polymers has been 
studied in either a reactive or a nonreactive way. In the reactive 
way, scCO2 acts as a transport medium used to impregnate a scCO2-
swollen matrix with an initiator and a monomer, thus facilitating 
the in situ polymerization of the impregnated component [59–62]. 
In the nonreactive way, scCO2 acts as an interfacial tension and 
viscosity reducing agent, which facilitates the blending of immiscible 
polymers [63]. Solid monolithic porous scaffolds are prepared using 
scCO2 by simple swelling and foaming [64–67]. Fibers are prepared 
using the semicontinuous antisolvent SAS technique [68–70]. 
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4.3 Conclusions and Remarks

This chapter has illustrated the basis of the most important 
scCO2 precipitation techniques for the generation of powders 
and composites, particularly those with applications in the 
pharmaceutical industry. In the following chapters, a detailed 
description of some of the most important nonreactive scCO2 
precipitation techniques is given. First, Chapter 5 presents a review 
of the phase behavior and physical properties that are relevant to 
particle formation processes with CO2, using as a practical example 
the system CO2 plus polyethylene glycol. Next, Chapters 6, 7, and 
8 describe exhaustively supercritical antisolvent approaches, the 
PGSS process, and the SCF extraction of emulsion precipitation 
techniques.
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In this, a review on the phase behavior and physical properties that 
are relevant to particle formation processes with CO2 is given. As a 
practical example, the polymer poly(ethylene glycol), or PEG, with 
many applications in food and pharmaceutical product processing, 
used with supercritical CO2 for particle formation and encapsulation 
is described. Vapor–liquid equilibrium (VLE) and solid–liquid 
equilibrium (SLE) data is necessary because particle formation 
processes begin by dissolution of CO2 into the PEG solution and 
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then are formed through solidification of atomized droplets and ex-
solution of CO2. CO2 solubility in PEG for given temperatures (333 
and 353 K) is not distinctly different for molecular weights from 400 
to 20,000 g/mol and varies from 3 wt% CO2 at 2 MPa to 25 wt% CO2 
at 28 MPa. The density of PEG solutions (PEG 400 and 1600) initially 
decreases by about 1% when pressurized with CO2 to around 10–15 
MPa but then shows trends to increase at higher pressures. When 
using CO2 to reduce the viscosity of PEG solution, the viscosity 
reduction for PEG solutions (PEG 200–12,000) is above 40% in the 
presence of 10 wt% of dissolved CO2. The viscosity reduction ratios 
can be calculated with theory that uses equations of state.

5.1 Introduction

Supercritical fluid technologies have been applied to extraction, 
material synthesis, separation, and energy processes [1–3] 
and analytical methods [4]. Many researchers have focused on 
supercritical water and carbon dioxide (CO2) because they are 
benign for the environment. Particle formation processes using 
supercritical water and CO2 have been developed for producing small 
fine particles and elimination of residual solvents in the products, 
especially in applications of pharmaceutical and food processing 
[5–8]. Polymers in these applications are used as substrates and 
encapsulating materials. The polymers should be biodegradable and 
biocompatible for which poly(ethylene glycol) (PEG) and poly(lactic 
acid) (PLA) are some of the most popular choices.
 PEG polymers belong to the family of poly(oxyethylene) (POE) 
that have molecular weights (Mw) below 20,000 g/mol. PEGs that 
have molecular weights greater than 20,000 g/mol are referred to 
as poly(ethylene oxide) [9]. The characteristic properties of PEGs 
are (i) high solubility in both aqueous and organic solvents, (ii) no 
known immunogenicity, antigenicity, and toxicity effects, and (iii) 
high flexibility and hydration of the polymer chain [10]. PEGs are 
established reference polymers for pharmaceutical and biomedical 
applications, and they have been used as additives in food and 
cosmetic products [10–12].
 Supercritical CO2 has been applied to the processing of PEG 
particles through rapid expansion of supercritical solutions 
with a nonsolvent (RESS-N) [13], particles from a gas-saturated 
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solution (PGSS), aerosol solvent extraction system (ASES) [14], and 
supercritical assisted atomization (SAA) [15]. In these processes, 
particles are formed through solidification of atomized droplets 
dissolved with CO2, so that the phase behavior of a CO2–PEG mixture 
is necessary for understanding the particle formation mechanism 
and for developing practical applications. The size of the atomized 
droplets strongly depends on the fluid flow characteristics of the 
solutions [16] and on the fundamental physical properties of the 
droplet such as viscosity, h(Pa.s); surface tension, s(J/m2); and 
density, r(kg/m3) [17]. These characteristics and properties affect 
mass transport of CO2 into and out of the droplet and control particle 
size and morphology (Fig. 5.1).

Figure 5.1 Schematic of CO2 dissolution and CO2 + additive ex-solution 
from a PEG solution. Basic fluid flow, heat transfer, and mass 
transfer relationships control particle formation. Fluid flow is 
described by Weissenberg (Wi), Capillary (Ca), and Reynolds 
(Re) numbers; heat transfer is described by Prandtl (Pr) and 
Reynolds numbers; and mass transfer is described by Schmidt 
(Sc) and Reynolds numbers. In the Weissenberg number, λ is 
the characteristic relaxation time of the solution.

 This section focuses on the phase behavior that is relevant 
to particle formation using supercritical CO2—vapor–liquid 
equilibrium (VLE) and solid–liquid equilibrium (SLE)—and two 
properties important for particle formation, density and viscosity 
of CO2–PEG mixtures. Among the transport properties, the viscosity 

Introduction
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is particularly important because it affects size and morphology of 
the formed particles. Micron-sized PEG particles (≤10 mm) have 
been formed by the PGSS method by adding fatty acids to PEG–CO2 
solutions for viscosity reduction of the PEG solutions [18], while 
formed particles without adding solvents have diameters about 
80–400 mm [19–21]. The SAA method has been used to produce 
1–4 mm of micron particles from PEG dissolved in acetone [15]. The 
size of the formed particles with these methods tends to decrease 
when the viscosity of the PEG solutions is reduced by chemical or 
physical means. Both VLE and physical property data is required for 
understanding and modeling the viscosity [22, 23]. In this, physical 
properties, including VLE and SLE density and viscosity of CO2–PEG 
solutions, are reviewed. Each section includes measurement and 
calculation methods for the property and shows how temperature, 
pressure, and molecular weight affect the property. By understanding 
the property variations, it is possible to estimate conditions for 
desired particle formations with molecular models.

5.2 Vapor–Liquid Equilibria of CO2–PEG 
Mixtures

5.2.1 Measurement

Experimental studies reported for VLE of CO2–PEG mixtures in the 
literature are shown in Table 5.1. Although a lot of VLE data for PEG 
of lower molecular weights below 8000 g/mol has been reported, 
data for PEG of higher molecular weights is relatively scarce. Among 
the methods to measure VLE of CO2–PEG mixtures, analytical meth-
ods are applied to measure the composition of both phases, while 
other methods have been used to measure the CO2 composition of 
only the liquid phase. In analytical methods, the composition of each 
phase can be determined from mass balance [24, 25], volume [26–
28], pressure [29], refractometry [29, 30], UV spectroscopy [30], or 
colorimetry [30]. The analytical method can influence the reliability 
of the measured values of PEG when UV is used for analysis of the 
vapor phase or when molecular weights lower than 300 g/mol are 
analyzed with colorimetry [30].
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Table 5.1 Experimental studies reported for vapor–liquid equilibrium of 
carbon dioxide–poly(ethylene glycol) mixtures*

Mw (g/
mol) Method

p range 
(MPa)

T range 
(K) Ref.

200 Pressure decay 0.1–1 303–333 [31]
Static-
analytical 1–25 303–348 [24, 29, 30]

300 Pressure decay 0.1–1 303–333 [31]
400 Pressure decay 0.1–1 303–333 [31]

Spectroscopic 2–20 313, 423 [32, 33]
Synthetic 7–20 298–318 [34]
Static-
analytical 5–25 293–348 [25, 29, 30]

Flow-analytical 1–26 313, 323 [35]

600 Static-
analytical 6–27 313, 348 [29, 30]

Flow-analytical 1–29 313, 323 [35]
1000 Flow-analytical 2–26 323 [35]
1500 Gravimetric 6–25 298, 323 [36]

Spectroscopic 3–20 308, 328 [37]
Flow-analytical 5–40 308, 328 [38]
Static-
analytical 2–29 323–373 [28, 39]

4000 Gravimetric 6–25 298, 323 [36]
Static-
analytical 1–29 328–373 [28, 39]

6000 Gravimetric 4–34 335–393 [26, 27]
Static-
analytical

2–33 353–393 [26, 27, 40]

8000 Gravimetric 3–34 353–393 [26]
Static-
analytical 3–33 353–393 [26, 28, 39]

12,000 Gravimetric 3–33 353–393 [26]
Static-
analytical 2–33 353–393 [26, 27]

* Data of poly(ethylene glycol) 9000 and 20,000 is available in the literature [26].
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 Figure 5.2 shows the VLE of CO2–PEG 400 systems from the 
literature. The VLE data shown in Fig. 5.2 was measured by the 
pressure decay [31], spectroscopy [32], synthetic [34], static-
analytical [25, 29, 30], and flow-analytical [35] methods. Values 
reported in the literature are in general agreement except for the 
liquid phase composition reported by Daneshvar et al. [35], whose 
deviations in the data might be due to nonhomogeneous liquid 
phase samples taken that overestimate the composition [39]. 
Foaming of PEG in the presence of CO2 especially during pressure 
reduction is a systematic problem in the measurement of liquid 
phase compositions of PEG solutions.
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Figure 5.2 Vapor–liquid equilibrium of carbon dioxide–poly(ethylene 
glycol) 400 at 313 K in the literature: □ Daneshvar et al. [5, 6]; 
 Gourgouillon et al. [29, 41]; ▼ Guadagno et al. [32]; + Li et 
al. [31]; +,  Lopes et al. [30] ; × Matsuyama et al. [13, 25]; × 
Vitoux et al. [33]; and ▲ Xue et al. [34].

 The solubility of CO2 in PEG 1500 at several temperatures is 
shown in Fig. 5.3. Values at 323 K reported by Weidner et al. [39] 
using static-analytical are consistent with those by Aionicesei et al. 
[36] using gravimetry. Values at 328 K reported by Pasquali et al. [37] 
using spectroscopy are much larger than those at 323 K reported 
by Weidner et al. [39] and Aionicesei et al. [36]. This inconsistency 
seems to be caused by factors other than the difference in the 
measured temperature (5 K), since values of PEG 400 at 313 K 
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reported by Vitoux et al. [33] were similar to those of Weidner et al. 
[39] and Aionicesei et al. [36]. Vapor pressures of PEG are relatively 
low and decrease with increasing molecular weight [42]. Solubility 
data of PEG in the vapor phase of CO2 has been reported for 
molecular weights ranging from 200 to 1500 g/mol [25, 29, 34, 35]. 
An increase in the molecular weight reduces the solubility of PEG in 
CO2. For example, the solubility of PEG 1500 in CO2 at 328 K and 40 
MPa is below 0.05 wt% [38]. For higher molecular weights of PEG 
(>1500 g/mol), the solubility of PEG in CO2 can be usually neglected 
in absence of other factors such as cosolvents and surfactants.
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Figure 5.3 Solubility of carbon dioxide in poly(ethylene glycol) 1500 at 
several temperatures in the literature: ▲ Aionicesei et al. [36] 
at 323 K; ■, □ Pasquali et al. [37, 38] at (328 and 308) K; , ● 
Weidner et al. [21, 39] at (333 and 323) K and poly(ethylene 
glycol) 400, and × Vitoux et al. [33] at 313 K.

 CO2 solubilities in PEGs of different molecular weights are 
shown in Fig. 5.4. The solubility of CO2 in PEG 200 is lower than that 
of PEG having a molecular weight above 400 g/mol (Fig. 5.4a). There 
are no distinct differences of CO2 solubility in PEG for the range of 
molecular weights from 400 to 20,000 g/mol (Fig. 5.4).
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Figure 5.4 Reported solubilities of carbon dioxide in poly(ethylene glycol) 
of different molecular weights at different temperatures: (a) 
333 K, 200 to 4000 g/mol, and (b) 353 K, 1500 to 20,000 g/
mol. Data is taken from Gourgouillon et al. [29, 41] for 200 and 
400 g/mol, Weidner et al. [21, 39] for 1500 g/mol, Wiesmet 
et al. [28] for 4000 and 8000 g/mol, and Kukova [26, 27] for 
20,000 g/mol. Line shown is calculated with Eq. 5.1.

 At 353 K for PEG molecular weights from 1500 to 20,000, the CO2 
solubility in PEG solution can be calculated with a simple correlation 
equation as follows:

 w p p pCO2 = - +¥ ¥- -7 01 10 2 43 10 1 515 3 2 2. . .  (5.1)
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where wCO2 is in weight percent and p is in MPa. The low solubility 
of CO2 in PEG 200 can be attributed to the hydroxyl end group in 
the PEG chain. The end group of PEG also has some effects on the 
solubility of CO2 in PEG having a molecular weight above 400 g/
mol. This trend for PEG of lower molecular weight is consistent 
with measured partition coefficients for n-mers between vapor and 
liquid phases [30, 43]. An increase in system temperature slightly 
reduces the solubility of CO2 in PEG, which implies that the dissolved 
CO2 tends to aggregate within the polymer [24, 26–29, 31, 33, 35–
37, 39]. A comparison of solubilities of gases in PEG such as CO2, 
nitrogen (N2), and propane (C3H8) shows that the amount of gas 
dissolved in PEG is in increasing order of CO2 > C3H8 > N2.

5.2.2 Correlation

VLE data of CO2–PEG mixtures has been correlated with cubic 
equations of state (EOSs) [24], lattice-fluid (LF) EOSs [25, 29, 35, 
39], and EOSs based on statistical associating fluid theory (SAFT) 
[28, 36]. In the calculations with EOSs, pure parameters and binary 
parameters for CO2 and PEG are required. Binary parameters are 
typically determined by fitting VLE data. Usually, pure component 
parameters are determined from vapor pressures, critical constants 
or combined vapor pressures and liquid densities that are used at 
conditions of saturation. For substances of very low vapor pressure 
like PEG, the pure parameters are generally determined from fitting 
pressure-volume-temperature (PVT) data [28, 35, 44], although, as 
pointed out by Martin et al. [40], some pure component parameters 
are insensitive to PVT data and the procedure can lead to unreliable 
results [45]. Two approaches have been established to overcome 
these problems—(i) simultaneous fitting of PVT data of a pure 
substance and binary phase equilibrium data and (ii) extrapolation 
of correlated parameters on the basis of a series of low-molecular-
weight substances. Martin et al. determined the pure parameters 
for PEG from PVT data of pure PEG and from VLE data of CO2–PEG 
mixture [40]. Pedrosa et al. used the molecular weight dependence 
of the parameters determined from a series of ethylene glycol 
oligomers [46].
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5.3 Solid–Liquid Equilibria of CO2–PEG Mixtures

Weidner and coworkers have measured SLE of CO2–PEG mixtures 
over a range of molecular weights from 1500 to 12,000 g/mol 
using a capillary method [26, 27, 39]. Pasquali et al. measured the 
melting temperature of PEG 1500 and 4000 at CO2 pressures using 
the capillary method and reported good agreement with the results 
of Weidner et al. Figure 5.5 shows the SLE of CO2–PEG mixtures 
for different molecular weights including that of PEO of molecular 
weight 35,000 g/mol. 
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Figure 5.5 Reported solid–liquid equilibria of carbon dioxide–
poly(ethylene glycol) of different molecular weights: △ 1500 
g/mol;  4000 g/mol;  12,000 g/mol; and × 35,000 g/mol. 
Data is taken from Weidner et al. [21, 39] for 1500, 4000, and 
35,000 g/mol and Kukova et al. [26, 27] for 12,000 g/mol.

 The melting temperature of PEGs initially increases as CO2 
pressure is applied up to 1 MPa and then it decreases. This behavior 
is due to the interplay between two factors, (i) the fugacity of the 
solid PEG phase that increases with pressure and (ii) the solubility 
of CO2 in a liquid PEG phase that becomes substantial at pressures 
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greater than 1 MPa (Figs. 5.2–5.4). In the range of pressures 
between 6 and 22 MPa, the melting temperature is insensitive to the 
pressure as a result of a balance between the increase in solid PEG 
fugacity with pressure and that in CO2 solubility in liquid PEG with 
pressure. The melting temperature increases with pressures greater 
than 22 MPa, which can be attributed to the lack of CO2 solubility 
in the liquid phase at the pressure and the increase of solid phase 
fugacity with pressure. PEG solubility in the vapor phase becomes 
more significant such that a solid-liquid-vapor equilibrium should 
terminate in an upper critical end point for which liquid–vapor 
phases become critical in the presence of a solid phase. The change 
in ratio of the melting temperature of PEG at a given CO2 pressure 
to that of PEG at atmospheric pressure can be reduced to a simple 
curve for PEG of different molecular weights [39].

5.4 Densities and Swelling Ratios of CO2–PEG 
Mixtures

5.4.1 Measurement

Table 5.2 shows experimental studies reported in the literature for 
volumetric properties including densities (r) and swelling ratios 
(SW) of CO2–PEG mixture. Volumetric data for CO2–PEG mixtures is 
scarce compared to VLE data and is limited to CO2−PEG-saturated 
solutions. Some volumetric data has been reported for PEG 400 [32, 
33], while data for CO2–PEG mixtures having a high molecular weight 
is scarce. For analysis of the reported data, the volumetric data can 
be compared using a density change ratio with CO2 pressure (r/ro) 
calculated as follows:

 r
ro

CO2 W/
=

-( ) +( )
1

1 100 1w S
 (5.2)

where ro is the density at atmospheric pressure and xCO2 is the 
weight percentage of CO2 in the PEG solution. The swelling ratio 
(SW) defines the ratio of the expanded volume with dissolved CO2 to 
the initial volume.

Densities and Swelling Ratios of CO2–PEG Mixtures
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Table 5.2 Experimental studies reported for density (rho), swelling ratio 
(SW), and viscosity (h) of carbon dioxide–poly(ethylene glycol) 
mixtures

Mw (g/
mol) Property Method

p range 
(MPa)

T range 
(K) Ref.

400 r Vib. wire >0.1–25 313–348 [41]

600 r Vib. tube 10–30 318 [47]

2000 r
Magnetic 
suspension 
balance

6–10 374 [44]

400 SW Near IR 2–20 313, 423 [32, 33]

1500 ATR-IR 3–20 308, 328 [37]

Image 10–40 308, 328 [38]

200 h Vib. wire >0.1–25 313–348 [48]

Dynamic light 
scattering 1–8 303–333 [49]

400 Vib. wire >0.1–25 313–348 [41]

Dynamic light 
scattering 1–8 303–333 [49]

600 Dynamic light 
scattering 1–8 303–333 [49]

6000
Torsional 
oscillating 
quartz

2–33 353–393 [26, 27]

12,000
Torsional 
oscillating 
quartz

2–32 353–393 [26, 27]

 Measured densities and calculated density change ratios of CO2−
PEG-saturated solutions for some system are shown in Fig. 5.6. The 
densities of PEG seem to slightly decrease up to around 10 MPa and 
then increase in the presence of CO2 (Fig. 5.6a). This is consistent 
with the melting temperature behavior described in the previous 
section. The density behavior of CO2−PEG-saturated solutions is 
different depending on the temperature. At higher temperatures, the 
density does not change so much with an increase of CO2 pressure 
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[41]. In the region of lower pressures (<4 MPa), the density tends 
to have complicated behavior, although less data exists for critical 
comparison.
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Figure 5.6 (a) Measured densities and (b) calculated density change 
ratios of a poly(ethylene glycol)−CO2-saturated solution at 
several temperatures: ⌂, , △from Gourgouillon et al. [29, 
41] at 313, 333, and 348 K for 400 g/mol; ●, + Harrison et al. 
[47] at 318 K for 600 g/mol; × Funami et al. [44] at 374 K for 
2000 g/mol;  Guadagno et al. [32] at 313 K for 400 g/mol; 
□, ■ Pasquali et al. [37, 38] at 308 and 328 K for 1500 g/mol; 
and ,  Vitoux et al. [33] at 313 and 423 K for 400 g/mol. 
Lines represent the densities of PEG 8300 mixture estimated 
with equations based on a lattice fluid (---) and on statistical 
associating fluid theory (−), which are taken from Kasuya [50].
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 The swelling ratio of PEG increases with CO2 pressure up to 10 
MPa to values around 30% to 40% and then changes only slightly 
with increase in CO2 pressure [32, 33, 38]. Vitoux et al. reported that 
swelling ratios at higher temperature (328 K) were smaller than 
those at low temperature (308 K) [33]. Values reported by Pasquali et 
al. [37] were larger than the other researchers and the temperature 
dependence on the swelling ratio was contrary to those reported by 
Vitoux et al. [33]. Thus, studies on the swelling properties of CO2–
PEG mixture are needed in the near future.
 Density change ratios calculated from the measured densities do 
not change much with an increase in CO2 pressure, as shown in Fig. 
5.5b. For the density change ratio calculated from the swelling ratio, 
it changes with an increase in CO2 pressure and is close to 1 when 
the CO2 pressure is low except for the data reported by Pasquali et al. 
[37]. The data of Pasquali et al. might overestimate the swelling ratio, 
which leads to a larger solubility of CO2 in PEG that was pointed out 
in Section 5.2.1.

5.4.2 Calculation

Harrion et al. correlated experimental densities of CO2−PEG-
saturated solution using a linear function of pressure [47]. Funami 
et al. estimated the densities of PEG with saturated CO2 using an 
EOS based on an LF in which the binary parameter was determined 
by fitting VLE data of CO2–PEG mixture [44]. In our laboratory, the 
densities of CO2−PEG-saturated solutions were estimated using 
EOSs based on an LF and on SAFT [50]. Both equations give similar 
trends for densities (Fig 5.6), with differences among the EOSs 
appearing only at pressures greater than 12 MPa. At high pressures, 
values estimated with the LF EOSs do not change appreciably 
with an increase in pressure, while SAFT gives better qualitative 
description of the data (Fig. 5.6a). However, the EOS is able to not 
only estimate the density of CO2–PEG mixtures, but it can be applied 
to a wide range of PEG mixtures. Volume translation of LF type of 
equations may be helpful in obtaining quantitative agreement of the 
volumetric properties.
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5.5 Viscosities of CO2–PEG Mixtures

5.5.1 Measurement

A list of experimental studies reported for viscosity of CO2–PEG 
mixtures is provided in Table 5.2. The reported data is limited to 
PEG solutions saturated with CO2. While some data for PEG 200 and 
400 is available in the literature [41, 49], data for other molecular 
weights is scarce and has not been reported at moderate molecular 
weights (600 < Mw < 6000 g/mol).
 A viscosity reduction ratio for PEG solutions in the presence of 
CO2 (Dh/ho) can be calculated as follows:

 Dh
h

h
ho o

= -1  (5.3)

where h is the viscosity in presence of CO2 and ho is the viscosity 
of the PEG solution at atmospheric pressure. Figure 5.7 shows 
measured viscosities and calculated viscosity reduction ratios for a 
CO2−PEG-saturated solution. 
 Regardless of the molecular weight, the viscosity of the PEG 
solutions decreases with an increase in CO2 pressure and does 
not change much at pressures higher than 20 MPa (Fig. 5.7a). Bae 
reported an increase in the viscosity at pressures above 5 MPa for 
PEG 200 and 400 [49], which is in conflict with the results reported 
by Sarrada et al. [48] and Gourgouillon et al. [41]. The decrease in 
the viscosity of CO2−PEG-saturated solutions can be attributed to 
the dissolution of CO2 into PEG solution, and the reduction ratio for 
the viscosity varies with the PEG molecular weight (Fig. 5.7b). At 
a given CO2 pressure, the viscosity of CO2−PEG saturated solutions 
decreases with an increase in temperature. PEG–CO2 solutions 
are generally assumed to behave as Newtonian fluids in the 
literature [26, 27, 41, 48–50]. However, shear rate dependence on 
the viscosity of PEG–CO2 solutions was examined by Gourgouillon et 
al. who concluded that CO2−PEG 400–saturated solutions behaved 
as Newtonian fluids [41]. PEG solutions of higher molecular weight 
behave as non-Newtonian fluids [51, 52]; therefore, viscosity 
measurements of PEG of higher molecular weight requires 
consideration of the shear rate.

Viscosities of CO2–PEG Mixtures
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Figure 5.7 (a) Measured viscosities and (b) calculated viscosity reduction 
ratios for poly(ethylene glycol) saturated with carbon dioxide 
at several temperatures in the literature: × from Sarrade et al. 
[43] at 313 K for 200 g/mol; , ● Gourgouillon et al. [29, 41] 
at 313 and 348 K for 400 g/mol;▼,  Kukova et al. [26] at 353 
and 393 K for 6000 g/mol; and ,  Kukova et al. [27] at 353 
and 393 K for 12,000 g/mol.
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5.5.2 Calculation

Gourgouillon et al. correlated measured viscosities of PEG solutions 
saturated with CO2 using an Arrhenius-type equation at constant 
temperature [41]. Bae used the Kelley–Bueche equation combined 
with the free volume for correlation of the measured viscosities of 
CO2−PEG-saturated solutions [49]. Friction theory and free-volume 
models combined with equations of state can probably be used to 
provide adequate correlation of CO2–PEG viscosities [50].
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The key concept of antisolvent precipitation is the decrease of 
solubility in solvent–nonsolvent mixtures. Taking advantage of the 
poor solubility of many compounds in CO2, the use of compressed 
CO2 as antisolvent was rapidly developed for processing polymers 
and opened the route for composite formulation. This chapter 
first introduces the compressed CO2 antisolvent concept based on 
the relevant phase equilibria (CO2–solvent mixture, solubility of a 
species in CO2+solvent, ternary diagram of a polymer–CO2–solvent 
system) and describes the key features of the two versions of the 
process known as gaseous antisolvent (GAS) and supercritical 
antisolvent (SAS). The second part of the article sorts out examples 
of composites produced by GAS and SAS as coprecipitation of 
two components (drug–polymer powders), precipitation of one 
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compound on a slurry (polymer–inorganic spheres or fibers, drug–
excipient powders) and coprecipitation on slurry (drug–polymer–
inorganic ternary hybrids).

6.1 Introduction

Coating or encapsulation of particles is of great interest in 
pharmaceutical, agrochemical, food, and cosmetic industries since 
it enables the tailoring of surface or bulk properties of the material. 
With many molecules poorly soluble in compressed CO2, the concept 
of using compressed CO2 as antisolvent was developed in the 
1995s to bypass the restriction of rapid expansion of supercritical 
solutions (RESS) to the few molecules soluble enough in CO2 to 
be economically viable. The CO2 antisolvent process offers hence 
solutions for formulating CO2 nonsoluble compounds. 
 In antisolvent approach, the compound(s) to precipitate is 
initially dissolved in an organic solvent and a nonsolvent for the 
solute is further mixed with the solution. The key concept is the 
decrease of solubility of the compound in the formed solvent–
antisolvent mixtures compared to its solubility in neat solvent. 
Compared to RESS, the extend of the solubility shift induced by a 
CO2 antisolvent is less pronounced than the shift induced by the 
depressurization encountered in RESS, so, antisolvent techniques 
are prone to produce larger sizes of particles than RESS [1]. 
Precipitation by an antisolvent, compressed or not, obeys to general 
laws of crystallization. The control of particle size goes along with 
the control of the supersaturation level, that is, the knowledge of the 
solubility variation with the solvent–antisolvent composition and of 
the time and space scales at which supersaturation is obtained and 
crystallization develops (mixing scales of solvent and antisolvent). 
Compared to conventional precipitation carried out at atmospheric 
pressure, the interest of the compressed antisolvent resides in 
the rapidity at which supersaturation can be obtained due to the 
higher mass and thermal diffusivities in fluids compared to liquids. 
As postprocessing advantage, the elimination of solvent from the 
precipitated material is realized in situ by a flow of CO2; by designing 
a one-pot process, it avoids the multiple filtration and drying steps 
detrimental to the product integrity and to the technician’s health. 
 Two variants of antisolvent techniques were developed, the 
gaseous antisolvent (GAS) in which CO2 is added initially as a gas to 
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the solution, with, as a consequence, pressurization of the medium; 
and the supercritical antisolvent (SAS) in which the solution is 
directly injected in a compressed CO2 maintained at desired pressure. 
The operating lines of the two variants in the pressure-composition 
diagram are very different, as illustrated in Fig. 6.1, so that different 
sizes of particles or composites can be obtained [2]. 

MPC

Figure 6.1 Operating lines of SAS and GAS in a solvent–CO2 liquid–
vapor phase diagram showing the evolution of the mixture 
composition when CO2 is added to the solvent. In GAS, the 
pressure increases as well. In SAS that proceeds by injection of 
the solution in CO2, the pressure is fixed.

 Composites described in this chapter incorporate mostly a 
polymer in their formulation. Processing or coprocessing polymers 
by the SAS technique is not as “easy” as single processing molecules 
of low molecular weight. Polymer behavior in dense fluids has been 
reviewed by Kiran in 2009 [3]. First, CO2 might interact strongly 
with polymers, especially with the amorphous ones. The great 
solubility of CO2 in the polymer phase can result in plasticization 
and agglomeration of the final product. Secondly, polymers in 
solution exhibit a peculiar behavior since their chains can behave 
as independent entities at dilute concentration or are capable 
of entangling with one another when more concentrated. The 
increased viscosity of the polymer melt with concentration makes 
atomization more difficult. Combined to a precipitation in presence 
of CO2 that occurs by liquid–liquid phase split, various morphologies 
ranging from particles to fibers can be formed, especially with SAS. 
Moreover, in the case of coprocessing, the polymer and the molecule 
might not be soluble in the same solvent, so a mixture of solvent 
could be necessary for the composite production. 

Introduction
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 This chapter is divided into two parts. The first section gives 
a general introduction to the SAS approach, enhancing the phase 
behaviors and the specificity of the GAS and SAS versions, whereas 
several examples of composites selected mostly from author’s 
background are given in the second section. More examples can be 
found in reviews [4–6]. 

6.2 An Explanation of the Process and 
Approach

6.2.1 Antisolvent Effect Related to Solubility 
Considerations

Two types thermodynamic data have to be considered when dealing 
with CO2-assisted precipitation from solution: 

 1. The binary CO2–solvent diagram that indicates in what 
conditions the solution and CO2 merge as a single phase fluid 
or mix as a two-phase system 

 2. The solubility of the substance to precipitate in CO2–solvent 
mixtures

 The miscibility of solvent and CO2 is given by the vapor–liquid 
equilibrium (VLE) diagram (Fig. 6.2). The liquid and vapor phases 
merge at the mixture critical pressure (MCP), above which they are 
indiscernible. Below this pressure, two phases coexist and their 
compositions are given by the abscissa of the respective dew and 
bubble point lines. Such phases envelops are specific to a solvent–
CO2 mixture, so at a given pressure, for example, 9 MPa in the case 
of systems described hereby, ethanol, acetone, methylene chloride 
are fully miscible with CO2, whereas dimethylsulfoxide (DMSO) 
of a higher MCP would split into a liquid DMSO-rich phase and a 
vapor CO2-rich phase. VLE envelopes are function of temperature; 
hence, depending on the solvent and temperature, the respective 
composition of the liquid and the vapor phase in CO2 will be 
different as well (see, for instance, difference between ethanol–CO2 
and acetone–CO2).
 The location of the operating pressure to that of the MCP 
is especially critical in SAS, since it originates two regimes for 
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the injection. In conditions below MCP, the solution breaks up 
as droplets and the mutual diffusion of fluids that occurs at the 
droplet interface creates conditions of precipitation in a confined 
environment. In conditions far above the MCP, solvent and CO2 are 
fully miscible so distinct droplets never form and the two fluids 
merge as an expanding plume in which precipitation takes place. 

Figure 6.2 Liquid–vapor phase diagrams of CO2–acetone, CO2–ethanol, 
CO2–methylene chloride (DCM), and CO2–dimethylsulfoxide 
(DMSO) calculated at 40°C (ProPhyPlus software).

 Precipitation occurs when the saturation limit of the solute 
is exceeded. The saturation curve of two small molecules in CO2–
solvent is given in Fig. 6.3 (more in Refs. [7–11]). The curve is specific 
to pressure and temperature.

Figure 6.3 Solubility of mefenamic acid (MEFE) and theophylline (THEO) 
in CO2+solvent mixtures of variable composition, at 10 MPa 
and 35°C/acetone for MEFE and 36°C/ethanol–methylene 
chloride for THEO. Operation line in dots.



108 Methods for Particle Production

 The solubility decreases as the composition of the mixture 
increases in CO2 hence the precipitation of these drugs by CO2 from 
solution is potential and was indeed successful [7, 10]. However, the 
solubility decrease is not very steep, which lets anticipate low levels 
of supersaturation. To enable moreover the precipitation during the 
process, the operating line that depicts the evolution of the initial 
concentration with the addition of CO2 has to cross the saturation 
curve. For theophylline that exhibits a sharper decrease, the crossing 
occurs for a CO2 content around 20 mol%, whereas for mefenamic 
acid, a higher content around 60 mol% should be attained. Diluted 
initial solutions would require large composition of CO2 for the 
crossing, and too diluted solutions can even never precipitated. Such 
saturation curves are thus useful to understand the influence of 
concentration and of the solvent on the precipitation characteristics 
and allows for envisaging alternative routes of precipitation like 
RESS with a cosolvent or the Depressurization of an Expanded 
Liquid Organic Solution (DELOS) process [12].
 When the solute to precipitate is a polymer, the situation is 
more complicated since a liquid–liquid phase equilibrium generally 
occurs. A schematic ternary phase diagram for solvent–polymer–
CO2 (Fig. 6.4) is helpful to explain the precipitation of the polymer 
[13, 14].

Figure 6.4 Schematic ternary diagram for polymer–solvent–antisolvent 
CO2.

 The specificity of polymer behavior compared to a low-molecular-
weight compound is the existence of a two-phase region () where a 
polymer-rich and a polymer-lean phase coexist. Region  is a single-
phase region of a diluted polymer dissolved in the solvent with some 
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CO2 absorbed, whereas the single-phase region  consists mostly of 
a polymer with some solvent and CO2 absorbed. The AB line depicts 
the operating line when CO2 is added to the polymer solution. 
Starting from an initial solvent–polymer solution (A), the addition 
of CO2 provokes the attainment of the solubility limit at which the 
splitting in two phases occurs (region ). As the mutual diffusion 
of CO2 and solvent continues (toward D), the polymer-rich phase 
becomes more concentrated until the further removal of solvent 
in B induces a phase transition to the glassy region  where the 
polymer vitrifies. Eventually, if foreign particles are present in the 
medium, the polymer embeds the particles. The final morphology 
of the polymer product is related to the mass transfer pathway on 
the phase diagram and especially to the concentration of the initial 
solution with respect to the concentration C*, which divides the 
dilute and semidilute regimes in binary polymer-solvent mixture 
[15]. At low initial polymer concentration, the polymer-rich phase 
nucleates and growth in a polymer-lean phase, that is, in a solvent-
rich continuous phase. Moreover, polymer chains in a solvent behave 
as independent entities (the so-called diluted regime). At higher 
concentration (semidilute regime), the chains of the polymer are 
capable of entangling with one another and the solvent-rich phase 
nucleate and growth in a polymer-rich continuous phase. The change 
of morphology from microspheres to fibers with concentration 
was reported several times for SAS processing [15–20]. Operating 
below or above the solvent–CO2 critical pressure was also a way to 
manipulate the morphology, from large particles of 50 µm below the 
MCP to particles around 2 µm and microfibers above it [14]. 

6.2.2 The Two Modes: SAS and GAS

SAS proceeds by the injection of the solution into a steady flow of 
CO2 maintained at a given pressure and temperature. Variants of 
SAS have been introduced over years but they are basically identical 
by regards of the mechanism of precipitation: solution-enhanced 
dispersion by supercritical fluids (SEDS) [21] and supercritical 
antisolvent with enhanced mass transfer [SAS-EM] [22]. These 
variants use coflows nozzle (SEDS) or ultrasonic waves (SAS-EM) to 
enhance the jet breakup. To be distinguished from GAS, SAS was also 
called ASES, for aerosol solvent extraction system [23].
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 The main interrogations in SAS were about the possible 
existence of droplets and the scales of the mass transfer between 
solvent and CO2. Droplets are clearly formed in conditions that 
place the operating point below the mixture critical point due to 
the liquid–vapor coexistence. The droplet sizes or size distribution 
are governed by the mechanism of jet breakup. The four well-
known disintegration mechanisms of a liquid jet were simulated in 
subcritical environment [24, 25]. Results indicate that transitions 
between regimes occur in the same range of Ohnesorge and Reynolds 
numbers than transitions at atmospheric conditions. For instance, 
 an increased velocity of the injection from 0.5 to 30 m/s would induce 
a transition from a Rayleigh breakup that forms droplets of size about 
twofold the nozzle diameter to an atomization regime characterized 
by smaller droplets below 0.15-fold the nozzle diameter. Pressure 
influences the distance at which the jet breaks and the regime of 
disintegration as well: close to the MCP, asymmetric instabilities 
arise from the sharp decrease of the interfacial tension, and the jet 
now breaks up by a first-wind-induced mechanism rather than by 
Rayleigh. 
 During the jet breakup or more probably at the droplet surface, 
a countercurrent transfer of CO2 and solvent occurs. The swelling-
shrinking behavior of ethanol droplets in CO2 at conditions below 
MCP was computed and was found to be less than 0.1 sec [26]. 
The very fast saturation of droplets with CO2, which decreases the 
solute solubility, and their shrinking, which increases the solution 
concentration, result in creating supersaturation that enables 
particle precipitation. Confronted to experimental results, it was 
found that precipitation of nicotinic acid from ethanol was controlled 
by the droplet size. 
 In conditions above the MCP, CO2 and the solvent are fully mis-
cible, and since interfacial tension tends to be null, distinct drop-
lets never form, except very near the MCP due to the existence of a 
nonzero dynamic interfacial tension [27]. The mixing of CO2 and sol-
vent in those miscible conditions was first modeled by considering 
a pseudo droplet, that is, a droplet of a solvent-rich phase in a con-
tinuum of CO2 ([28] and references therein). The swelling-shrinking 
times of various solvents at different pressures and temperatures 
were evaluated. Whatever the conditions, the time necessary for a 
spot of solvent to fully mix with the compressed environment was 
below 0.5 sec. The value is in the same order of magnitude than 
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those reported for two-phase region. Computational fluid dynamics 
were used to simulate the mixing of the two fluids in a more realistic 
way [7, 29–31]. The mixing of a methylene chloride jet and ambient 
CO2 is illustrated in Fig. 6.5. It is very similar to that of acetone [7] or 
ethanol [30]. 

Figure 6.5 Injection of methylene chloride in CO2 at 35°C and 13 MPa: plot 
of solvent mass fraction. Injection velocity: 3 m/s, capillary of 
130 µm diameter.

 The solution and CO2 merge as gaseous plumes with a jet core 
mostly composed of the solvent at proximity of the nozzle. As 
the merging proceeds in time and space through convection and 
diffusion, the solvent content in the jet axis and in plumes decreases 
in favor of CO2, which, according to the solubility behavior, will induce 
the solute precipitation. Simulations show that areas propitious 
for precipitation are localized within 1 cm from the nozzle tip. 
According to the Peclet dimensionless number, the mass transfer 
mechanism is dominated by convection rather than diffusion, which 
explains the relative insensitivity of the contour with pressure. The 
effect of MCP proximity on particle size is not uniform throughout 
literature examples [32]. In the case of theophylline that precipitated 
as large crystals around 67 µm mean size, the proximity to MCP 
led to smaller sizes; for paracetamol obtained as 2–3 µm particles 
whatever the pressure [33], the particles tend to be more spherical 
and agglomerated near the critical locus. Narrowest size distribution 
was obtained as well by Tabernero et al. [21]. It is worth recalling 
that although the mechanism of jet breakup or mixing times and 
scales need to be specified when dealing with such process, the final 
particle size and distribution are governed by the nucleation/growth 
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kinetics that are dependent on pressure and temperature as well. 
Moreover, the presence of the solute in solution and the exothermic 
effect of the mixing enthalpy might produce a displacement from 
a single supercritical phase to a biphasic phase, which can induce 
a change in the precipitation regime from a gas plume to transient 
droplets.
 Fundamentals of GAS version have been less studied. In this 
version, the solute is dissolved in an organic solvent and the solution 
is poured into a vessel. Upon the gradual addition of CO2 to the vessel, 
the CO2 diffuses into the solvent and induces a volumetric expansion 
that causes a reduction of the solute solubility. The volumetric 
expansion is macroscopic evidence that amount of CO2 has diffused 
into the solution according to the liquid phase equilibrium reported 
in Fig. 6.2. Hence, the rate of supersaturation buildup in solution is 
function of the operating temperature, the pressure buildup or CO2 
introduction rate, the type of solvent and the stirring power input. 
The precipitation in GAS is likely to occur in a CO2 expanded liquid 
phase in equilibrium with a CO2-rich gaseous phase. Compared to 
SAS, the CO2-expanded solution is not confined in droplets or in 
mixing plumes, a scale that could explain the larger particle sizes 
encountered in GAS compared to SAS [32, 33]. The analysis of mass 
transfer fluxes at the gas–liquid interface was carried out by Lin 
et al. [34] using time-dependent material balances. Calculations 
revealed that the flux of the solvent from the liquid to the gas phase 
was negligible compared to the flux of CO2 into the liquid phase. The 
influence of operating conditions on mass transfer was evaluated: the 
larger effect came from the stirring rate that favored the dissolution 
of CO2 in the liquid phase. The theoretical analysis was confronted 
to experimental results of paracetamol precipitation from acetone 
[35] that indeed showed a decrease of drug mean size with higher 
stirring and addition rates. Griseofulvine [12] and theophylline [32] 
did not show the same sensitivity to these parameters, a discrepancy 
that could be explained by a different dominant mechanism of 
crystallization [36]. Raman spectroscopy was developed as well for 
in situ monitoring of the sorption of CO2 in the liquid phase, detecting 
the crystallization onset and for monitoring the crystallization 
kinetics [37]. A first burst of precipitation that produced 70% of the 
total mass of solids was detected at pressure around 5 MPa and 60% 
of CO2 in the liquid phase, indicating that precipitation by GAS can 
be carried out at moderate pressure.
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6.3 Applications

6.3.1 Coprecipitation: Two Species Coprecipitate by 
Antisolvent

SAS coprecipitation has been mostly proposed to formulate 
therapeutic molecules with biodegradable polymers [38]. The 
general goal of encapsulation is to elaborate vehicles that enable the 
delivery of the active molecule in a controlled way and on specific 
targets. Polymers or blends of polymers are then selected to comply 
with the diversity of foreseen release rates as faster dissolution or 
sustained release. 
 A poorly water-soluble drug (phenytoin) was coprocessed with 
hydrophilic poly(vinyl-pyrrolidone) to enhance the dissolution 
behavior of the drug [36]. As a first attempt, the GAS recrystallization 
of poly vinyl-pyrrolidone  (PVP) alone from ethanol/acetone mixture 
or methylene chloride was studied. Liquid–liquid phase separation 
was observed prior to vitrification of the polymer-rich phase, 
yielding typically large, porous, interconnected polymer structures 
rather than discrete particles. Therefore, SAS was preferred. The 
main operating parameters were chosen on the basis of outcomes 
of experiments on both pure phenytoin and PVP, in particular, the 
use of an ethanol/acetone mixture (24 wt% ethanol) and operating 
conditions in the two-phase region (i.e., 8 MPa and 25°C) to maximize 
product yield. The maximum processed concentration of PVP and 
drug in solvent were of 2 wt%. While the pure drug had formed high-
aspect-ratio crystals, the coformulations were amorphous, provided 
that the drug-to-polymer ratio was small enough; the product 
appeared as micron-size agglomerates of spherical nanoparticles 
that showed no recrystallization tendency after several weeks of 
storage. At a drug-to-polymer ratio above 1:2, both drug crystals 
and polymer particles were observed. As major result, it was found 
that solid dispersions precipitated by CO2 markedly outperformed 
neat drug microcrystals, physical mixtures, as well as spray-dried 
composite particles in in vitro dissolution experiments. Residual 
solvent contents were below 1 wt% for both acetone and ethanol. 
Later, the drug and the polymer were coprocessed at 15 MPa and 
40°C and extra experiments at 8 MPa and 25°C were performed 
[39]. Products that contained less than 40 wt% in drug were fully 
amorphous and similar to pure PVP spheres, while crystals of the 
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drug were also present in products of higher drug contents. The 
same threshold was found at both operating conditions.
 Contrary to previous examples, compacts of hydrocortisone and 
PVP prepared by SAS from ethanol solutions did not dissolve faster 
than systems processed by solvent evaporation or spray drying [40]. 
The CO2-prepared materials exhibited microcrystals of the drug 
at PVP loadings between 0 and 40% and were amorphous at PVP 
content of 60% (i.e., at drug loading below 40%), a result that fit 
previous conclusions for PVP-phenytoin. In contrast, spray drying 
yielded amorphous solids whatever the mass fraction of PVP.
 Formulations can be prepared to sustain a release. Poly(L-
lactic acid) (L-PLA) and diuron herbicide were coprecipitated 
by SAS from methylene chloride at 35°C and 10 or 14.5 MPa 
[41]. Various biodegradable polymers such as ethyl cellulose, 
polymethylmethacrylate (PMMA), cellulose acetate, or waxes were 
coprecipitated as well using methylene chloride or tetrahydrofuran. 
With PLA, microparticles of polymer entrapping diuron was 
recovered only at 14.5 MPa and providing a processed concentration 
of 1 wt% and 0.15 wt% for polymer and herbicide, respectively. 
Otherwise, the two populations of large diuron needles and PLA 
microspheres coexisted in the product. The other coating materials 
did not give convincing results because of the high degree of particles 
agglomeration. PLA was thus the best coating substance, since the 
formulation was recovered as nonaggregated particles and provided 
a long-lasting release of the herbicide (40% of diuron released after 
20 days of immersion).
 PLA was selected as well to sustain the release of theophylline [2, 
42]. Theophylline is moderately soluble in CO2 and its precipitation 
as neat drug was effective providing the use of a two-solvents 
mixture, methylene chloride and ethanol [10]. When formulated 
with L-PLA, theophylline was found to retain its specific crystallinity. 
The presence of polymer slightly prevented the growth of the drug 
particles but was unable to reduce significantly the size down to 
limits acceptable for pulmonary delivery. Whatever the conditions, 
the products were made of two populations in which the coated 
plate-like drug existed besides the PLA spheroids (Fig. 6.6a). 
Formulations yielded to a release of the drug over 14 h with 50% 
of the drug released in 4 h that was longer than the 10 min of the 
neat theophylline. Residual solvent contents were below 100 ppm 
for both solvents, which is below the acceptable limits.



115Applications

 A mixture of methylene chloride (good solvent for the polymer) 
and DMSO (good solvent for the drug) was also used to produce 
azacytidine/PLA particles [43]. A scanning electron microscopy 
(SEM) picture (Fig. 6.6b) of a coprocessed drug shows a population 
of deformed balloon-like structures attributable to the PLA-coated 
drug and some elongated structures attributable to uncoated 
particles by reference to the elongated shape of the single-processed 
drug. The produced composite particles showed size roughly below 
2 µm that was smaller than the 3–6 µm of the neat drug. Drug 
monitoring indicated a drug loading of 25 wt%, with 95% of the 
drug amount entrapped/coated by the polymer. Moreover, besides 
a small size and a sustained delivery of the drug over a period of 
several hours, an improved stability of the coated drug with respect 
to the neat azacytidine was found, thus proving the suitability of this 
approach for protecting unstable compounds.

Figure 6.6 Morphology of formulations prepared by SAS. (a) Theophylline 
PLA, 12 and 12 mg/mL in DMSO:EtOH, 36°C, 10 MPa; scale of 2 
µm; (b) azacytidine–PLA, 4 and 15 mg/mL in DMSO:DCM, 40°C, 
11 MPa, scale of 0.5 µm; and (c) acetazolamide–Eudragit ERL100, 
8 and 17 mg/mL in acetone, 36°C, 8.5 MPa, scale of 0.5 µm.

 The two modes GAS and SAS were investigated to prepare 
ophthalmic drug delivery systems of acetazolamide, using Eudragits 
RS and RL, pure or in mixture, to vary the release behavior [44]. 
Eudragit® is the trade name of copolymers derived from esters of 
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acrylic and methacrylic acid, whose properties are can be tuned 
through the functional groups. Although both techniques produced 
formulations that slowed down the drug release, SAS produced 
smaller and less aggregated particles than the GAS operation. 
As seen in Fig. 6.6c, the product was a mix of elongated particles 
attributable to the drug and of spherical or deformed spheres 
of the polymer. The composition of the polymer mixtures did not 
influence notably the mean size. It is worth noting that the presence 
of the drug allows for the precipitation of the polymer(s), whereas 
its processing as pure has led to a film deposition onto the vessel 
surface. Eudragit® polymers were used as well with mesalazine 
(5-ASA) that is a drug that has to be specifically delivered to the 
colon. The molecule has thus to survive at the acidic gastric juice 
and pass into the small intestine. The problem is being addressed 
by formulations that should prevent any release at pH 1.2 during 
two hours. Several polymer blends were coprocessed with 5-ASA by 
SAS using DMSO/acetone as a solvent: Eud ERL 100 + ERS 100, Eud 
ERL 100 + ethylcellulose [45], or Eud EL 100 + ES 100 (unpublished 
results). Products were usually recovered as fine powders in which 
submicron crystals of drug coexisted with more or less deformed 
spheres of polymer (Fig. 6.7), unless a high polymer:drug ratio of 
1:5 was processed. As the processed concentration increased, the 
drug crystals aggregated as rounded-shape particles that emerged 
from the polymer coating. Although some formulations showed a 
noticeable sustained release of 5-ASA at pH 1.2, the encapsulation of 
the drug was insufficient to cut down completely the release.

Figure 6.7 Formulation of 5-ASA with Eudragit EL + ES blend by SAS at 
36°C and 11 MPa from a DMSO/acetone mixture. ASA:EL:ES 
concentration of 10:8.7:2.3 mg/mL (left) and 19:15.5:4 mg/
mL (right).
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 Previous particles were more or less coated by the polymer, but 
except for theophylline, they were rather small. It is interesting to 
look deeper at the coating in the case of long needles, like those 
obtained by processing griseofulvine by SAS. Figure 6.8 details the 
coating of griseofulvine by D,L-poly(lactic-co-glycolic acid) (PLGA) 
50:50, a copolymer of lactic and glycolic acids. Contrary to poly(lactic 
acid), PLGA is amorphous, hence it plasticizes easily when contacted 
with CO2. This behavior precludes its precipitation as powder when 
processed alone, but enables a coating when coprecipitated with 
a drug. Crystals of drug are clearly coated by a continuous layer of 
polymer that, however, shows regular expansions as balloons. The 
drug might have nucleated and grew in the polymer-rich phase 
before the final vitrification. When concentrated solutions were 
used, the product exhibited a different morphology, as long fibers 
embedded in droplets-like structures. The high concentration deeply 
influences the viscosity of the solution, which, in turn, modifies 
the breakup mechanism of the jet sprayed by the nozzle and thus 
generates different structures than those issued from diluted regime 
of viscosity.

 
Figure 6.8 Precipitation of griseofulvine and D,L-PLGA by SAS at 40°C, 

8.5 MPa, from methylene chloride: (a) GRI = PLGA = 8 mg/
mL, diameter of polymer balloons below 5 µm; (b) detail of 
previous picture, width of needles = 10 µm; and (c) GRI = 100 
mg/mL, PLGA = 50 mg/mL, “droplet” diameter = 10 µm. 
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 Previous formulations were made with compound of low mo-
lecular weight. Encapsulation of more complex system as proteins 
was investigated as well [6]. Egg lysozyme was encapsulated by corn 
zein using a SAS process [46]. The water-soluble character of protein 
and carrier required the use of a water–ethanol mixture as a solvent. 
Precipitation of water-soluble species by a CO2 antisolvent might 
seem inadequate since water and CO2 are poorly miscible. However, 
water can be extracted by using a mixture of CO2 and ethanol as in 
the case of processing chitosan–plasmid DNA complexes [47]. An al-
ternative to water–ethanol mixtures is the use of DMSO to dissolve 
proteins, with, however, a risk of irreversible change of their second-
ary structure resulting of loss in functional activity [6]. Insulin–PLA 
or insulin–PLA–poly(ethylene glycol) (PEG) microspheres below 
2 μm in size were produced by SAS using a mixture of dichlorometh-
ane (DCM) and DMSO to ensure the solubility of both polymer and 
protein [48–50]. The process results in high product yield, extensive 
organic solvent elimination, and maintenance of >80% of the insu-
lin hypoglycemic activity. More than 80% of the processed protein 
amount was incorporated and finely dispersed into the polymer 
matrix. Morphology and biopharmaceutical properties of products 
were affected mostly by the PEG content in the formulation and its 
molecular weight. The release of insulin was of 100% over three to 
four months when particles were produced with a PEG 1900 content 
of 67% or 75%. Hence, protein-loaded particles possessing the pre-
requisites for pharmaceutical applications were produced.
 Not only polymers but organic excipients can be processed 
together with a drug. For instance, the influence of mannitol and 
trehalose on the physicochemical characteristics of inhaled insulin 
powders produced by SAS was examined [51]. Results showed that 
when properly formulated, the process could produce particles with 
size and size distribution suitable for pulmonary insulin delivery 
that is of prime importance for improving the life quality of diabetes 
patients.

6.3.2 Precipitation on Slurry: Precipitation of One 
Species by Antisolvent in the Presence of 
Pre-Existing Particles 

A more emerging area is the precipitation of a species in presence of 
pre-existing solid particles, that is, performing SAS or GAS on a slurry. 
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When the dissolved entity is a polymer, one expects the coating of 
the particles. When the dissolved species is a drug, for instance, one 
expects an intimate mixing between the two components that might 
positively influence the drug behavior.
 Both GAS and SAS are potential technique for precipitation-on-
slurry process, but in SAS, large solids can be incompatible with 
the injector diameter (risk of plugging). Moreover, it is critical 
to maintain a good dispersion of suspended particles to avoid 
agglomeration or sedimentation. This could be partly solved by 
introducing surfactants in the solution, with the drawbacks that 
they can interfere with the precipitation process or they can be 
incorporated within the precipitates. 
 SAS was selected to coat submicronic particles of silica [13, 52, 
53], whereas we used GAS to coat 5–20 µm silica beads and both 
SAS and GAS for coating nanometric TiO2 [54]. In their pioneer work 
[52], Wang et al. coprocessed hydrophobic or hydrophilic silica of 20 
and 600 nm diameter with Eudragit RL100. The slurry was prepared 
in acetone and injected in CO2 at 32°C and 8.3 MPa. The coating 
was evidenced but more as a shell encapsulating agglomerates 
of nanoparticles rather than coating individual particles. The 
mechanism was purely physical deposition of polymer on existing 
surface. Using PLGA, silica particles of 0.5 µm were again coated 
in the form of loose agglomerates [13]. Among the parameters 
investigated (pressure, temperature, flow rate of polymer solution, 
polymer-to-particle-weight ratio, polymer concentration, addition 
of a CO2-soluble surfactant), the polymer ratio and the polymer 
concentration played a critical role in the successful encapsulation 
of silica with minimum agglomeration. To get a smooth particle 
coating with minimal agglomeration, a polymer concentration 
of 4 mg/mL and around 15% of that of silica was desirable. High 
pressure (11 MPa vs. 9 MPa) facilitated the agglomeration as a result 
of sintering because of the depressed polymer glass transition, and 
temperature (33°C to 42.5°C) appeared to have little effect only 
when settled below the glass-transition temperature. 
 Similar effect of polymer concentration was evidenced by Marre 
et al. [53], who processed silica particles of 170 and 550 nm with 
hydrophilic PEG or hydrophobic hydroxy-terminated polybutadiene. 
The thickness of the deposited layer was controlled from 3 to 30 
nm by varying the polymer concentration from 0.5 to 1.25 mg/
mL (silica concentration of 5 mg/mL). In the case of smaller 
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Aerosil particles (16–30 nm), the particles were embedded in the 
Eudragit RL100 polymer film that represented about 30 wt% of 
the product composition [55]. However, the polymer:silica ratio 
was much higher than previously: 8 mg/mL for silica, 4 or 8 mg/
mL for polymer. The coating of nanometric particles was carried 
out with polymethylmethacrylate (PMMA) from methylene chloride 
suspensions [54] (∼3 mg/mL for TiO2 and 1, 3, and 17 mg/mL 
for PMMA). Agglomeration increased with the polymer content 
although powders were still recovered at the highest concentration. 
The coating of TiO2 by hydrophobic PMMA lead to a significant 
change in the dispersion behavior of the material, since PMMA-
coated product formed stable dispersions in toluene even after 12 h, 
whereas unmodified titania nanoparticles settled down completely 
after 2 h. 
 Nanometric filler–polymer composites organized in fibers 
network for tissue engineering were prepared as well by spraying 
suspensions of fillers (range of 4 mg/mL) with concentrated 
polymer solutions [56]. Fibers or microparticles of TiO2 dispersed 
in a PMMA/poly(ε-caprolactone) matrix, and fibers of L-PLA loaded 
with hydroxyapatite were obtained with a content of 10–20 wt% 
of inorganic phase distributed throughout the composite. With 
GAS technique, larger particles 5–20 µm were coated by PMMA 
at concentrations of 12 mg/mL (unpublished results) and 3 mg/
mL [54]. The SEM pictures given in Fig. 6.9a,b clearly evidence the 
presence of the polymer film at the beads surface. The decrease 
of polymer concentration down to 3 mg/mL decreases the film 
thickness down to 0.6 µm.
 With applications in biomedical field, magnetite-lipid composites 
were prepared by SAS [57] as core–shell structures below 200 
nm (Fig. 6.9c). PLGA–magnetite composites were prepared using 
a combination of emulsions and extraction of the solvent by CO2 
[58]. Known as supercritical fluid extraction of emulsion (SFEE), 
the technique uses, however, the antisolvent effect of CO2 to 
precipitate the polymer shell, whilst the solvent, which was the 
dispersed phase of the emulsion, was removed. The method consists 
in first dispersing magnetite and PLGA in methylene chloride and 
mini-emulsifying them in presence of a biocompatible emulsifier, 
poly(vinyl alcohol) (PVA), before injecting the emulsion in a flux of 
CO2 via a coaxial nozzle. The size of the composite nanoparticles was 
tuned from 230 nm to 140 nm by changing the concentration of PVA 
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from 1 to 4 wt%. The morphology of the nanoparticles was of Janus 
type, with magnetite accumulated at the surface and usually in one 
cluster located on one hemisphere of the particles.

Figure 6.9 (a) Coating 5–20 µm silica beads with PMMA by GAS 
precipitation on slurry at 36°C, 10 MPa; silica and polymer 
concentration of 12 mg/mL; (b) a detail; and (c) coating 156 
nm magnetic particles with lipids by SAS precipitation on 
slurry at 30°C, 9 MPa; oxide and lipid concentration of 3 and 
15 mg/mL. 

 Precipitation-on-slurry can be also carried out with a nonpolymer 
substance in presence of pre-existing solids. The objective is to 
mix intimately the two species, for instance, to improve a drug 
characteristic or a powder flow property. Indeed, agglomeration 
of organic particles is very difficult to avoid since it comes from 
interactions between particles that, being alike, exhibit the same 
surface characteristics. Addition of glidants to powders, for instance, 
silica, is a common practice to aid the powder flowability or to achieve 
high dispersal efficiency in the case of pharmaceutical products. 
Precipitation of a drug in presence of oxide slurry was attempted 
by GAS [59, 60]. In the presence of oxide particles, griseofulvine 
particles changed from short, wide crystals to long, thin, needle-like 
structures with high aspect ratios [59]. In the case of naproxen [60], 
silica particles did not influence notably the crystallization behavior 
of the drug since same morphology and sizes were obtained. The 
silica particles adhered, however, to the crystal surface (Fig. 6.10), 
which can explain the improved flowability of powders. 
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Figure 6.10 Naproxen/silica formulations prepared by GAS precipitation 
on slurry at 27°C, 10 MPa; acetone slurry stirred at 500 rpm, 
silica and naproxen concentration of 22 and 44 mg/mL. 

 Naproxen was also precipitated in presence of other excipients 
offering various sizes and potential interactions with the drug [60]. 
Due to the hydrophilic nature of excipients, most formulations 
yielded an increased drug dissolution rate. Compared to physical 
mixtures, the benefit of the CO2 methodology was demonstrated in 
the case of mannitol excipient.
 To avoid the drug recrystallization during the process, porous 
oxides can be first loaded at atmospheric pressure before being 
encapsulated by SAS or GAS to create a ternary composite. A 
5-fluorouracil–SiO2–PLA composite was thus prepared [61], 
immerging first 265 nm silica particles in an ethanol solution of the 
drug and collecting the drug-loaded SiO2 by centrifugation. After 
dispersion into a 0.5% (wt/v) PLA solution in DCM, the slurry was 
injected through a coaxial nozzle into CO2.

6.3.3 Coprecipitation on Slurry: Precipitation of Two 
Species by Antisolvent in the Presence of Pre-
Existing Particles

Coprecipitation of drug and polymer on slurry was proposed to 
elaborate magnetic composites for targeted drug delivery. In these 
composites, drug and magnetite particles are encapsulated in a 
biodegradable polymer. The particles are injected into the blood 
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supply of the target organ in the presence of an external magnetic 
field that drives the particles through the blood vessels onto the 
targeted site where the drug is locally delivered. Indomethacin–
Fe3O4–PLA magnetic microparticles were successfully prepared by 
SAS at 12 MPa and 33°C, spraying the slurry through a coaxial nozzle 
[62]. The 10–30 nm Fe3O4 nanoparticles (oleic acid modified) were 
dispersed into a 0.5% (w/v) PLA solution in DCM, with a Fe3O4:PLA 
ratio of 1:2. The produced microparticles had a mean size of 901 
nm that was slightly higher than the 803 nm of pure magnetite/
PLA particles. Spectroscopy demonstrated that the process was 
a physical coating, which is favorable for drugs since there is no 
change in chemistry. An in vitro test showed moreover that the 
Fe3O4-PLA magnetic microparticles had no cytotoxicity and were 
biocompatible. Indomethacin and magnetite were coprocessed with 
other polymers, using classical SAS or SAS assisted by ultrasonic 
field (SES-EM) [63]. Polymers were PMMA, PLGA, and Eudragit RS. 
The magnetite was suspended in a light mineral oil using a fatty 
acid surfactant and mixed with a polymer and a drug dissolved in 
methylene chloride. Typical concentrations were of 10 mg/mL, 5 
mg/mL, and 0, 1 or 2 mg/mL for the polymer, magnetite, and drug, 
respectively. The process was carried out at 35°C and 8.3 MPa. 
Regarding polymer/magnetite products, a uniform distribution 
of magnetite particles within the polymer matrix was evidenced. 
Particle sizes were in the range of 2 µm when produced by classical 
SAS but were decreased to the submicronic range by using SAS-EM. 
When the drug was coprocessed, no indomethacin was seen outside 
the particles, except for when the higher drug loading was used with 
PMMA.
 In previous examples, the drug precipitated in submicron size, 
probably because of a very low solubility in the final CO2–solvent 
mixture. We extended the concept of coprecipitation on slurry to a 
drug that, alone, crystallized in the form of large polyedric crystals 
of 250 µm mean size [64]. The drug was poorly-water soluble, so 
the objective of the formulation was to enhance its dissolution, by 
adding, therefore, silica oxide and/or water soluble polymers like 
PEG; Eudragits were tested as well to modulate the drug dissolution. 
The expectation of adding silica was that silica could act as passive 
spacers to deagglomerate drug particles and could impact the 
precipitation behavior of the drug. The slurry was processed by GAS 
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because of the large size of silica, 5 and 60 µm. Formulations were 
successfully prepared as powders providing a polymer:silica ratio 
below 1:1. The drug grew almost unaffected by the presence of silica 
and polymer in the solution. Deagglomeration of drug particles 
was effective at low amount of polymer, otherwise the polymer, 
especially Eudragits, embedded both silica and drugs, giving coarse 
grains rather than fine powders. 
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Supercritical fluid (SCF) technology has shown to be a viable option 
with relevant advantages for the production of particulate systems. 
Alternatively to conventional methods, single-step and solvent-free 
SCF techniques have been optimized to process materials under 
mild operating conditions. Namely, particle formation through the 
particles from gas-saturated solutions (PGSS®) technique has been 
widely explored for the production of particles with application in 
numerous fields, like pharmaceutical, cosmetic, and food industries. 
Moreover, the development of hybrid and structured particles 
with singular features has gained particular interest in the last 
decade. For the pharmaceutical industry, hybrid formulations are 
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considered an attractive alternative to polymer-based and/or lipid-
based delivery systems alone, which still present limitations related 
with inefficient pharmacokinetic, bioavailability, or cellular uptake 
of active compounds. In this chapter the preparation of polymer–
polymer, polymer–lipid, and lipid–lipid hybrid delivery systems, 
through the use of the PGSS process is reviewed. The analytical tools 
needed for their characterization are briefly presented.

7.1 Hybrid Structured Particles as Delivery 
Systems of Active Compounds

The development of new drugs alone is not sufficient to ensure 
progress in drug therapy. The development of suitable carrier 
systems is fundamental to overcome barriers to drug’s usefulness. 
During the last years, pharmaceutical technology has progressed 
towards the production of more complex drug delivery structures 
in order to fulfill four key design aspects: stability, encapsulation 
efficiency, controlled release, and biocompatibility. Therefore, 
instead of using just one carrier, hybrid particles composed of two 
or more classes of materials, such as polymers, lipids, silica, and 
metal among others, are being developed, so as to combine several 
functionalities in a single delivery system [1–4]. The most common 
strategy is to combine the enhanced cellular uptake features of highly 
biocompatible lipids with the structural integrity and improved 
stability in biological fluids of biodegradable polymeric matrices in 
order to overcome the weakness of a material using the strength of 
another. These robust structured systems are capable to incorporate 
drugs with distinct polarities and have already been applied as 
vaccine adjuvant for cancer targeting and delivery of nucleic acids 
[1, 3]. Although solid lipid particles have been considered as an 
attractive delivery system, it is well known that they have some 
limitations such as low drug loading capacity and drug leakage 
during storage mostly due to their almost perfect lipid crystal matrix 
[5, 6]. The most common strategy to overcome this bottleneck 
is to prepare hybrid structures, namely, incorporate liquid lipids 
into the solid matrix of lipid particles to enable the formation of 
imperfections in the crystal lattice structure. The resulting delivery 
systems, referred to as structured lipid carriers, present higher drug 
entrapment capacity and have been widely used for pharmaceutical 
and cosmetic applications (Fig. 7.1) [7, 8].
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Figure 7.1 Formation of a perfect crystal lattice in solid lipid particles 
and a crystal structure with imperfections in structured lipid 
carriers.

 The methods to produce hybrid particles can be divided into 
two major approaches, namely, the top-down and the bottom-up 
techniques [3, 9]. The top-down technique consists of starting with 
a bulk material and through the reduction of its size obtaining the 
hybrid particles, whereas the bottom-up method starts with very 
small structural units to form larger structures. In both approaches, 
there are still many drawbacks to overcome, in particular the 
difficulties in controlling the morphology, structure and size, the 
difficulty and cost of the purification step, and the use of organic 
solvents [10].

7.2 The Particles from the Gas-Saturated 
Solution Technique

The PGSS technique was patented by Weidner et al. [11] and it is 
considered one of the most attractive CO2-based micronization 
processes, because, as it do not relies on the solvent strength of 
CO2, it employs relatively low operating pressures and can totally 
eliminate the need for organic solvents [12]. The major advantages 
of this process, in comparison with other supercritical-based 
precipitation methods, is the low intake of carbon dioxide, the 
possibility to process thermolabile substances, and also the fact 
that the compound to be micronized do not need to be soluble in 
CO2, PGSS processes already being in operation at a large scale [10, 

The Particles from the Gas-Saturated Solution Technique
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13–16]. A schematic diagram of a typical PGSS process is presented 
in Fig. 7.2. 

Figure 7.2 The particles from gas-saturated solution (PGSS) technique. 

 Briefly, the process consists in dissolving the compressed gas 
into the molten material in a stirred high pressure reactor until 
saturation is reached. The gas-saturated solution formed, which can 
typically contain between 5–50 wt% of the compressed gas, is then 
expanded through a nozzle to ambient pressure, causing the release 
of CO2 with large cooling effect due to the energy consumption, 
ultimately leading to the precipitation of the compounds [9, 15, 17, 
18]. 
 The morphology, size, and apparent density of the produced 
particles may depend on several parameters such as the structure 
and viscosity of the compounds to be precipitated, the operating 
conditions, and even the geometry of the equipment used to perform 
the PGSS process [19–21]. Generally, the average particle size 
decreases when using high pressures, and thus high carbon dioxide 
content, low temperature values, and small nozzle diameters, the 
particles being more spherical as higher temperatures are used 
[13, 17, 22–24]. Thus, the prior thermodynamic knowledge of the 
solubility of CO2 in the molten materials, as well as the determination 
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of the solid-liquid transition of a compound in the presence of 
carbon dioxide, is of extremely importance for the development of 
the experimental plan [19, 25].
 The PGSS process has already been applied for the micronization 
of polymers, fats, waxes, resins, natural products, and active 
pharmaceutical ingredients [15, 19, 25]. This technique is especially 
suited for processing polymers and fats in which CO2 has a large 
solubility and moreover it has a melting point depression effect 
allowing to spray matrices that under classical conditions can hardly 
be sprayed or can even not be sprayed at all [15]. The extent of 
melting point depression experimented by each substance depends 
on the amount of CO2 that solubilizes into the substance and it is 
caused by molecular interactions between dissolved CO2 and the 
substance of interest [26]. Determination of solid-liquid transitions 
in pressurized systems is essentially as it gives information on the 
pressure needed to melt the substance to be micronized and form a 
liquid phase at a given temperature [27, 28]. 
 The first reported PGSS application was for the generation 
of powders from poly(ethylene glycol)s (PEGs) [29]. PEG is a 
widely used hydrophilic polymer due to its biocompatibility and 
nontoxicity; it is used as a carrier material in the development of 
pharmaceutical and cosmetic formulations and has been employed 
by different authors as a model substance in order to obtain a 
better knowledge of this technique. The main limitation pointed 
to the PGSS process is that the solute has to be melted, which can 
be problematic for heat-sensitive materials [30]. Nevertheless, it 
is still possible to produce particles from compounds that are not 
melted during the PGSS process, like the case of some APIs, by 
incorporating these compounds in liquefied polymers or lipids, 
and further atomize this suspension [19, 31]. This was the strategy 
used by Critical Pharmaceuticals Ltd. (Nottingham, UK) for the 
development of a single shot tetanus vaccine [32]. To improve the 
PGSS method, several variants appeared as specific requirements 
for the production of particles [25].

7.3 Production of Hybrid Structured Particles 
through PGSS

PGSS is also a suitable technique for the production of well-
controlled hybrid composite particles [33]. The reduction of the 
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melting and glass transition temperatures, due to the dissolution 
of CO2 in the compounds, makes possible the mixing of sensitive 
materials at low temperatures without the occurrence of unwanted 
reactions. Moreover, reducing the viscosity and surface tension 
enables the blend and the atomization of mixed compounds 
previously immiscible with one another, the generation of particles 
with singular properties being possible. It could be even possible 
to take advantage of the plasticizer effect of some carriers on other 
compounds to enhance the effect of CO2 on the physical properties of 
the mixture. This strategy is already used by Critical Pharmaceuticals 
Ltd. (Nottingham, UK) with the so-called CriticalMix process. The 
developed formulations comprise mixtures of polymers that are 
able to provide a variety of release profiles. Despite the emergence 
of some variants of this process, PGSS remains a method capable of 
generating particles with morphologies and compositions that have 
never been achieved before in just one step of production. 
 The preparation of hybrid particles through PGSS started in 
2003 and since then, more than 20 publications regarding this topic 
has been published, herein presented in Fig. 7.3 [34–57].

Figure 7.3 Number of publications regarding the production of hybrid 
particles through PGSS. Keywords used here are PGSS, 
particles from gas-saturated solutions or saturated solutions; 
hybrid or structured; and particles or drug delivery systems. 
Google Academics, Science Direct, and Web of Knowledge were 
the main reference sources.
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 There were an increased number of publications concerning the 
production of hybrid particles from saturated solutions between 
2009 and 2010. During 2011 and 2012 the number of publications 
was reduced, but it increased again throughout 2013. By analyzing 
the composition of the hybrid particles produced to date and 
published in the literature, it is possible to see that the majority 
is composed by a mixture of lipids or by a mixture of lipids and 
polymers (Fig. 7.4).

Figure 7.4 Types of hybrid particles produced through PGSS thus far 
reported in the literature. Keywords used here are PGSS, 
particles from gas-saturated solutions or saturated solutions; 
hybrid or structured; lipid or polymer; and particles or drug 
delivery systems. Google Academics, Science Direct, and Web 
of Knowledge were the main reference sources.

 This tendency is in agreement with what has been stated above, 
that is, the production of structured lipid carriers (composed of 
solid and liquid lipids) and lipid–polymer particles are two major 
strategies in pharmaceutical technology to develop more robust, 
stable, and efficient drug delivery systems.

7.3.1 Lipid–Lipid System

A large amount of lipid–lipid systems have been produced by PGSS 
(Table 7.1). Elvassore and coauthors [34] started to develop hybrid 
lipid particles in 2003, by producing a carrier composed of triestearin 



138 Development of Hybrid Structured Particles Prepared through the PGSS® Process

and phospatidylcholine. The authors were able to produce particles 
of 22 µm using low temperature values. After 10 years, São Pedro 
et al. [35, 36] used the same carrier system with the purpose of 
encapsulating curcumin, a natural curcuminoid with biomedical 
applications, through the variant gas-assisted melting atomization 
(GAMA) developed by Salmaso and coauthors [45], where air 
streams are present in the atomizer and in the precipitation vessel, 
to facilitate the atomization process and prevent the formation of 
agglomerated particles. The presence of phosphatidylcholine not 
only prevented the formation of a perfect crystal lattice of tristearin, 
thus enhancing the drug load capacity of this carrier, but also 
caused a depression in its melting point. The authors verified that 
using dimethylsulfoxide (DMSO), with the purpose of improving 
the dispersion of the active compound in the lipid matrix, causes 
the aggregation of the particles. Furthermore, the encapsulation 
efficiency of curcumin decreased by increasing the amount of 
this bioactive compound in the initial mixture, probably due to a 
phase separation in the mixing vessel and the resulting presence of 
curcumin residues inside this chamber at the end of the experiment. 
Nevertheless, its structure was preserved during the PGSS process.

Table 7.1 Hybrid lipid particles produced through PGSS

Carrier Active compound Ref.

Triestearin and 
phospatidylcholine

Curcumin [34–36]

Gelucire 50/13™ and 
Precirol™ ATO 5

trans-Chalcone [37–38]

Ceramide, fatty acids, 
cholesterol

– [39]

Glyceryl monostearate and 
Cutina™ HR

TiO2 and caffeine, 
glutathione or ketoprofen

[40–42]

Triestearin and 
phosphatidylcholine

Magnetic nanoparticles [43]

Peceol™ and Gelucire 
43/01™, or Gelucire 50/13™ 
or Geleol™

– [44]
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 Choosing hybrid materials as drug delivery systems is an 
increasingly used strategy for the enhancement of drug’s solubility. 
By using Gelucire 50/13™ (stearoyl polyoxyl-32 glycerides) and 
Precirol™ ATO 5 (glyceryl distearate) as carriers, with a mass ratio of 
1:1, Sampaio de Sousa and coauthors [37, 38] were able to increase 
the solubility of trans-chalcone, both in gastric and in intestinal 
fluid. The particles obtained with this new lipid formulation had 
a slightly broad size distribution, with an average size of 6.7 µm. 
Since both carrier matrices have glycerides in their composition, the 
authors had difficulty distinguishing them through attenuated total 
reflection–Fourier transform infrared (ATR-FTIR) spectroscopy, 
due their overlapping infrared (IR) spectra. This demonstrates 
the challenge in characterizing drug delivery systems composed 
by similar matrices. Nevertheless, ATR-FTIR analyses showed an 
effective mixing between the carriers and the active compound.
 Semenzato and coauthors [39, 58] developed lipid nanoparticles 
composed of epidermal lipids with great potential to act as 
cosmetic ingredient in dermatological products. The authors 
precipitated binary mixtures of ceramide, cholesterol, and fatty 
acids through PGSS, producing bigger particles while working at 
higher temperature, the effect of pressure being almost irrelevant. 
Interestingly, the lipid nature had also an effect in the final size of 
the particles, that is, larger particles were produced when ceramide 
and cholesterol, which have a high molecular weight, were present 
in major quantities. The solid lipid nanoparticles were further 
incorporated into cream–gel systems, revealing that they were 
appropriate for emulsion formulation through a cold process.
 García-González and coauthors [40, 41] developed a structured 
matrix composed of two lipids at equal mass ratio, glyceryl mon-
ostearate and Cutina™ HR (hydrogenated castor oil, waxy triglycer-
ide), with supercritical silanized nanoparticulate titanium dioxide 
(TiO2), suitable to deliver both hydrophilic and hydrophobic drugs. 
The aim of the authors was to produce hybrid particles that could be 
used not only as sunscreens with UV-radiation protection properties 
free of organic absorbers, but also as lipid formulations for the treat-
ment of skin diseases. The purpose of using a mixture of lipids to 
produce a matrix was again to achieve a crystal structure with more 
imperfections, thus, with increased drug load capacity. Moreover, 
the use of lipid compounds reduces the risk of TiO2 nanoparticles 
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toxicity. The authors verified that the hydrophobic drug used in this 
study, ketoprofen, was encapsulated with a higher efficiency into 
the lipophilic particles in comparison to the hydrophilic drugs used, 
namely, caffeine or glutathione. The low encapsulation efficiency 
of caffeine was not only due to its high solubility in supercritical 
carbon dioxide (scCO2) and further precipitation inside the mixing 
vessel throughout depressurization but also due to its low solubility 
in the lipid carriers used. To increase the dissolution of caffeine in 
the lipophilic matrix, the authors added water to the initial mixture, 
thus allowing the formation of an emulsion. The precipitation of the 
emulsion has led to the formation of particles with higher amount of 
active compound and the presence of water led to the formation of 
the nonstoichiometric caffeine hydrate, which was quickly dissolved 
during the release profile assay. The strategy to add water to the sys-
tem in order to increase the solubility of hydrophilic molecules in 
lipophilic compounds could not be used for glutathione, since this 
drug rapidly oxidizes in aqueous solutions. Despite the high solu-
bility of ketoprofen in scCO2, the drug was encapsulated with high 
efficiency due to its hydrophobic nature and high compatibility with 
the lipid matrices. This hybrid system was further studied by Argemí 
and coauthors [42] concluding that the carrier provided a sustained 
release of ketoprofen for at least 24 hours, being suitable for topical 
administration of active compounds, since it avoids the skin irrita-
tion that sometimes occurs with burst releases. Moreover, the hy-
brid structure prevented the degradation of ketoprofen by light. 
 Magnetic nanoparticles (MNPs) are promising carriers for 
biomedical applications, not only as contrast agents, but also as drug 
delivery systems, mostly due to the possibility of moving them to the 
target site through the use of an external magnetic field. However, 
it is necessary to encapsulate these particles in biocompatible 
materials to enable them to be administrated into the human body. 
Vezzù and coauthors [43] successfully encapsulated MNPs into 
mixtures of triestearin and phosphatidylcholine by the variant 
GAMA, increasing their biocompatibility for further diagnostic and 
therapeutic applications. The nanoparticles produced had bi- and 
trimodal size distributions, yielding smaller particles when the 
mixture of lipids was used, probably due to the surfactant effect 
of phosphatidylcholine. The authors have also verified that the 



141

encapsulation efficiency of the MNPs was independent of the type 
of lipids used, increasing with the concentration of magnetite in the 
initial mixture. The lipid particles produced containing magnetite 
presented themselves as a viable alternative to polymeric matrices.  
 In 2013, Gonçalves and coauthors [44] have produced for the first 
time structured lipid particles through the GAMA variant. With the 
purpose of obtaining lipid particles with mucoadhesive properties, 
the authors blended glyceryl monooleate (PeceolTM), a mucoadhesive 
liquid lipid, with three different types of glycerolipid matrices. The 
hydrophilic-lipophilic balance (HLB) of the solid matrices proved to 
be a key parameter to obtain homogeneous mixture with Peceol™. 
The authors concluded that the more different the HLB of the solid 
lipids compared with the HLB of glyceryl monooleate, the more 
difficult was the mixture of the compounds and hence the hardest to 
produce fine and handlable particles.

7.3.2 Lipid–Polymer System

The PGSS technique can also be applied for the production of 
protein-loaded hybrid particles, since it does not need the use of 
organic solvents and therefore maintains the structure and functions 
of these compounds. During preliminary studies, Salmaso and 
coauthors [45] were able to encapsulate up to 80% of insulin in a 
mixture of lipid carriers, namely, tristearin and phosphatidylcholine, 
with and without the incorporation of PEG 5000, through the use of 
the variant GAMA. The authors used DMSO to obtain homogeneous 
protein/carrier mixtures and thus were able to prevent protein 
precipitation and segregation during the mixing step. Should be 
noticed that DMSO is highly miscible with CO2 and, consequently, it 
was removed from the final particles during the depressurization. 
The carrier composition was found to play a significant role in the 
protein release profile, as the formulation with PEG showed a burst 
and faster release of insulin, while the formulation without the 
polymer showed a slowly release. Also, the formulation containing 
the hydrophilic polymer was more stable to sedimentation in 
aqueous media, since PEG prevented lipid particle aggregation. In 
any case the activity of the protein was maintained. Further studies 
were performed by the authors [46] in order to investigate the 
pharmacokinetic and pharmacodynamic in vivo performance of the 
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drug delivery systems developed by using insulin and recombinant 
human growth hormone (rh-GH) as model proteins. Once again, the 
combination of tristearin, phosphatidylcholine and PEG 5000, in the 
presence of DMSO and scCO2, enabled a low melting homogenous 
dispersion. Small amounts of PEG were used so as to avoid the 
burst release of proteins which could compromise the therapeutic 
purpose of the drug delivery system. As to improve the atomization 
step and consequently obtain a homogeneous distribution of particle 
size, the authors not only slightly decreased the temperature of the 
process in comparison to the preliminary studies, increasing the CO2 
dissolved in the lipid mixture, but also equipped the plant with a 
peristaltic pump that supports the mixture’s atomization. However, 
the encapsulation efficiency of the proteins was unexpectedly low. 
The authors explained this outcome owing to partial precipitation of 
the compounds in the mixing vessel or to interactions between the 
proteins and the lipid compounds of the mixture. Nevertheless, the 
proteins formulated in particles were released in a typical diffusive 
mechanism for four days with preservation of their biological 
structure and activity. Furthermore, during experiments performed 
using appropriate mouse models, the authors verified that the 
hybrid formulation enhanced the oral bioavailability of the proteins 
due to their protection from enzymatic degradation in the stomach. 
 Some bioactive compounds need to be functionalized with 
PEG molecules in order to increase their stability and hydrophilic 
properties. Vezzù and coauthors [47] used the same hybrid 
carrier previously described, composed by triestearin and 
phosphatidylcholine, to incorporate the model protein ribonuclease 
A (RNAse) functionalized with PEG 5000, so as to develop a 
drug delivery system with improved therapeutic performance. 
The authors concluded that the temperature of the process had 
influence not only in the final size of the particles produced but 
also in the yield of the method, that is, both parameters increased 
with increasing temperature values. Furthermore, pressure increase 
during the PGSS experiments led to the formation of smaller 
particles up to a certain pressure value; thereafter the particle size 
was increased when using higher pressures. The addition of DMSO 
to the mixture of compounds, so as to facilitate the dispersion of the 
protein in the carrier matrix, led also to the precipitation of smaller 
particles. However, while using high amounts of DMSO, the authors 
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observed the formation of large aggregates due to the incomplete 
solvent extraction by CO2. Despite the fact that the product yield 
obtained with PEGylated RNAse was very low, its encapsulation 
efficiency was considerably higher than the encapsulation of the 
native protein. Moreover, the enzymatic activity of functionalized 
RNAse was strongly preserved, leading the authors to conclude 
that the PEGylation prevented the tight interaction between the 
protein and the carrier compounds, preserving the protein activity. 
Lastly, the hybrid formulation developed allowed a slow release of 
PEGylated protein. Nunes et al. [48] explored the supercritical fluid 
(SCF) precipitation technology to prepare lipid–polymer hybrid 
drug delivery systems. The authors developed structured spherical 
particles comprising PEG 4000 and Gelucire 43/01 (hard fat), with 
different mass ratios. Differential scanning calorimetry (DSC) 
and transmission electron microscopy (TEM) analyses suggested 
a possible organization of the materials with the formation of a 
core–shell structure. Rodriguez-Rojo and coauthors [49] proceeded 
with the characterization of these particles by confocal microscopy 
using a hydrophilic fluorescent dye, concluding that their shell 
was constituted by PEG 4000. Moreover, the authors produced 
flufenamic acid–loaded particles, whose release profile also 
suggested the presence of the hydrophilic polymer in the shell. 
Nunes et al. [48] also developed a hybrid system in order to increase 
the bioavailability of quercetin, an essential micronutrient present 
in vegetables and fruits, which has low oral bioavailability. By using 
glyceryl monostearate blended with hydroxypropyl-β-cyclodextrin, 
it was possible to produce porous particles with increased quercetin 
intestinal transport, and thus, with high bioavailability. Almeida et 
al. [50] reported that this new drug delivery system was capable not 
only to increase the solubility of quercetin in the intestinal fluid, but 
also to enhance the antioxidant activity of the flavonoid.
 With the purpose of producing pulmonary microparticles, 
Vijayaraghavan et al. [51, 59] have studied whether it would 
be possible to process PEGs with fatty acids through PGSS. The 
authors studied the thermodynamic behavior of free PEGs, with 
different molecular weights, mixed with stearic, palmitic or myristic 
acid. They verified that fatty acids with low melting temperature 
(Tm), namely, palmitic and myristic acid, were capable to act as 
plasticizing agents and to reduce the Tm of PEG, making these blends 
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suitable to be processed by PGSS. By analyzing the precipitated 
particles, it was possible to conclude that myristic acid produced 
the smaller particles with the best control of particle size when 
mixed with PEG, resulting in a higher process yield in comparison 
with other fatty acids. The authors believe that this fact is due to 
the influence of myristic acid on the Tm and viscosity of the polymer 
blend, being more evident when using a more viscous PEG (high 
molecular weight). It is easier to break up liquefied carriers into 
smaller particles when using materials with lower viscosity. The 
morphology of these hybrid particles, instead of being spherical like 
in the case of processing PEG alone [60], was irregularly shaped, this 
event being attributed to different solidification rates during the 
atomization process.
 Fraile et al. [52] produced systems composed of pluronic L64 
with the glycerolipid, gelucire 43/01™ or glyceryl monostearate, 
through PGSS in order to obtain delivery systems with more 
controlled release of drugs. In both cases, it was added some water 
to the initial mixture in an attempt to get a rearrangement of the 
carrier materials; however this was not accomplished and only 
larger aggregates were formed. Table 7.2 gives a list of produced 
lipid–polymer compounds by PGSS.

Table 7.2 Hybrid lipid–polymer particles produced through PGSS

Carrier Active compound Ref.

Tristearin, phosphatidylcholine, 
and PEG 5000 Insulin, r-hGH, RNAse [45–47]

Gelucire 43/01™ and PEG 4000 Flufenamic acid [48, 49]
Glyceryl monostearate and 
hydroxypropyl-β-cyclodextrin Quercetin [48, 50]

Fatty acids and PEGs – [51]
Pluronic L64 and Gelucire 
43/01™ or glyceryl monostearate Ibuprofen [52]

7.3.3 Polymer–Polymer System

Most of the newly discovered drug candidates are poorly water 
soluble, and therefore, it is important to improve their dissolution 
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rate in order to obtain a high bioavailability of drugs. Brion et al. 
[53] developed a formulation through PGSS on the basis of a mixture 
of hydrophilic polymers in order to promote the solubility and 
dissolution rate of a new poorly water-soluble active compound. The 
presence of a nonionic surfactant, poloxamer 407, in combination 
with PEG 400 and PEG 4000 allowed a more effective wetting 
of the particles. Moreover, the PGSS process produced smaller 
particles with high porosity, which also increases the diffusion of 
the active compound into the dissolution medium. The authors 
have also studied the effect of several operating parameters on the 
precipitation of the hydrophilic solid dispersion, concluding that the 
main significant parameters were the temperature and pressure. 
They have also concluded that the drug loading influenced the 
particle size of the final formulation, with larger particles being 
produced when using a higher drug load. Since the active compound 
was not soluble in the polymeric mixture, its presence resulted in an 
increase in viscosity of the system and thus the production of larger 
particles. 
 Jordan et al. [54] developed microparticles capable to confer 
sustained release of a protein for subcutaneous injections. The 
human growth hormone (hGH), which is a 22 kDa protein, was 
processed in the dry state with the biocompatible polymers 
poly(lactic-co-glycolic acid) (PLGA) and poly(lactic acid) (PLA) 
through PGSS, with an encapsulation efficiency of near 100%. 
After testing several polymer ratios with different emulsifiers, the 
elected formulation was composed by PLGA:PLA with a wt/wt ratio 
of 90:10 and poloxamer 407, capable to produce 100 µm rounded 
particles with few pores. The structure and function of the protein 
was preserved, since the mixture of polymers used is capable of 
being plasticized at temperatures just above 32 °C, thus avoiding 
the degradation of the drug. Microparticles showed an initial in 
vitro burst of around 35% and a sustained release for more than 
14 days, revealing that some of the protein was positioned close to 
the surface being available to readily diffuse out of the polymeric 
particles. It is important to mention that hGH-loaded particles 
of PLGA or PLA alone did not show the features necessary for the 
subcutaneous administration of this protein, such as size and drug 
release properties. Thereafter, this long acting formulation of hGH 
established preclinical proof of concept in a nonhuman primate’s 

Production of Hybrid Structured Particles through PGSS



146 Development of Hybrid Structured Particles Prepared through the PGSS® Process

pharmacokinetic and pharmacodynamic studies. Currently, 
this vaccine is being developed at Critical Pharmaceuticals Ltd. 
(Nottingham, UK) as a once every two week injection and has 
already completed preclinical development.
 Not only drugs can be present at solid state throughout the PGSS 
process, as Casettari and coauthors [55] have proved by developing 
a new biodegradable and mucoadhesive formulation composed by 
PLGA, mPEG and chitosan. Both polymers were plasticized in scCO2 
and, thus, were used as the liquefied matrix where the polysaccharide 
was mixed and dispersed as a dry powder. Therefore, this suspension 
was further precipitated by PGSS, producing microparticles (<100 
μm) under very mild conditions. Like already seen in other studies, 
the presence of mPEG led to an increase in particle size with the 
formation of more rounded and smooth particles. The presence of 
chitosan on the surface of the particles conferred mucoadhesive 
properties to this formulation, which was confirmed through an in 
vitro assay. 
 To process highly viscous polymers, like PLA, into small 
particles, it is often necessary to use high temperatures or volatile 
organic solvents to facilitate their handling. Kelly et al. [56] reported 
an alternative method to overcome this problem. By using a scCO2 
assisted mixing of PLA with PEG 6000, a polymer with lower 
viscosity, they developed a new formulation with properties of both 
carriers. Lowering the PLA viscosity by the addition of PEG, allied 
to the plasticizing effect of CO2 in the polymers matrix, allowed the 
processability of these carriers at temperature as low as 40°C by 
PGSS. The fine white particles obtained were bigger, more spherical 
and smoother as the content of PEG increased. To explain this, the 
authors hypothesized that, since the solubility of CO2 is lower in 
PEG than in PLA, the incorporation of PEG in the polymeric mixture 
would lead to less gas loss during depressurization, resulting in 
smoother and more spherical particles.
 Fraile et al. [52] showed that PGSS is a well suited technique to 
formulate water-insoluble drugs with distinct features by simply 
varying the carrier materials. By formulating Ibuprofen with 
pluronic F127 and L64, it was possible to increase by fivefold the 
dissolution of the drug in simulated gastric fluid, in comparison with 
the pure unprocessed drug. Apparently, these polymers are capable 
to form micelles in aqueous solutions and thus stabilize the drug in 
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their hydrophobic cavities leading to increased drug solubility. Table 
7.3 gives a list of produced hybrid polymeric compounds by PGSS.

Table 7.3 Hybrid polymeric particles produced through PGSS

Carrier Active compound Ref.

Poloxamer 407, PEG 400, and PEG 
4000 YNS3107 [53]

PLGA and PLA hGH [54]

PLGA, mPEG, and chitosan – [55]

PLA and PEG 6000 – [56]

Pluronic F127 and L64 Ibuprofen [52]

7.3.4 Other Applications

Nanocomposites produced through PGSS may have several 
applications beyond the delivery of active compounds, as Pollak 
and coauthors [57] demonstrated by developing microparticles 
from polybutylenterephthalate (PBT) with dispersed zinc oxide or 
bentonite nanoparticles. The obtained composites could be further 
used in laser sintering and coating processes, due to their improved 
features, such as better scratch and impact resistance or higher 
absorption of laser light. Instead of using a heated vessel, the authors 
used a single screw extruder with a dispersing zone improving the 
mixing of the compounds. By using carbon dioxide as an auxiliary 
gas, it was possible to combine the mixing step of the polymer and 
additive nanoparticles with the micronization process in one single 
plant. The authors verified that by choosing carefully the spraying 
conditions, namely, using high temperature and lowest pressure 
values, spherical polymer particles were formed. Nevertheless, the 
optimal operating conditions for the micronization of pure PBT 
in respect to morphology and particle size were not necessarily 
the same, even while processing particles with a small amount of 
bentonite. 
 The increasing number of publications regarding the production 
of hybrid particles through PGSS evidences that it is a promising 
method for the preparation of these singular structures. PGSS could 
be implemented in several industries due to its high batch-to-batch 
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reproducibility and high purity and sterility of compounds produced, 
being feasible even at an economical level. This environmentally 
friendly method has already a simple and reproducible scale-up 
process, being in compliance with the regulatory demands of the 
current good manufacturing practices (GMPs) for the production of 
particles from single carriers [61]. Nevertheless, it is still necessary 
the acquirement of thermodynamic and mass transfer knowledge 
of ternary and multinary systems, that is, a detailed understanding 
of all the process parameters that affect the characteristics of 
the final hybrid particles produced. With a critical evaluation of 
these aspects, PGSS could become a predictable, consistent, and 
widespread method for the production of structured particles at the 
industrial level.

7.4 Characterization of Hybrid Structured 
Particles

The complexity of hybrid structures lead to analytical challenges 
for their characterization, the use of multidisciplinary studies being 
essential for the evaluation of the physicochemical, textural, size, 
and morphological features of the particles [62]. Several methods 
for the characterization of structured particles are summarized in 
Table 7.4.

Table 7.4 Methods applied for the characterization of structured 
particles 

Parameter Method of characterization

Size
SEM, TEM, AFM, DLS, LD, NTA, MFI, flow 
cytometry

Morphology SEM, TEM, AFM, FIB, CLSM

Surface charge LDE

Textural 
characterization AFM, BET method, mercury porosimetry

Thermal behavior DSC, TGA, XRD

Composition DSC, XRD, Raman, NIR, FTIR, NMR, XPS, EDS, 
ToF-SIMS
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 Scanning electron microscopy (SEM); transmission electron mi-
croscopy (TEM); atomic force microscopy (AFM); dynamic light scat-
tering (DLS); laser diffraction (LD); nanoparticle tracking analysis 
(NTA); microflow imaging (MFI); focused ion beam (FIB); confocal 
laser scanning microscopy (CLSM); laser Doppler electrophoresis 
(LDE); Brunauer–Emmett–Teller (BET); differential scanning calo-
rimetry (DSC); thermogravimetric analysis (TGA); X-ray diffraction 
(XRD); near-infrared (NIR); Fourier transform infrared (FTIR); nu-
clear magnetic resonance (NMR); X-ray photoelectron spectroscopy 
(XPS); energy-dispersive X-ray spectrometry (EDS); time-of-flight 
secondary ion mass spectrometry (ToF-SIMS)

7.4.1 Size, Morphology, and Surface Charge

Particle size and morphology are two of the most important 
characteristics that affect the general performance and stability 
of drug delivery systems. Advanced microscopic techniques like 
atomic force microscopy (AFM), scanning electron microscopy 
(SEM), and TEM are widely used to analyze size and morphology of 
particles. By using the AFM technique, it is also possible to acquire 
three-dimensional surface profiles with spatial resolution up to 0.1 
µm. The microscope uses a cantilever with a tip, acting as a probe, 
at its end to scan the entire specimen surface. Since no vacuum 
is applied during the analysis, it is possible to directly examine 
samples containing solvents [63]. SEM is capable to provide an 
accurate assessment of the three-dimensional morphology, size, and 
surface of particles with a spatial resolution of 5–10 nm. However, 
since it has limited throughput, it is challenging to obtain particle size 
distribution. Moreover, it is necessary to previously coat the samples 
with electrically conducting elements, such as gold or palladium, 
which can damage the structure of fragile particles. Nevertheless, 
SEM remains the technique of choice for the evaluation of the shape 
of particles and is the best analytical method for the characterization 
of nonspherical particles [62, 64]. Scanning electron microscopes 
could be equipped with a focused ion beam (FIB) that offers the 
possibility of dissecting and probing the interior of particles to 
verify their porosity [65]. Another electron microscopy, TEM, offers 
a two-dimensional picture of the particles, since a beam of electrons 
is transmitted through the sample. Although the resolution of this 
technique is better than of SEM, the sample preparation could 
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be a complex procedure. Besides the determination of size and 
morphology, TEM is also a useful technique to differentiate the 
core–shell structure of a particle by staining the sample with uranyl 
acetate, osmium tetraoxide, or phosphotungstic acid for better 
imaging contrast. This procedure allows the observation of the lipid 
layer which is negatively stained [4]. Another strategy that can be 
applied to verify the core–shell structure of a hybrid particle is by 
using conventional fluorescence microscopy allied with confocal 
laser scanning microscopy (CLSM) and staining the components of 
the particles with distinct fluorescent dyes [66]. 
 Dynamic light scattering (DLS), also known as photon correlation 
spectroscopy (PCS), is a reliable technique and the most used to 
analyze particle size and particle size distribution. DLS measures 
the fluctuation of the intensity of the scattered light caused by 
the Brownian motion of particles. The size that is measured is 
the hydrodynamic diameter, and so is related to a sphere with the 
same translational diffusion coefficient as the sample. Since DLS 
assumes spherical shape for particles, additional care must be taken 
when measuring the size of nonspherical samples due to the lower 
precision of the technique in this case. Besides that, DLS is not a 
suitable technique for multimodal particle size distribution and has 
a limit of size detection around 10 µm [64, 67, 68]. Laser diffraction 
(LD) is an alternative technique that covers a broad size range (40 
nm to 2000 µm), which is based on the dependence of diffraction 
angle on the particle radius [67]. Another alternative for measuring 
particle size is the nanoparticle tracking analysis (NTA) method, 
which is based on fluorescence microscopy and automatic imaging 
analysis. Although NTA provides high resolution when analyzing 
multimodal samples, it requires sample dilution in order to prevent 
an observation field very crowded [68, 69]. A recent study showed 
that microflow imaging (MFI) and flow cytometry are also additional 
methods for determination of the nonspherical particle size [64].
 When particles are in contact with a solvent there are two liquid 
layers surrounding them, the weakly bound outer layer and the 
strongly bound inner layer. The zeta potential is measured at the 
boundary of the outer layer by laser Doppler electrophoresis (LDE), 
and is a parameter that greatly influences the stability of particles. 
A stable particle has a zeta potential more positive than +30 mV or 
more negative than –30 mV due to electrostatic repulsion. However, 
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care must be taken while performing this analysis, since the zeta 
potential value is greatly influenced by the ionic strength and pH of 
the medium and may change depending on the solvent used [67, 68].

7.4.2 Textural Characterization

The surface area of a particle is another important feature of 
solid materials applied for pharmaceutical purposes, since it 
influences the load and dissolution rate of active compounds. AFM 
is a technique applied to determine the surface area and textural 
characteristics of particles that could be complemented by physical 
gas adsorption methods. In the Brunauer–Emmett–Teller (BET) 
method, nitrogen is adsorbed at low temperatures on the surface 
of particles and then desorbed at room temperature. The isotherms 
of adsorption and desorption not only can provide the surface area 
but also provide information regarding the porosity of the materials, 
such as pore size and pore size distribution. Mercury porosimetry is 
another alternative method to get information regarding porosity, 
pore volume, pore size distribution, and density [62].

7.4.3 Thermal Behavior

To evaluate the stability and thermal transitions of particles, 
calorimetric and thermogravimetric techniques are usually applied. 
DSC is one of the most used techniques to monitor thermochemical 
events, giving important insight about melting, recrystallization, 
sublimation, glass and polymorphic transitions, or even information 
about decomposition of the materials. In this technique, both sample 
and reference are at the same temperature, the heat exchanges 
occurring during structural alterations of materials being measured. 
DSC is the technique most used to determine the glass transition 
temperature of noncrystalline and semicrystalline polymers, as well 
as the melting point of crystalline materials. The determination of 
the melting point of particles is very useful to estimate the purity, 
degree of crystallinity, and particle size of the samples analyzed. 
Especially, in the case of lipids, the degree of crystallinity and the 
modification of its lattice structure influence not only the amount 
of active compound that is incorporated, but also its release rate 
[70]. However, the cause of a thermal event is not revealed directly 
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by DSC, such knowledge could be achieved with complementary 
methods like X-ray diffraction (XRD) or thermogravimetric analysis 
(TGA) [62, 67, 71]. TGA is a technique that measures the weight loss 
of a sample as a function of temperature, being particularly suitable 
for the quantitative determination of the volatile content of a solid 
material, as well as for the evaluation of its thermal stability. It is 
also possible to identify the volatile compound by coupling the TGA 
apparatus with a gas-phase IR analyzer [62].

7.4.4 Composition 

Since hybrid particles are constituted by two or more compounds, 
it is important to study the final composition of the particles, as 
well as understand the way the materials are arranged. This could 
be performed by performing DSC, XRD, vibrational spectroscopy 
such as Raman, near-infrared (NIR), or FTIR, and nuclear magnetic 
resonance (NMR) [2, 62, 67, 72]. If the particles are intended for 
the encapsulation of active compounds, these techniques could be 
also useful to study the drug-matrix interaction and their spatial 
distribution.
 Elemental analysis of the surface of the particles could be 
important in some cases, and could be performed either by X-ray 
photoelectron spectroscopy (XPS), by coupling a scanning electron 
microscope with energy-dispersive X-ray spectrometer, or by 
performing time-of-flight an secondary ion mass spectrometry [2, 
55, 65]. 
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The use of many active compounds of interest for nutraceutical 
and pharmaceutical applications is restricted by low solubility of 
these compounds in water, which contributes to low bioavailability, 
and makes it difficult to add these compounds to beverages or 
other water-based products. Thus, there is great interest in the 
development of water-soluble formulations of these compounds 
such as micellar solutions or other colloidal dispersions. Emulsion 
techniques have been particularly useful for the production of 
these formulations, since the emulsion can provide a template for 
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the morphology of the final product. This chapter presents the 
main techniques used for this purpose, starting with conventional 
emulsion evaporation and solvent displacement methods, and 
presenting recent developments, including novel emulsification 
techniques such as ultrasound emulsification and high-pressure 
homogenization, in the intensification of the process by increase in 
throughput and reduction of processing time through the processing 
of pressurized emulsions, and the application of supercritical fluids 
for extraction and antisolvent precipitation from emulsions. Finally, 
the application of several of these techniques for the preparation 
of water-soluble β-carotene formulations for application as natural 
colorant is presented as a case study.

8.1 Water-Soluble Formulations of Hydrophobic 
Active Compounds

Many natural active compounds are characterized by high hydro-
phobicity and, consequently, low solubility in water. This property 
can be an important limitation for the development of applications 
based on these compounds. In pharmaceutical applications, low 
solubility in water is generally associated with a low bioavailabil-
ity of the compound, which can reduce its therapeutical activity and 
makes it difficult to dose the compound. On the other hand, many 
food products have an aqueous base in which hydrophobic active 
compounds cannot be dissolved. Therefore, there is a great interest 
in the development of formulations that can enhance the stability 
and solubility in water of hydrophobic active compounds of inter-
est for food and pharmaceutical applications. Different methods 
for the development of such formulations are based on emulsions. 
Emulsions can provide a template for the final morphology of the 
product and enable an enhanced control over its size by controlling 
the size of the disperse phase droplets in the emulsion. Emulsion-
template techniques are suitable for the production of different 
types of formulations (Fig. 8.1), including:
 ∑ Simple oil-in-water (o/w) emulsions, which can be suitable 

final formulations without further processing when the base 
product already presents a certain fat content (e.g., butter or 
milk) 
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 ∑ Micro- or nanosuspensions of a pure compound, which can 
be obtained with a controlled particle size distribution by 
elimination of the organic phase from an o/w emulsion with 
controlled droplet size

 ∑ Micellar solutions, formed by association of surfactant 
molecules in aqueous environment that create an inner 
hydrophobic cavity that can host water-insoluble compounds

 ∑ Liposomal solutions, formed by self-assembly of phospho-
lipids in water, which can encapsulate both hydrophilic com-
pounds in its inner aqueous cavity, as well as hydrophobic 
compounds in the lipid bilayer

 ∑ Hybrid systems, formed by a combination of hydrophilic and 
hydrophobic carrier materials, with the objective of stabilizing 
hydrophobic compounds in aqueous environments at the 
same time that a controlled delivery of these compounds is 
achieved

 This chapter presents the main emulsion techniques used 
to produce these types of formulations, starting with a brief 
presentation of the main conventional techniques and focusing 
on recently developed processes based on high-pressure and 
supercritical fluids, presenting the results obtained in the 
formulation of β-carotene as a case study.

Figure 8.1 Different types of water-soluble formulations of hydrophobic 
compounds: (a) microcapsules, (b) microcomposites, (c) 
micelles, and (d) liposomes.

Water-Soluble Formulations of Hydrophobic Active Compounds
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8.2 Emulsion Evaporation and Solvent 
Displacement Methods

Emulsion evaporation processes have been widely used to produce 
micro-/nanoparticles and composites of controlled size distribution. 
Figure 8.2 presents a schematic diagram of this process. It consists 
of forming an o/w emulsion, in which the active compound and 
carrier materials usually are dissolved in the disperse phase of the 
emulsion. Afterward, the organic solvent or oil is removed from 
the disperse phase by evaporation, maintaining agitation in order 
to ensure the preservation of the emulsion structure during the 
process. As a result, an aqueous suspension of particles is obtained.

Figure 8.2 Schematic diagram of the emulsion evaporation process.

 One of the main applications of the emulsion evaporation 
process is the production of polymer micro-/nanocapsules, 
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using biodegradable polymers such as poly(lactic acid) (PLA) 
and poly(lactic-co-glycolic acid) (PLGA) [1]. Different process 
parameters, such as emulsification conditions, the organic–water 
ratio, solvents and carriers used, and the solvent evaporation rate, 
have an influence on the characteristics of the particles produced. 
 Firstly, any parameter that modifies the droplet size in the emul-
sion has a direct influence on the particle size, as a reduction of the 
initial emulsion droplet size leads to a reduction of the final par-
ticle size. Thus, increasing the energy provided for emulsification, 
for example, increasing the stirring rate, generally allows reducing 
the emulsion droplet size and therefore the final particle size. An 
increase in the surfactant concentration that allows stabilizing the 
emulsion and reducing the droplet size also allows reducing the final 
particle size. An increase of the organic–water ratio usually leads 
to an increase of particle size due to increased droplet coalescence 
in the emulsion. The concentration of the carrier and active com-
pounds in the emulsion droplets can also have a direct impact on 
the emulsification and particle size through the variation of the 
viscosity. If the disperse phase is made more viscous, for example, 
increasing the concentration of polymer carrier in this phase, the 
emulsification is hindered and larger particle sizes are obtained 
[2]. In addition to emulsion parameters, the concentration of sol-
ute in the organic phase also has a direct influence on particle size, 
with larger particle sizes when the concentration is increased. The 
rate of removal of the organic solvent from the disperse phase has a 
strong influence on the morphology of the final particles and on the 
efficiency of encapsulation of the active compound in the polymer 
carrier. If solvent removal is slow, a considerable drop in the encap-
sulation efficiency can occur due to the partitioning of the active 
compound between the organic and aqueous phases. The crystallin-
ity of particles can also change depending on the rate of elimination 
of the solvent. If this rate is too slow, the precipitation of polymer 
is also slow, and isolated crystalline particles of polymer and active 
compound can be obtained, which are detrimental for the efficiency 
of encapsulation. Accelerating solvent removal and therefore poly-
mer precipitation can enable producing amorphous microcapsules 
of polymer, which are a more favorable morphology for a high ef-
ficiency of encapsulation. To remove the solvent, it must become 
solubilized in the aqueous phase at the droplet/water interface, 
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then it must diffuse through water, and finally it must evaporate 
at the water/gas interface. Therefore, the rate of solvent removal 
firstly depends on the physical properties of the solvent itself, and 
particularly on the balance of partition coefficients between the or-
ganic/aqueous phase and between the aqueous/gas phase, as well 
as on the diffusion coefficient of the organic solvent in water [3]. 
The removal rate also depends on the method of solvent removal. 
Comparing the removal of solvent by evaporation at ambient pres-
sure and at reduced pressure, the faster removal of solvent achieved 
at reduced pressures facilitates the production of amorphous poly-
mer capsules, thus increasing the encapsulation efficiency [4].
 Another commonly used technique for the production of micro-/
nanoparticles from emulsions is the solvent displacement method. A 
schematic diagram of this process is presented in Fig. 8.3. The pro-
cess is a combination of emulsion-template and antisolvent precipi-
tation processes that relies on the use of a partially water-miscible 
organic solvent such as ethyl acetate, ethyl formate, or propylene 
carbonate, in which the active compound and carrier materials are 
dissolved. 

Figure 8.3 Schematic diagram of the solvent displacement process.

 Upon mixing of this solution with water, a transient emulsion is 
formed, which serves as template for the production of particles. 
Once that a sufficiently high proportion of water is added, complete 
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dissolution of the organic solvent in the aqueous phase is achieved 
and precipitation occurs. Finally the organic solvent is removed 
by vacuum evaporation, and an aqueous suspension of particles is 
obtained, stabilized by the surfactants added to form the emulsion 
[5, 6]. In addition to the parameters that influence the size of the 
initial emulsion (including organic–water ratio, surfactant type, 
and composition and emulsification method), the rate of addition 
of water is another key parameter, since it controls solvent 
displacement and antisolvent precipitation mechanisms [6]. 
 The polymer carrier can be formed by an in situ polymerization 
reaction, instead of using a preformed polymer. The starting point 
for this process is an emulsion of monomer droplets stabilized by 
a surfactant. Afterward, the polymerization is started by adding 
an initiator in the continuous phase [7] or by alternative methods 
such as application of ultrasounds [8], UV light [9], or enzymes [10]. 
Depending on the type of emulsification method and polymer used, 
the need for an additional organic solvent for the disperse phase of 
the emulsion can be eliminated, thus allowing one to directly produce 
the polymeric particles without any additional solvent removal step 
[11]. However, the possible degradation of the active compound due 
to undesired interactions with initiation agents must be considered 
[7].
 Besides simple microparticle or microcomposite formulations, 
the solvent evaporation and solvent displacement methods can 
be used to develop more complex formulations [7]. An example 
is the production of solid lipid micro-/nanoparticles, constituted 
by an active compound encapsulated in a lipid matrix that is solid 
at physiological temperatures [12]. This type of formulation is 
particularly interesting for the formulation of hydrophobic active 
compounds, since the particles can be stable for long periods, and the 
lipid matrix can form liposomal structures in aqueous environments, 
which can facilitate the delivery of hydrophobic compounds through 
cellular membranes or gastrointestinal barriers [13]. However, if the 
active compound shows low solubility in the lipid, the formulations 
can become destabilized by expelling crystalline particles of 
the active compound after a polymorphic transition [14]. The 
production of lipid–drug conjugates [15] or of hybrid hydrophilic-
hydrophobic carrier systems can contribute to solve these problems. 
Lipid particles can generally be obtained by a solvent displacement 
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method, or by a simple cooling method consisting of melting the 
lipid phase, mixing and emulsifying with an aqueous surfactant 
solution, and finally solidifying the lipid by cooling the emulsion 
down to room temperature [7]. Solvent evaporation and solvent 
displacement methods can also be used to generate microcapsules, 
consisting of an outer polymeric shell that confines a reservoir of 
an aqueous or an oil solution of the active compound [7, 16]. Such 
microcapsules can be generated both by solidification of a preformed 
polymer, or by an in situ polymerization reaction. The dissolution of 
the active compound in the inner solvent reservoir can contribute 
to facilitate its delivery, while the outer shell can provide protection 
against degradation processes and avoid burst release effects. 
 Finally, it must be noted that emulsion evaporation and solvent 
displacement methods based on simple o/w emulsions in general 
can only be used for the formulation of hydrophobic compounds. 
In the case of hydrophilic compounds, in an o/w emulsion a rapid 
partitioning of the compound to the aqueous phase would be 
observed, resulting in a very low encapsulation efficiency and a loss 
of control over particle size and morphology through the emulsion 
template. To circumvent this problem, oil-in-oil emulsions can be 
used [17], but this approach is limited by the relatively low stability 
of most such emulsions compared to o/w systems. Alternatively, 
double emulsions of the type water-in-oil-in-water (w/o/w) can be 
used, in which the active compound can be dissolved in the inner 
aqueous phase [18], or other complex multiple emulsion systems 
(w/o/o, w/o/o/o, . . .) can be considered [19].

8.3 Novel Emulsification Techniques

While macroemulsions can be easily formed by stirring a mixture of 
water, oil, and surfactant in appropriate proportions, more complex 
emulsification processes are required in order to prepare emulsions 
with restricted droplet sizes suitable for application as templates for 
production of micro- and nanoparticles according to the methods 
described in the previous section. From a thermodynamic point of 
view, the emulsification process must provide the energy required 
to form and stabilize the interface between emulsion droplets and 
the continuous phase. Depending on the method used to supply 
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this energy, emulsification processes are usually classified as high 
energy or low energy methods [7]. High-energy methods are the 
most frequently used emulsification techniques both in industry 
and academia. Among them, rotor/stator devices are particularly 
widespread. These devices simply rely on creating a high velocity 
flow through orifices of restricted size, which promote droplet 
breakup, thus forming the emulsion. Commercial equipment at a 
wide range of scales are provided by different companies, including, 
for example, Ultra-Turrax® and Omny-mixer® apparatuses. The 
main drawback of these techniques is a relatively poor control over 
the dispersion of droplet sizes, as well as a very low efficiency in the 
use of energy, which is mostly dissipated by viscous friction [20]. 
Moreover, the considerable amount of heat produced by friction 
poses a problem when volatile solvents are used to prepare the 
emulsion, making it necessary to use complex refrigeration systems 
in order to avoid the loss of these solvents by evaporation within 
the emulsification equipment. High-pressure homogenizers can be 
considered as an evolution of rotor-stator devices. They are based 
on the application of high pressures to the fluid in order to force it 
to flow through microchannels, achieving velocities that can be of 
the order of 300 m/s [7]. This flow creates a combination of shear, 
impact, and cavitation forces that promote emulsion formation. 
Application of ultrasounds is another high-energy emulsification 
method that is very popular at the laboratory scale due to its 
simplicity, efficiency, and low cost, while industrial implementation 
still is limited. Although the mechanisms of emulsion formation by 
application of ultrasounds still are not entirely understood, it is 
thought that a basic aspect is the formation and cavitation of gas 
bubbles [21]. A limitation of ultrasound equipment in the large scale 
is the relatively small range of action of ultrasound probes, which 
makes it necessary to combine them with stirring devices in order 
to achieve a good homogeneity of the product.
 Among the low energy methods, the solvent displacement meth-
od has been long used for the production of micro- and nanoemul-
sions [7]. It consists of adding a water-soluble solvent to the oil 
phase of the emulsion. Upon mixing with water, this solvent rapidly 
diffuses into the aqueous phase, promoting the formation of an 
emulsion under specific conditions [22, 23]. The mechanism of emul-
sion formation is the generation of interfacial turbulence related to 
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surface tension gradients due to the diffusion of solutes between 
the two phases, as well as an spontaneous interfacial expansion 
process due to the generation of regions of local supersaturation of 
the surfactant associated with concentration gradients of solvents 
[24]. The phase inversion temperature (PIT) method is another low-
energy emulsification procedure, which is based on the variation of 
the partition coefficients of polyethoxylated surfactants between 
aqueous and organic phases as a function of temperature [25, 26]. 
This allows producing a emulsion phase inversion as the affinity of 
the surfactant between phases is varied as a result of a gradual tem-
perature variation, for example, from an o/w to a water-in-oil (w/o) 
emulsion. More interestingly, within the transition region, where the 
surfactant shows similar affinity for the two solvents, extremely low 
interfacial tensions are observed, thus allowing one to create micro- 
and nanoemulsions. Typical methods to implement this procedure 
are a generation of a phase transition by rapid cooling [27] or by a 
sudden dilution in water or oil [28]. It must be noted that besides be-
ing a low-energy method, the PIT procedure is organic solvent free, a 
highly interesting feature for food and pharmaceutical applications.

8.4 Process Intensification by Precipitation 
from Pressurized Emulsions

Although the methods described in the previous sections have 
been highly successful for the development of formulations of 
hydrophobic compounds, they still present some limitations. Of 
particular relevance for industrial applications are long processing 
times required by most emulsion template techniques, frequently 
also involving the application of high temperatures, the difficulty of 
implementing a continuous process, and the intensive use of organic 
solvents, which result in low productivity as well as in possibilities of 
product contamination or degradation along the process. Therefore 
there is a considerable interest for the development of process 
intensification strategies that allow reducing processing times and 
limiting the use of high temperatures and organic solvents. The basic 
idea behind the high-pressure emulsion techniques is to accelerate 
the kinetics of mixing and heat transfer processes, approaching 
them to the kinetics of the particle formation processes. With this, a 
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higher homogeneity of the conditions in which particles are formed 
can be achieved, which results in a better control of the properties 
of the final product. Moreover, with the intensification of the mixing 
and heat transfer processes a reduction of the particle size of the 
active compound may be achieved, entering into the nanometer 
range (<100 nm) [29].
 Figure 8.4 presents a flow diagram of the high-pressure 
emulsion process. The process operates with an organic solvent 
at high temperature (typically, 80°C–150°C) in order to increase 
the solubility of the active compound into the organic solvent and 
make the process suitable for active compounds with low solubility 
(or, optionally, to replace the organic solvent by other that may 
have more desirable properties, for example, toxicity, but cannot 
be normally used due to low solubility of the active compound). 
Moderate pressures (in the order of 5 MPa) are applied in order to 
keep the solvent in the liquid state. Since many active compounds are 
thermolabile, heating of the organic solution is achieved by direct 
contact between a suspension of particles of the active compound 
in cold organic solvent with another stream of preheated organic 
solvent. Immediately afterward, the hot organic solution is mixed 
with a third stream of cold water, which contains the surfactant and 
carrier materials, as well as other possible additives. By using a 
suitable mixer, an o/w emulsion is formed in this step, providing the 
template for the formation of particles. Furthermore, the emulsion 
is cooled down, reducing the exposure of the product to high 
temperatures and the possible degradation of the active compound. 
Finally, particles of the active compound are formed in this step 
by a thermal and antisolvent effect (drastic reduction of solubility 
by reduction of temperature and mixing with water antisolvent) 
rather than by a solvent evaporation method, thus providing 
the aforementioned intensification of the particle formation 
process. With this, a suspension of active compound particles in 
the o/w medium is obtained, which must be further processed in 
order to remove the organic solvent and, optionally, water, thus 
precipitating the surfactant and carrier materials and forming dry 
microcomposites. It must be mentioned that although some active 
compound particles are formed during these last solvent evaporation 
processing steps, as in a normal solvent evaporation method, the 
vast majority of the product precipitates before as a consequence 

Process Intensification by Precipitation from Pressurized Emulsions
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of the thermal effect, due to the drastic increase of solubility that 
can be achieved with the increased temperature, which may be of 
several orders of magnitude.

Figure 8.4 Schematic diagram of the process for precipitation from 
pressurized emulsions using a T-mixer.

8.5 Supercritical Fluid Processing of Emulsions: 
Supercritical Extraction of Emulsions and 
Antisolvent Precipitation from an Emulsion

As described in previous chapters of this book, processes based on 
supercritical carbon dioxide offer considerable advantages for the 
processing of natural and pharmaceutical compounds, due to the 
tunable properties of carbon dioxide and the possibilities to operate 
at mild temperatures and in an inert environment. A wide range of 
particle formation and formulation processes have been developed 
in which carbon dioxide acts as solvent, antisolvent, solute, or 
propellant, among other functions [30]. 
 A new promising technology to produce nanometer particles of 
natural and pharmaceutical substances is the use of supercritical 
fluids in combination with nanoemulsions, which presents 
advantages over these two separated technologies. This process, 
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denominated supercritical fluid extraction of emulsions (SFEE) 
[31] consists of extracting the organic solvent from the droplets 
of an o/w emulsion using supercritical carbon dioxide. Figure 8.5 
presents a schematic diagram of the process concept. In a first 
approach, the technique bears resemblance with the conventional 
solvent evaporation technique, substituting the removal of the 
solvent through evaporation by an extraction with carbon dioxide. 
The use of supercritical carbon dioxide can contribute to eliminate 
some of the limitations of the solvent evaporation technique, as it 
allows avoiding the exposition of the product to high temperatures 
during prolonged times. Moreover, since organic solvents are highly 
soluble or even completely miscible in supercritical fluids, by 
supercritical extraction the elimination of residual concentrations 
of organic solvent in the product can be facilitated. Depending on 
the type of carrier materials used, different formulations can be 
obtained ranging from micro-/nanoparticles of pure compounds, 
nanocapsules with polymeric carrier materials, or micellar and 
liposomal solutions in water. Furthermore, as it will be discussed 
below, a fully continuous implementation of this process is possible.

Figure 8.5 Supercritical fluid extraction of emulsions: process concept.

 Figure 8.6 presents the evolution of an organic droplet of solvent 
in water during exposition to CO2 in the SFEE process [32]. As the 
emulsion is put into contact with CO2, a two-sided diffusion process 
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takes place: the diffusion of CO2 from the gas phase through water 
into the droplet, and the diffusion of organic solvent in the opposite 
direction. Due to the favorable transport properties of CO2, its 
diffusion is faster than that of the organic solvent, and therefore 
droplet swelling is observed in the first stages of the process. If 
the extraction is performed at pressures below the mixture critical 
point, droplet swelling continues until the concentration of CO2 
approaches the saturation concentration at the operating pressure. 
As the diffusion of CO2 is slowed down due to the reduction of the 
concentration gradient driving force, the diffusion of solvent out of 
the droplet eventually becomes predominant and droplet shrinking 
is observed. At pressures above the mixture critical point, where 
CO2 and organic solvent are completely miscible, droplet swelling 
continues until the droplet is destabilized out of the emulsion due 
to the increase of concentration of CO2. 

Figure 8.6 Evolution of an organic solvent drop during the supercritical 
extraction of emulsions. Adapted from Ref. [32].

 As it can also be observed in Fig. 8.6, if a solute is dissolved in 
the organic solvent droplets, its precipitation occurs in the first 
moments of exposition to CO2, due to the dissolution of CO2 into the 
organic solvent droplets. Indeed, each emulsion droplet behaves as 
a miniature gas antisolvent precipitator. Since particle formation is 
confined inside the droplets, particle size is restricted by emulsion 
droplet size, thus enabling to achieve a better control over particle 
size distribution than with conventional gas antisolvent processes. 
Furthermore, as in other emulsion template techniques, the 
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particles obtained can be stabilized by addition of other compounds 
to the emulsion, including for example, the encapsulation in a 
polymeric carrier material dissolved in the organic phase, or the 
stabilization of the particles in the aqueous environment without 
sedimentation or agglomeration by addition of a surfactant to the 
aqueous phase. Compared with conventional emulsion evaporation 
techniques, particle formation occurs quickly and simultaneously in 
the first moments of the process, thus enabling to obtain a product 
with more controlled and narrower particle size distribution.
 Although particle formation occurs quickly in the first fractions 
of second of the process by the fast saturation of emulsion droplets 
with CO2, longer processing times are required for a complete 
removal of organic solvent from the product, due to the slower 
diffusion of organic solvent out of the emulsion through the aqueous 
phase. This effect is illustrated in Fig. 8.7 that shows modeling 
results regarding the evolution of system composition during 
the supercritical extraction of an emulsion sprayed into CO2 [33]. 
As shown in this figure, high CO2 concentrations in the organic 
disperse phase, sufficient for an antisolvent precipitation of active 
compounds, are achieved in fractions of second. However, longer 
processing times, in the range of minutes, are required to eliminate 
the organic solvent from the liquid phase. The extraction time 
required to remove the organic solvent from the emulsion strongly 
depends on the miscibility of the organic solvent in the aqueous 
phase. Water-immiscible solvents like dichloromethane can be easily 
removed in extraction times of a few minutes, because the extraction 
is facilitated by the high solubility of the pure organic solvent in CO2, 
which can even reach complete miscibility at pressures above the 
mixture critical point (usually, pressures in the range of 80–100 bar 
at temperatures of 40°C–60°C). However, in the case of solvents with 
partial water miscibility such as ethyl acetate, the extraction of the 
solvent is hindered by a very slow removal of the organic solvent 
dissolved in the aqueous phase, because, even if the pure organic 
solvent again can be completely miscible with CO2 at moderate 
pressures, the partition coefficient of the organic solvent between 
aqueous and CO2 phases is, in general, unfavorable for the extraction, 
making it necessary to employ long extraction times that can reach 
the range of hours in the case of batch extraction systems.

Supercritical Fluid Processing of Emulsions
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Figure 8.7 Evolution of the concentration of CO2 and organic solvent 
during the supercritical extraction of an emulsion sprayed into 
CO2, modeling result. Adapted from Ref. [33].

 As mentioned before, an advantage of SFEE processes is the 
possibility to implement the process in different layouts, ranging 
from small batch systems to fully continuous processes. Figure 
8.8 presents schematic diagrams of some possibilities. The first 
diagram corresponds to a simple batch system, and consists of an 
extraction vessel which is loaded with emulsion at the beginning 
of the experiment, and a system to pass supercritical CO2 through 
this vessel. This CO2 flow system can simply consist of a reservoir 
filled with pressurized CO2 at the beginning of the experiment, a 
temperature control system, and an isobaric recirculation pump, thus 
resulting in a simple system that requires little supervision during 
the extraction and that can be suitable for the in situ production 
of small amounts of product. The second diagram corresponds to 
the extraction by atomization of the emulsion through a nozzle 
into an extraction/precipitation vessel filled with CO2. This layout 
can be implemented using existing commercial equipment for the 
supercritical antisolvent (SAS) precipitation, described in previous 
chapters, with minor modifications. Furthermore, the process can be 
operated either in a semicontinuous way, if the aqueous suspension 
obtained as a product is accumulated inside the extraction/
precipitation vessel until the end of the experiment, or it can be 
made fully continuous if the aqueous suspension is continuously 
retrieved from the vessel through a depressurization valve. The 
third layout corresponds to a continuous SFEE process based on the 
contact of CO2 and emulsion by cocurrent or countercurrent flow in 
a column, designed to improve the mass transfer between phases 
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and to provide the required extraction time for a complete removal 
of the organic solvent.

Figure 8.8 Schematic flow diagrams of processes for the supercritical 
fluid extraction of emulsions: batch system and continuous 
system with extraction from a spray or in a packed column.

 Published reports on the SFEE process still are scarce, since it is 
a relatively recent technology. Shekunov et al. developed the original 
patent of the process, and described the application to produce 
micro- and nanoparticles both of water-insoluble pure compounds 
such as cholesterol acetate, griseofulvin and megestrol acetate [31], 

Supercritical Fluid Processing of Emulsions



176 Preparation of Water-Soluble Formulations of Hydrophobic Active Compounds

as well as microcapsules of active compounds in PLA/PLGA and 
Eudragit RS polymers [34]. These authors obtained particle sizes 
ranging from 100 to 1000 nm, observing that emulsion droplet size, 
organic solvent content, and drug solution concentration were the 
main parameters that controlled particle size. More recently, they 
also studied the formation of solid lipid nanoparticles for pulmonary 
delivery, reaching drug loadings of up to 20% [35]. 
 The group of Della Porta and Reverchon has focused on the 
production of polymeric micro-/nanoparticles. They studied the 
encapsulation of piroxicam in PLGA, obtaining particles of 1–3 
mm with narrow particle size distributions and residual solvent 
concentration below 40 ppm after 30 min of contact in a batch 
system [36]. They also developed a continuous system based on a 
packed column, and characterized the flow parameters of the system 
[37]. More recently, they proposed a supercritical-assisted emulsion 
diffusion method, based on a combination of a conventional 
emulsion-diffusion method using benzyl alcohol as solvent for the 
production of solid lipid particles, and a supercritical CO2 extraction 
for the removal of this solvent from the final product [38].
 Kluge et al. have also contributed to the development of SFEE 
processes, employing a semicontinuous emulsion atomization 
system for the encapsulation in PLGA of lyzosyme as a model 
hydrophylic compound, using double w/o/w emulsions [39] and 
ketoprofen as a model hydrophobic compound [40]. They obtained 
highly regular spherical microparticles, with sizes closely related 
to the initial emulsion droplet size distribution and dependent on 
the polymer concentration on these droplets and encapsulation 
efficiencies near 50%. They applied the same technique for the 
preparation of biocompatible magnetite–PLGA composites, which 
have applications as contrast agents in magnetic resonance imaging 
[41]. These authors also completed a fundamental study of the 
process employing phenantrene as model compound and observed 
two different crystallization mechanisms, primary nucleation of 
particles inside single emulsion droplets and growth by aggregation 
of emulsion droplets with existing particles, in a process bearing 
resemblance with the crystallization by an oiling-out mechanism 
[42]. They also employed SFEE as a technique for the preparation 
of polymer nanoparticles for measurements of active compound 
solubility in the polymer matrix [43].
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 A few other groups have also presented reports on SFEE 
applications. Mayo et al. produced pDNA loaded PLGA nanoparticles 
for gene delivery, obtaining high loading efficiency (>98%) and low 
residual solvent concentration (<50 ppm) [44]. Lin et al. reported 
the encapsulation of ibuprofen as a model low-water solubility drug 
in PLGA and characterized the drug release profiles [45]. Finally, 
Luther and Braeuer applied a microfluidic system to analyze flow 
patterns in the SFEE process by shadowgraphy techniques [46]. 

8.6 Case Study: Precipitation and Encapsulation 
of β-Carotene by Emulsion Techniques

In this section, the results obtained by the authors for the 
development of water-soluble and water-insoluble formulations of 
a carotenoide (β-carotene) with different techniques are presented 
as a case study. Carotenoids are valuable natural additives for food 
and nutraceutical products. One of the most common, abundant, 
and used carotenoid is β-carotene. Besides its excellent colorant 
properties, β-carotene is a precursor of retinol and retinoic acid, 
which have an important role in human health as vitamin A precursor 
and as cellular regulatory signal, respectively. Since animals and 
humans cannot produce carotenoids in their organisms, they need 
to acquire them from food. Being strong antioxidants, carotenoids 
are prone to degradation by the action of light, oxygen or moderate 
temperatures. Moreover, they are highly hydrophobic compounds 
that show very low solubility in water, as well as low bioavailability. 
Therefore, to improve their dispersability in water and coloring 
strength potential and also to increase their bioavailability during 
gastrointestinal passage, carotenoid crystals must be formulated 
[47]. In particular, for the use of carotenoids as natural colorants 
in food products, it is important to obtain an appropriate colour 
intensity of the formulation, which depends on the properties of 
the particles, including a restricted particle size and controlled 
crystallinity [29].
 As shown in the literature review presented in Table 8.1, many 
authors have applied different techniques in order to develop 
suitable formulations of β-carotene. The formulation methods 
employed include the formation of o/w micro- and nanoemulsions 

Case Study
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[48–56], the formation of particle microdispersions by application 
of conventional solvent evaporation [57–59], solvent displacement 
[5, 47, 60], homogenization techniques [61], and high-pressure 
emulsion techniques [63], and also the application of different 
precipitation and coprecipitation methods based on supercritical 
carbon dioxide, including the supercritical antisolvent precipitation 
[64–72] and SFEE [73, 74]. A large variety of surfactant and carrier 
materials have been employed, ranging from synthetic Tween 
surfactants, to biocompatible polymers such as poly(ethylene 
glycol) (PEG), poly(lactic acid) (PLA), or poly(3-hydroxybutirate-
co-hydroxyvalerate) (PHBV), starches modified with the n-octenyl 
succinic anhydride (OSA) group, and natural carriers such as 
phospholipids or whey. 

8.6.1 Formulation by Conventional Emulsification and 
Solvent Evaporation Techniques

Micellar formulations of β-carotene in OSA–starch surfactants 
were prepared according to the solvent evaporation method 
described in Section 2 [76]. An ultrasound emulsifier (UP400S 
Ultrasonic Processor, Hielscher, Germany) or a high-shear rotor-
stator machine (IKA Ultra-Turrax® LABOR PILOT 2000/4) were 
used to prepare emulsions. A Rotavapor (BÜCHI 011-BÜCHI 461 
Water Bath) was used to eliminate the organic solvent in emulsion 
evaporation experiments. A dissolution of β-carotene in ethyl acetate 
(β-carotene concentration: 5 g/L) and a dissolution of OSA–starch 
in de-ionized water (starch concentration: 36 g/L) were prepared. 
Both dissolutions were heated to 55°C under stirring to ensure 
complete dissolution of the compounds. The two dissolutions 
were mixed, using different proportions of organic and aqueous 
solutions resulting in organic/water volume ratios ranging from 
0.275 mL organic/mL water to 0.73 mL/mL. Then, the mixture was 
emulsified using the ultrasound equipment. Different parameters 
of the emulsification were varied, including the apparatus used 
(ultrasound or high-shear Ultra-Turrax®), and in ultrasound 
emulsification experiments, the time emulsification, the ultrasound 
pulse amplitude and the ultrasound duty cycle (i.e., the fraction of 
time that ultrasound is being generated). After the emulsification, 
the organic solvent was eliminated by vacuum evaporation at 60°C, 
thus producing a suspension of β-carotene particles in water.
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 As presented in Fig. 8.9, the encapsulation efficiency increased 
and the micellar particle size decreased when the time of application 
of ultrasounds was increased from 6 min to 20 min. When ultrasounds 
were applied for more than 14 min, approximately constant values 
of encapsulation efficiency of 12%–13%, and micellar particle size 
of 1–5 µm, were obtained, or even a slight increase in particle size 
was observed with application times longer than 20 min, maybe due 
to a partial destabilization of the emulsion due to an excessively long 
experiment. These results indicate that a complete emulsification 
was achieved after application of ultrasounds during 20 min, and a 
longer application of ultrasounds did not improve the emulsification 
and the final results.

Figure 8.9 Influence of the time of application of ultrasounds on (a) the 
encapsulation efficiency and (b) the micellar particle size.

 Another important parameter is the ratio between organic and 
aqueous phases in the initial emulsion. As shown in Fig. 8.10, when 
the ratio was reduced from rorganic–water = 0.73 mL/mL to rorganic–

water = 0.275 mL/mL, the encapsulation efficiency was increased 
from 18% to 24%, and the micellar particle size was considerably 
reduced from 6 µm to 140 nm. These variations of results can be 
correlated with the reduction of emulsion droplet size and the 
increase of emulsion stability when the fraction of organic solvent in 
the emulsion is reduced and the amount of surfactant is increased. 
 Figure 8.10 also presents a comparison of results obtained by 
ultrasound emulsification and high-shear emulsification. As shown 
in this figure, in experiments carried out by high-shear emulsifica-
tion the encapsulation efficiency remained approximately constant, 
ranging between 4.6% and 8.0%. This value was clearly lower than 
the results achieved by ultrasound emulsification. On the other 
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hand, micelar particle sizes obtained with both techniques were 
similar. These results probably are a consequence of the more ag-
gressive conditions during high-shear emulsification compared to 
ultrasound emulsification.

Figure 8.10 Influence of the ratio between volume of the organic phase 
and volume of the aqueous phase organic–water on (a) the 
encapsulation efficiency and (b) the micellar particle size, 
obtained by high-shear emulsification () and by ultrasound 
emulsification (■).

8.6.2 Formulation by Precipitation from Pressurized 
Organic Solvent-on-Water Emulsions

With the high-pressure emulsion technique previously discussed in 
Section 4, a study of the formulation of β-carotene using a modified 
n-octenyl succinate starch refined from waxy maize as carrier 
material was carried out [63]. Formulations were prepared with 
a process based in the formation of an organic-in-water emulsion 
with pressurized fluids. As previously discussed, the aim in the 
conception of this process is to improve the formulation over the 
conventional emulsion evaporation process, accelerating the mass 
transfer kinetics to the time scales of the precipitation processes. 
Ethyl acetate was chosen as organic solvent because it is a generally 
recognized as safe (GRAS) solvent with low toxicity. 
 The experimental setup is shown in Fig. 8.4. The experimental 
apparatus consists of three small storages at ambient pressure, 
corresponding to the feed of pure organic solvent (ethyl acetate), 
β-carotene suspension in the same organic solvent, and the aqueous 
solution of the modified OSA–starch. The stream of the organic 
solvent is preheated in order to reach the specified operation 
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temperature after mixing with the β-carotene suspension (typically 
145°C). All streams are pressurized with the pumps in order to 
keep them in the liquid phase at this temperature. The suspension 
of β-carotene is pumped at ambient temperature. Then, it is mixed 
with the hot organic solvent stream in a T-mixer; at this point the 
β-carotene is completely dissolved because the solubility increases 
when temperature. Shortly afterward, the β-carotene solution is 
mixed with the cold aqueous solution of surfactant using another 
T-mixer in order to reduce the contact time of β-carotene particles 
with the hot organic solvent and to avoid the isomerization and 
degradation of the product. The contact of the hot solution of 
β-carotene with the cold aqueous solution in the second T-mixer 
causes the emulsification of the organic solvent and the precipitation 
of β-carotene by a combined antisolvent and cooling effect. Then, 
the emulsion is collected and the organic solvent is removed by 
vacuum evaporation in order to produce a suspension of β-carotene 
nanoparticles in water stabilized with the surfactant.
 In this research, the influence of the main process parameters was 
studied: the concentration of modified OSA–starch and the organic–
water ratio. The effect of the concentration of modified OSA–starch 
dissolution was carried out varying this concentration from 37 g/L to 
367 g/L. In Fig. 8.11, the influence of the concentration of surfactant 
on the percentage of encapsulated β-carotene and micellar particle 
size is presented. 

Figure 8.11 Variation of the micellar particle size and encapsulation 
efficiency with the concentration of an OSA–starch surfactant 
in the formulation of β-carotene by precipitation from 
pressurized o/w emulsions.

 The results show that the percentage of encapsulated β-carotene 
is higher when the concentration of modified-starch is increased. 
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With regard to the micellar particle size, the main sizes obtained 
ranged from 200 nm to 600 nm; it is higher when the concentration of 
surfactant is increased. Although an increase in the micellar particle 
size is in general disadvantageous for the stability of the suspension, 
it must be taken into account that the use of high concentrations of 
starch allows to encapsulate a higher percentage of β-carotene and 
to obtain a better emulsion stability. As for the effect of the organic–
water ratio, it was carried out varying this ratio from 0.6 to 1.3. It is 
necessary to emphasize that this organic–water ratio has a strong 
influence on the micellar particle size. When this ratio is increased, 
the micellar particle size increases as well. On the other hand, the 
encapsulation efficiency does not show a clear variation, achieving 
percentages of encapsulated β-carotene of 70%–80%. The best 
results were obtained with low ratios, in the range of 0.65 and 0.73. 
The obtained suspension can be further processed by spray-drying 
or similar techniques in order to obtain a dry product. As shown in 
Fig. 8.12, a homogeneous suspension of β-carotene in water can be 
easily obtained by rehydration of this formulation.

Figure 8.12 Dispersions of b-carotene formulations in water.

 To better assess the mechanisms of particle formation by the 
pressurized emulsion method, additional experiments were carried 
out using ethanol instead of ethyl acetate as organic solvent [77]. 
Compared to ethyl acetate, ethanol is completely water miscible, and 
therefore using this solvent particle formation is only governed by 
an antisolvent mechanism, as the emulsion template is not formed 
with this solvent. As shown in Fig. 8.13, the trends of variation of par-
ticle size and encapsulation efficiency with the organic–water ratio 
obtained with both solvents are equivalent: particle size increases at 
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higher organic–water ratios, while approximately constant encapsu-
lation efficiencies are obtained. However, considerable differences 
between the values of particle size and efficiency obtained with the 
two solvents can be observed. In particular, the encapsulation ef-
ficiencies obtained using ethanol as organic solvent (30%–40%) are 
clearly lower than those achieved using ethyl acetate and the same 
OSA–starch (70%–80%). This can be a consequence of the lack of 
the emulsion template in experiments carried out with ethanol. 
Regarding the particle size, slightly smaller particle sizes were ob-
tained in successful experiments with ethanol (150–200 nm) than in 
experiments with ethyl acetate (400–500 nm). This result indicates 
that the formation of an emulsion in experiments with ethyl acetate 
does not contribute to control particle size by restricting particle 
growth within emulsion droplets. On the contrary, particle size ap-
pears to be controlled by the antisolvent precipitation process or by 
the size of surfactant micelles in the final aqueous dispersion.

Figure 8.13 Variation of (a) micellar particle size and (b) encapsulation 
efficiency with the organic–water ratio in experiments using 
ethyl acetate or ethanol as solvents.

8.6.3 Formulation by Supercritical Fluid Extraction of 
Emulsions

With this technique, the formulation of β-carotene, using modified 
starch and a blend of Tween 20 and Span 20 as surfactants, was 
carried out by Mattea et al. [73]. This work was later extended to 
the formulation of lycopene by Santos et al. [74]. In a first series of 
experiments of formulation of β-carotene by batch SFEE extraction, 
a clear relationship between the initial emulsion droplet size and 
the final particle size was observed. As shown in Fig. 8.14, the 
relationship between the emulsion size and the droplet size is clear 
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and limitations in the size were related to the possibility of obtaining 
smaller droplets sizes during the emulsion formation.

Figure 8.14 Size distribution of the starting emulsion and produced 
suspension for a SAS process at 323 K, 4 kg of CO2/h: (a) 8 MPa 
and (b) 13 MPa.

 The evolution of the concentration of dichloromethane during 
an experiment can be observed in Fig. 8.15. The concentration of 
dichloromethane obtained in the experiments was lowered from the 
initial 15%–20% v/v to a final value inferior of 10 ppm. The desired 
concentration of the organic solvent is directly related to the further 
application of the nanosuspension of carotenoids. If the obtained 
suspension-like product is going to be dried by other methods like 
spray drying or freeze drying, the remaining organic solvent will be 
removed in those processes.

Figure 8.15 DCM content of the produced suspensions at different time 
intervals during a GAS process.
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 Figure 8.16 presents SEM and ESEM images of particles pro-
duced by semicontinuous SFEE from a spray, followed by lyophili-
zation of the obtained aqueous suspension. In the first image the 
modified starch based product is exposed, and it is possible to iden-
tify large needle type particles formed during the lyophilization 
together with small spherical particles formed during the antisol-
vent precipitation process. The size of the particles obtained during 
the GAS and SAS process can be observed in the optical microscopy 
(OM) and SEM images of the particles obtained with Tween 20 and 
Span 20, (b) and (c), respectively, which are distributed in a continu-
ous matrix composed by the surfactant mixture.

Figure 8.16 Microscopic images of the particles produced during a SAS 
process: (a) SEM image of the freeze-dried product from an 
emulsion prepared with OSA. (b) OM and (c) SEM image of the 
freeze-dried product from an emulsion prepared with Tween 
20 and Span 20.

 The content of DCM of the samples obtained in these experi-
ments was below 10 ppm after the SAS process and negligible after 
the lyophilization process. The obtained particle size distributions 
for the processes at different operative conditions were very similar, 
and always below or similar to the original droplet size distribution, 
showing narrow distributions in the submicrometric range, as pre-
sented in Fig. 8.17. Furthermore, as presented in Fig. 8.18, high en-
capsulation efficiencies, ranging from 50% to 70%, were obtained. 
Differential scanning calorimetry (DSC) assays of lyophilized or 
spray-dried aqueous suspensions did not show peaks correspond-
ing to crystalline β-carotene, indicating that all β-carotene was dis-
persed as an amorphous phase in the surfactant matrix, which is a 
positive characteristic for an enhanced bioavailability of the active 
compound.
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Figure 8.17 Particle size distributions obtained by SFEE processing of 
b-carotene (continuous line) and lycopene (dashed line) with 
OSA–starch surfactants Adapted from Ref. [74].

Figure 8.18 Encapsulation efficiency obtained by SFEE processing of 
b-carotene (■) and lycopene (▲) with OSA–starch surfactants. 
Adapted from Ref. [74].

 The encapsulation of β-carotene in polycaprolactones by SFEE 
processing has also been studied. Compared to OSA–starches, 
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polycaprolactones are hydrophobic polymers that show slow 
degradation in water, enabling a slow release of the entrapped 
β-carotene. Particles were produced by semicontinuous SFEE 
processing of atomized solutions, dissolving both β-carotene and 
the polymer in the disperse dichloromethane phase of the emulsion. 
Three polycaprolactones with different molecular weights (MWs) 
were tested: CAPA 2403D (MW: 4000 g/mol), CAPA 6100 (MW: 
10,000 g/mol), and CAPA 6250 (MW: 25,000 g/mol). As shown in 
Fig. 8.19, the particle size distributions of the emulsion droplet and 
of the suspension of β-carotene with the three PCLs were similar, 
obtaining a mean diameter of about 300 nm. Furthermore, Fig. 
8.20 presents SEM micrographs of the particles obtained. As can 
be observed, polycaprolactone particles exhibit in all cases a very 
similar morphology and particle size, independently of which 
polycaprolactone was used, observing spheres with a size in the 
order of 200 nm with a rough surface, in agreement with the results 
of particle size distribution measurements previously reported.

Figure 8.19 Influence of the molecular weight of PCLs on the particle size 
distribution of (a) emulsions and (b) suspensions (after SFEE 
process): (∑) CAPA 2403D, (■) CAPA 6100, and (▲) CAPA 6250.

Figure 8.20 SEM micrographs of particles processed by SFEE: (a) CAPA 
2403D- β-carotene, (b) CAPA 6100-β-carotene, and (c) CAPA 
6250-β-carotene.
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8.6.4 Comparison of Results Obtained with Different 
Techniques

Figure 8.21 presents a global comparison of the results obtained 
with the different techniques reported in this section. Comparing 
the results obtained by conventional solvent evaporation and 
by precipitation from pressurized emulsions, the most notable 
differences are observed in the encapsulation efficiency. Much 
lower encapsulation efficiencies are yielded by emulsion 
evaporation processes, especially when the emulsion is formed by 
conventional shear stress methods. This result can be related to a 
partial destabilization of the emulsion during the long processing 
times that are required by emulsion evaporation processes, which 
are reduced to seconds with the pressurized emulsion method 
used in this work. On the contrary, smaller differences are observed 
in the micellar particle sizes or even smaller sizes are obtained 
by ambient pressure emulsion evaporation techniques than in 
experiments with ethyl acetate reported in this work, which may 
indicate a more effective emulsion formation by the ultrasound or 
high-shear methods employed in emulsion evaporation techniques 
than by turbulent mixing as in experiments of precipitation from 
pressurized emulsions.

Figure 8.21 Comparison between results obtained by emulsion 
evaporation, precipitation from pressurized emulsions, and 
supercritical fluid extraction of emulsions.
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8.7 Conclusions

With respect to the results obtained by supercritical extraction of 
emulsions, compared to experiments of precipitation from pres-
surized emulsions, similar micellar particle sizes and slightly low-
er encapsulation efficiencies were achieved. As a major difference 
between the morphology of product obtained by these techniques, 
as previously reported no crystalline β-carotene particles were ob-
served in DSC assays of SFEE-processed formulations, while some 
crystalline β-carotene was detected in formulations produced 
by precipitation from pressurized emulsions. This indicates that 
SFEE processing yielded a homogeneous dispersion of amorphous 
β-carotene in the carrier, which is a favorable property for an en-
hanced bioavailability of this compound. Furthermore, SFEE pro-
cessing enabled producing solvent-free products in a single step 
with comparatively short processing times, while solvent removal 
by vacuum evaporation was required in experiments of precipita-
tion from pressurized emulsions.
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The physicochemical properties of scCO2 offer a widespread set of 
alternatives for novel processing protocols and strategies. Strategies 
of the use of scCO2 for material-processing purposes could be 
classified into four main groups, as depicted in Fig. 9.1.

Figure 9.1 Strategies for material processing using supercritical fluid 
technology: (I) scCO2 as a solvent, (II) scCO2 as an antisolvent, 
(III) scCO2 as a solute, and (IV) scCO2 as a reagent.
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9.1 Strategy I: Use of scCO2 as a Solvent

Extraction of natural compounds, particle formation processes 
(e.g., rapid expansion of a supercritical solution, RESS), polymer 
impregnation, cleaning of impurities, solvent removal, and the 
reaction medium (e.g., in Diels–Alder, silanization, hydrogenation, 
hydroformilation, oxidation, polymerization, and enzimatic 
reactions) are among the most promising applications exploiting 
the solvent power of supercritical carbon dioxide (scCO2) [1–6]. CO2 
can provide not only environmental advantages but also chemical 
advantages when applied strategically [7]: 

 (i) CO2 cannot be oxidized; in essence, CO2 is the result of 
complete oxidation of organic compounds and it is, therefore, 
particularly useful as a solvent in oxidation reactions, 

 (ii) CO2 is benign and hence cross-contamination during 
extraction is not significative. 

 (iii) CO2 is an aprotic solvent that can be employed without 
penalty in cases where labile protons could interfere with the 
reaction. 

 (iv) CO2 is generally immune to free radicals and does not support 
chain transfer to solvent during free-radically-initiated 
polymerization; thus, it is an ideal solvent for use in such 
polymerizations, despite the fact that it is typically a poor 
solvent for high-molecular-weight polymers. 

 (v) CO2 is miscible with gases in all proportions above 304 K. 
 (vi) CO2 exhibits solvent properties with a variety of low-

molecular-weight organic liquids, as well as with many 
common fluorous (perfluorinated) solvents. 

 (vii) CO2 exhibits a liquid viscosity only 1/10 that of water and, 
hence, the Reynolds number for flowing CO2 is approximately 
10 times that for conventional fluids at comparable fluid 
velocity, improving convective heat transfer. 

 Obviously, CO2 also exhibits some inherent disadvantages as a 
solvent: 

	 	CO2 exhibits a low dielectric constant. 
	 	CO2 is a Lewis acid and reacts with strong bases (amines, 

phosphines, alkyl anions). 
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	 	CO2 can be hydrogenated in the presence of noble metal 
catalysts to produce CO. 

	 	Compressed CO2 produces low pH (2–3) upon contact with 
water.

 Chapter 10 addresses two examples of organic reactive processes 
carried out in scCO2, the synthesis of organic macrocycles [8] and 
the ship-in-a-bottle formation of trityl and piryl cations [9, 10]. 
Chapter 11 addresses the reactive precipitation of inorganic calcium 
carbonate in supercritical media.

9.2 Strategy II: Use of scCO2 as an Antisolvent

The lack of solubility of certain solutes in scCO2 may be exploited 
for the processing of these materials by using the supercritical 
fluid as an antisolvent. scCO2 must be partially or totally miscible 
with the liquid solvent and a nonsolvent for the solute. Under these 
conditions, a simultaneous two-way mass transfer, caused by the 
rapid diffusion of CO2 into the liquid solution and the solvent into 
the CO2 phase, takes place. The diffusion of the scCO2 antisolvent 
into the liquid solvent reduces the solvent power of the liquid, 
thus causing solute precipitation. The antisolvent processes were 
described in detail in Chapter 6.

9.3 Strategy III: Use of scCO2 as a Solute

Technologies based on the use of scCO2 as a solute and, in particular 
the particles from gas-saturated solutions (PGSS®) process, have 
emerged as alternative one-step methods to obtain solvent-free 
polymer or lipid particles at low processing temperatures. Active 
substance-loaded particles and particles with encapsulated liquid 
are also processed by the PGSS® process. The technique consists 
in dissolving high concentrations of scCO2 in the bulk of a melted 
solid and subsequent quick expansion through a nozzle, causing 
complete evaporation of the gas and solidification of the liquid into 
fine particles. The PGSS® process operates at lower pressures than 
other scCO2-asssisted particle formation processes (e.g., RESS) and 
no organic cosolvents are needed for processing. Moreover, it can 

Strategy III
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be operated in continuous mode, giving excellent process yields. 
However, the control of particle size and particle size distribution 
of the obtained powder has to be improved. The PGSS process was 
described in detail in Chapter 7. 
 Moreover, scCO2 is used as a solute when dissolved in amorphous 
polymers to act as a porogenic agent. Pores are formed when 
the scCO2 solubilized in the polymeric matrix is released upon 
depressurization. The foaming of biopolymers using scCO2 is 
being investigated with the aim of preparing scaffolds for tissue 
engineering [11–16]. These techniques will be described in detail in 
Chapters 12–15 of Part IV of this book.

9.4 Strategy IV: Use of scCO2 as a Reagent

Much research is focused on the use of CO2 as a green feedstock for 
the sustainable synthesis of chemicals [17–25]. To date, however, 
the economics of such processes are not very promising, since in 
most of the applications CO2 technology competes with the existing 
routes/plants using the highly reactive and effective, but toxic, 
carbon monoxide (CO). Nonetheless, the high concentration of CO2 
when scCO2 is used may accelerate some of these reactions and 
make the use of scCO2 more effective than CO. Moreover, the high 
solubility of many gases in scCO2 (e.g., H2) is a chemical advantage 
for using scCO2 as a reagent (e.g., in the hydrogenation of CO2 to 
make formic acid and in the synthesis of alkyl formates or alkyl and 
dialkyl formamides using CO2 and H2 as reagents) [26]. The use of 
scCO2 as a carbonation agent may also reduce the mass transfer 
limitations in diffusion-controlled reactions, such as in the synthesis 
of inorganic carbonates [27]. Finally, the simultaneous use of scCO2 
as both a reaction medium and a reactant is being prospected, since 
it is regarded as a smart reaction strategy for synthesis [28]. This 
approach is being evaluated for the synthesis of organic chemicals, 
such as ureas, Schiff base macrocycles, carbamates, and isocyanate 
carbodiimides [29, 30]. 
 In Chapter 11, rhombohedral calcite with a very low degree 
of agglomeration, high specific surface area, and sizes going from 
a few microns to nanocrystals is obtained under supercritical 
conditions [31]. By using compressed CO2, the reactor size, 
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necessary for a desired production rate, is decreased. Moreover, the 
use of ultrasounds coupled with scCO2 treatment largely improves 
carbonation process kinetics [32, 33]. The scCO2 carbonation 
process is also applied to the in situ precipitation of calcite inside 
the pores of cellulose paper [34] or Portland cement, thus increasing 
the density and reducing the water permeability and pH of the 
material, which enhances the durability in certain applications [35, 
36]. Cement carbonation not only generates a high-value-added 
product but also could help to CO2 capture and storage [37], and 
therefore, it is regarded as a sustainable process. Calcium-based CO2 
solid sorbents for CO2 capture reveal a different efficiency of the 
carbonation/calcination cycle according to their origin, natural or 
synthetic, and the synthesis method.
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Synthesis of many specialty chemicals involves use of organic 
solvents. The objective of this chapter is to describe the feasibility of 
carrying out organic reactions in supercritical fluids. Supercritical 
fluids have properties that could make them nearly the ideal media 
for conducting synthetic reactions. This chapter, after a revision 
of chemical reactions in scCO2, addresses the synthesis of organic 
complex molecules using this fluid as a solvent. The first section 
revises the formation of macrocycles in scCO2, where Schiff-based 
(C=N) and polycyclic ring compounds are prepared through a 
cyclocondensation reaction between amines and aromatic aldehydes 
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in the absence of any template and catalyst or cosolvent. The second 
section explores the preparation of hybrid materials through a ship-
in-a-bottle approach in scCO2. These hybrid materials are composed 
of medium-sized organic cationic molecules synthetized into zeolite 
cages. 

10.1 Introduction to Chemical Reactions in 
scCO2

The blooming of the study of the chemical reactions carried out us-
ing supercritical carbon dioxide (scCO2) as a solvent started in the 
early 1980s, when the potential of this solvent started to inspire sci-
entist into the research of different methods of chemical synthesis. 
Later in the 1990s, the concern of carrying out chemical reactions in 
a greener way increased the interest in developing new approaches 
where all, the chemical reagents, solvents, and by-products, are en-
vironmentally friendly or, at least, less harmful [1]. This interest was 
reflected by McHungh and Krukonis [2] who described the advan-
tages of carrying out the reactions in supercritical fluids, relating 
the increased reactions rates and selectivities resulting from the 
rapid diffusion and the low solvation of the reacting species. scCO2 
has unique properties that makes it an excellent medium in which 
conduct chemical reactions. Despite the potential of scCO2 as a sol-
vent medium to carry out organic synthesis, there are still some 
disadvantages that slow down the development of new synthetic 
strategies. Among these disadvantages are found the low solubility 
of high-molecular-weight molecules in scCO2 and the difficulty of 
working with polar compounds in the absence of cosolvents. 
 Supercritical fluids are becoming increasingly important in 
industry, partly in response to the adverse environmental impact 
of solvent use and disposal. As a reaction medium, the attractive 
physical and toxicological inertness properties of scCO2 have made 
it superior to conventional organic solvents in a large number of 
synthetic transformations [3]. Research is focused on reactions 
in which the outcome either cannot be obtained using traditional 
organic solvents or is influenced to a great extent by the unique 
properties of scCO2. Two main categories of organic reactions in 
scCO2 have been developed—(i) those in which scCO2 is used as a 
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solvent/reaction medium [4] and (ii) those in which scCO2 takes 
part in the reaction as a reactant or simultaneously as a reagent and 
a solvent [5]. 

10.1.1 Organic Reactions in an scCO2 Medium

In 1999, a special issue of Chemical Reviews was dedicated to 
organic reactions in supercritical media [6]. From them, the various 
aspects of reactions performed in scCO2, used as a solvent, have 
been extensively reviewed [7–13]. scCO2 is used as a medium in the 
following chemical reactions: enzyme-catalyzed [14], polymerization 
[15–17], radical [18], cycloaddition [19], and transition metal–
catalyzed reactions [20, 21].

10.1.1.1 Transition metal–catalyzed reactions

Researchers in organometallic catalysis started to contemplate 
a broad use of CO2 as a solvent in the mid-1990s, especially after 
sufficiently “CO2-philic” organometallic catalysts became generally 
available [22, 23]. Organic reactions catalyzed by transition metals in 
scCO2 include oxidation, reduction, carbonylation, radical addition, 
C–C coupling, and cycloaddition reactions [24]. All these reactions 
can be performed in scCO2 with equal or even better results than in 
conventional organic solvents, owing to the high diffusion and low 
viscosity of scCO2. Selective examples using Pd, Rh, Ru, Ir, Pt, Ni, Co, 
Cu, Ag, and Au are reviewed in [25]. Particularly, palladium-catalyzed 
C–C coupling reactions are finding increasing importance for 
industrial synthesis of fine chemicals, including biologically active 
compounds. The most studied chemical transformations in scCO2 
involving the C–C bond formation include the Diels–Alder reaction, 
the thermal cracking of hydrocarbons, the hydroformylation 
reactions, and Suzuki coupling [26]. Another well-described type of 
reaction is the hydrogenation of fats [27]. In scCO2, such coupling 
processes occur at high rates and with excellent selectivity [28–
30]. In oxidation reactions, the advantage of the process is related 
with the fact that oxygen and CO2 are completely miscible under 
supercritical conditions. Also, CO2 cannot be oxidized further during 
catalytic oxidation. Hence, oxidation reactions in scCO2 eliminate 
side products formation due to oxidation of organic solvents. The 
addition of suitable amounts of cosolvents in scCO2 is necessary 
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in most reactions, because it not only improves the solubility of 
transition metal salts in scCO2 but also regulates the ratio of products 
and raises the selectivity as well.

10.1.1.2 Polymerization reactions

The first homogeneous free-radical polymerization in scCO2 was 
reported in 1992 [31]. scCO2 is an ideal solvent for the polymerization 
of fluoropolymers and silicon-based polymers, which display 
limited solubility in organic solvents [32]. Moreover, although most 
commercial polymers are not soluble in scCO2, they can be synthesized 
in biphasic dispersion and emulsion polymerization modes [33, 34]. 
The molecular weights and polymer properties prepared in scCO2 
are similar to those obtained by analogous polymerization methods 
in organic solvents. Therefore, the incentives of using scCO2 as a 
solvent lie not in the polymerization reaction but in the decreased 
cost of polymer processing [35]. Polymers synthesized in scCO2 
can be isolated simply by depressurization of the reaction vessel. 
Moreover, due to the increased plasticity of polymers in scCO2, 
the residual monomer and catalysts are easily removed from the 
polymer matrix. 

10.1.1.3 Enzyme-catalyzed reactions

The stability and activity of enzymes exposed to CO2 under high 
pressure depend on enzyme species, water content in the solution, 
and the pressure and temperature in the reaction system, as well as 
the depressurization step [36, 37]. The three-dimensional structure 
of enzymes may be significantly altered under extreme conditions, 
causing their denaturation and consequent loss of their activity. If 
the conditions are less adverse, the protein structure may largely be 
retained [38]. The initial applications of scCO2 treatments involv-
ing enzymes were designed as an alternative to thermal microbial 
inactivation, which can be safely used in foods and bioactive mate-
rials at relatively low temperatures [39]. This method has received 
increasing attention since scCO2 was shown to be effective for the 
treatment of Escherichia coli [40]. It was stated that enzyme inac-
tivation with scCO2 could be predominantly attributed to the pH-
lowering effect during treatment [41]. Further, the finding that some 
enzymes, such as lipases, several phosphatases, dehydrogenases, ox-
idases, amylases, and others, are well suited for enzymatic reactions 
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in scCO2 has broadened immensely the scope of their applications 
as highly enantioselective catalysts in synthesis carried out in scCO2. 
Interestingly, the activity and selectivity of enzymes can be modu-
lated by changes in the working pressure or temperature, increasing 
the range of products that a single enzyme can form [42]. The appli-
cation of scCO2 as a solvent in enzyme-catalyzed reactions has been 
a matter of considerable research because of its favorable transport 
properties, which accelerate mass-transfer-limited reactions [43]. 
There are several reports in the literature on enzymatic hydrolysis 
of vegetable oil or triacylglycerol in scCO2 solvent, most of them in 
enzymes immobilized into porous silica supports. The major advan-
tage of immobilized enzymes consisted in an easier separation from 
the product [44, 45].

10.1.2 Reactions Involving CO2 as a Reactant

In addition to acting as a solvent with unique physical properties, 
scCO2 proves to have synthetic utility in a variety of organic and 
inorganic reactions. CO2 is an inert molecule in most organic 
environments; however, it is a Lewis acid and reacts with strong 
bases, such as amines or phosphines. The use of scCO2 as a labile-
protecting group for secondary amines has been reported [46]. 
Moreover, scCO2 has been used as a C1 building block, that is, as a 
carbon source, in the formation of formic acid, methyl formate, 
and dimethyl formamide [47, 48]. The application of scCO2 is now 
reasonably established for hydrogenation and hydroformilation. The 
high degree of solubility of H2 gas in scCO2 is one factor contributing 
to the improved results of these reactions in this medium. In addition 
to carbamate formation in the reaction of CO2 and amines, the fluid 
can also form carbonates. An important class of these materials is 
inorganic carbonates formed by the reaction of CO2 and alkaline 
earth metals [49].

10.2 Schiff Base Synthesis in Supercritical CO2

The richness of amine and organonitrogen functional groups 
and the potential that they have in natural and synthetic process 
make them an important class of family in reactive chemistry. 
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One significant obstacle that chemists encountered in synthetic 
chemistry when using scCO2 as a solvent is the lack of research 
carried out in the chemistry of nitrogen. The reason is related with 
the reaction between amines and CO2 that forms insoluble materials 
(carbamates), often inadequate for further chemical processing. On 
other occasions, the drawback of the formation of these insoluble 
species is at the same time an advantage, for instance, the capacity 
of mono- and diamines to uptake CO2 that is used in the technology 
for CO2 capture, as a help to decrease the greenhouse effect. Indeed, 
amine scrubbing, which has been used to separate CO2 from natural 
gas and hydrogen since 1930 [50], now is a robust technology and it 
is used on a large scale for CO2 capture from coal-fired power plants. 
Recently, the interest in trying new ideas for reactions of amines 
and imines and scCO2 has increased and turned into a new field of 
research.
 A Schiff base or imine bond (C=N) is the result of the condensation 
of a carbonyl compound with an amine (Scheme 10.1).

NH2

O
N

Scheme 10.1 Reaction scheme of imine formation.

 The possibilities of using scCO2 as a green solvent for the 
preparation of Schiff bases and, in particular, macrocyles containing 
imine groups following the classical reaction has not been extensively 
explored [51, 52]. However, and despite the disadvantages, scCO2 has 
a series of characteristics that are expected to facilitate the synthesis 
of Schiff base molecules and, moreover, the formation of Schiff-
based macrocycles [53]. On the one hand, the solvating properties 
of this fluid can be continuously varied from gas-like to liquid-like 
values with small changes in the pressure and/or temperature, 
which can be used to control the thermodynamics and kinetics of 
the process. Moreover, the fact that scCO2 is an aprotic solvent is 
also an advantage in the imine synthetic process, because it cannot 
protonate the amine and there are no labile protons interfering in 
the reaction. On the other hand, compressed CO2 acts as a Lewis 
acid, which favors the formation of the acid-catalyzed imine bond. 



215Schiff Base Synthesis in Supercritical CO2

 CO2 can react directly with primary and secondary amines 
to produce carbamates through the formation of zwitterion 
intermediates [54] (Scheme 10.2).

Scheme 10.2 Reaction schemes of behavior of CO2 and amines in dry and 
wet conditions.

 In an aqueous amine environment, as the one employed for 
CO2 capture, the base that deprotonates the zwitterion can be 
another amine, H2O or OH–. On the contrary, in dry conditions, 
the deprotonation occurs with another amine. Considering the 
equilibria when working with amines in scCO2, it is advisable to 
evaluate the extension of the possible reaction between the CO2 
and the amine under used experimental conditions. Another fact 
to take into account when choosing an amine as a reagent is how 
hindered is the nitrogen within the bulky structure. It has been 
shown that introducing steric hindrance by a bulky substituent 
adjacent to the amino group lowers the stability of the carbamate 
formed by the CO2–amine reaction [55]. It is also important to think 
about the substituents of the organic building blocks. An example of 
imine formation reaction in scCO2 is shown in Scheme 10.3. In this 
reaction, a molecule containing two imine bonds was achieved at a 
pressure of 15 MPa and at 35.5°C of temperature. 

Scheme 10.3 Reaction scheme of a molecule containing two imine groups 
in scCO2.

 In the same way that molecules containing one or two imine 
bonds can be prepared, polyimine macrocycles can also be synthe-
sized by carefully choosing the processing conditions. Examples of 
the prepared cyclophanes are shown in Scheme 10.4. 
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Scheme 10.4 Structures of polyimine macrocycles achieved in scCO2.

 These molecules are synthesized using a classic synthetic 
strategy based on a [2+2] and [3+3] cyclocondensation, where 
two or three units of (1R,2R)-diaminocyclohexane react with two 
or three units of an aromatic dialdehyde, respectively. It should 
be taken into account that the amine object of study, (1R,2R)-
diaminocyclohexane, is a hygroscopic molecule and it is the 
adsorbed water that, when in contact with CO2, produces the acid 
medium necessary for the catalysis. The preparation of these cycles 
required a higher pressure and reaction time than in the case of 
the diimine molecule presented in Scheme 10.3. The pressure and 
temperature conditions used in Scheme 10.3 were not sufficient to 
allow the complete macrocyclation; thus a raise of the processing 
conditions to improve the solvent power of scCO2 was necessary. In 
the condensation process, as the reaction proceeds to completion, 
the size of the molecules increases and so does their molecular 
weight. As the molecule gets heavier, it becomes more insoluble 
in certain conditions of pressure and temperature. Therefore, the 
system pressure and the reaction time need to be raised up to 20 
MPa and two hours, respectively, to enhance the solvation power of 
the CO2, thus helping to dissolve the formed molecules and leading 
the cyclation process to completion.
 The designed supercritical route is not only a greener and safer 
method than the classical procedure but also a one-stage process 
that would lead to high yield values, thus allowing a sustainable 
use of resources. One of the main advantages of this methodology 
is that the synthesized Schiff bases had an empty core, not filled 
with solvent molecules, since the scCO2 is eliminated as a gas 
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during depressurization. Hence, the supercritically as-synthesized 
compounds are ready to participate in host–guest chemistry or 
to act as selective probe materials. Big efforts are being made to 
control the reaction and processing conditions in scCO2 amine fine 
chemistry, but the perspectives of carrying this process from batch 
work to the bulk hold a promising future.

10.3 The Ship-in-a-Bottle Host–Guest Approach 
for the Preparation of Hybrid Materials

As the need for new materials for catalytic supports arises, their de-
velopment have increased and improved. An interesting advance in 
this area is the creation of catalytic structures composed of reac-
tive clusters uniformly prepared and accommodated in restrictive 
spaces, such as the cavities of porous materials. In this way, when in-
troducing organic ions with catalytic activity inside restrictive spac-
es, the migration and/or decomposition under the reaction condi-
tions of these catalytic ions can be avoided. Examples of such cata-
lytic structures are organic cations stabilized inside zeolite X and 
Y cavities, where the entrapped cations are immobilized inside of 
the zeolite cages, and strongly stabilized by the negatively charged 
environment, leading to a very stable structure. Despite the majority 
of these organic catalysts having the correct size to fit inside the 
intrazeolite large cavities, they are far too large to be transported 
throughout the zeolite channels. It is possible to generate bulky or-
ganic cations embedded within the large cages of these zeolites by 
using the ship-in-a-bottle procedure, which consists of constructing 
the guest molecule by reacting small precursors or building blocks 
within the zeolite large cavities [56–63].

10.3.1 Encapsulation of Chromophores

A particular case of host–guest synthesis procedures is the 
encapsulation of chromophores and cationic organic dyes within 
nanoporous matrices to be used, for instance, in optical applications. 
Important classes of materials are triphenylpyryl and triphenyltrityl 
cations used as electron transfer photosensitizers for photochemical 
reactions involving aromatics, dienes or alkenes, and epoxides and 
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for treating air and water pollutants using solar light. However, an 
efficient use of these cations is only possible when they are trapped 
inside of nanoporous supports, since the free cations hydrolyze in 
water. In this respect, zeolites and aerogels are among the most 
porous host materials known, with accessible surface areas as large 
as 1000 m2g-1. However, for small-pore-opening materials, cations 
are too large to diffuse through the pore opening, even if they have 
the proper size to be housed into the internal large cavities. These 
materials can be incorporated deep in the material following ship-
in-a-bottle methods [64–66]. A notorious example is the use of 
faujasite Y for photochemical applications. Faujasite Y is a zeolite 
with large cages of 1.2 nm diameter connected by 0.74 nm channels. 
For pyrylium and tritylium cations, the entrapment inside the cages 
should be carried out following the ship-in-a-bottle procedure [67, 
68], since their sizes are larger than that of the zeolite channels. 
The encapsulation of these cations have been carried out using 
conventional solvents using extreme reaction conditions in terms of 
time, temperature, and organic solvent use [69]. The use of scCO2 for 
the ship-in-a-bottle impregnation of porous substrates, avoiding at 
the same time the solid–liquid purification procedure, emerges as 
a very successful option, mainly due to the high diffusivity and the 
virtually negligible surface tension of this fluid. A similar procedure 
is followed to encapsulate the cations into microporous zeolites and 
mesoporous aerogels [70] (Fig. 10.1).
 For both studied matrices, the impregnated cations showed 
higher hydrolysis stability when encapsulated than in their 
crystalline form. The cations supported in the mesoporous aerogel 
must exhibit higher intrinsic photocatalytic activity due to the 
absence of the light diffusion restrictions occurring in the opaque 
zeolite. The resulting host–guest assemblies can act as easily 
recoverable heterogeneous photocatalysts. These examples show 
another way to carry out chemical reactions using scCO2 as solvent 
through a C–C bond formation.
 Conventionally, the ship-in-a-bottle synthetic approach consists 
in the adsorption into a thermally dehydrated zeolite of different 
building blocks dissolved in aprotic organic solvents, such as 
isooctane, toluene, or cyclohexane, followed by a reflux treatment 
and finalizing with an exhaustive Soxhlet extraction for product 
purification [71]. This methodology is commonly limited by the 
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slow diffusion of the building blocks from the liquid phase into the 
channels, competition between solvent and guest molecules for 
the adsorbent adsorption sites, very long diffusion times, and the 
prolonged reacting and processing times. When taking into account 
the inconveniences that working with organic solvents have, the 
replacement of these by scCO2 becomes an effective and valuable 
method to build up and process these hybrid catalytic materials.

Figure 10.1 Schematic representation of ship-in-a-bottle procedures (a, d) 
and the scCO2 (T = 313–523 K, P = 15–17.5 MPa) encapsulation 
reactions of triphenylpyryl cations obtained by the 
dehydratation and cyclization of the diketone 1,3,5-tripheyl-
2-pentene-1,5-dione in zeolite (b) and aerogel (c) and 
triphenyltrityl cations formed from the reaction between 
benzaldehyde and anisole in zeolite (e) and aerogel (f).

 Impregnation of solid matrixes using scCO2 as a mobile phase has 
proven to be feasible when the solute compound has an appreciable 
solubility in scCO2. Moreover, the high diffusivity and the virtually 
negligible surface tension of this fluid makes scCO2 a successful 
alternative for the impregnation of microporous substrates, for two 
reasons—on one side, the competition between the solvent and the 
solute for the substrate adsorption sites is very much reduced in 
scCO2 with respect to liquid solvents, and scCO2 gas-like viscosity 
allows rapid penetration of the dissolved substances into the 
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cavities of microporous materials [72, 73]. To explain how scCO2 
is a valuable technology to carry out processes of impregnation 
of organic molecules in microporous materials and, furthermore, 
to carry out chemical reactions within this structures, some 
examples of introduction of organic catalytic cations inside porous 
rigid structures are presented following. For this, a tridirectional 
zeolite of the faujasite-Y-type was used as a model study [74]. The 
compounds chosen as examples for the loading procedure of organic 
molecules inside the zeolites cages using scCO2 as a solvent are the 
2,4,6-triphenylpyrylium (Ph3Py+) cation and a collection of different 
triphenyl trityl cations. The encapsulated cationic samples are 
described as [(Ph3Py+)-Z] for the pyrylium cation and [(RPh3C+)-Z] 
for the different triphenyltrityl cations. 

10.3.2 Preparation of 2,4,6-Triphenylpyrylium 
Encapsulated in Faujasite Y [(Ph3Py+)-Z] 

Pyrylium salts have proved to be good catalysts for photochemical 
reactions, but with a poor photostability [75, 76]. Besides, pyrylium 
cations decompose in aqueous media [77] and must be adsorbed 
or encapsulated in inorganic supports to increase their chemical 
stability. Specifically, the encapsulation of the Ph3Py+ cation inside 
faujasite Y is a good example of organic cation stabilized inside an 
inorganic rigid structure. The Ph3Py+ cation fits inside the large 
cages of the faujasite Y; however, it is too bulky to diffuse through 
the 0.74 nm channels. Therefore, a good solution for preparing this 
catalytic structure is by diffusion of a precursor, in this case the 
diketone 1,3,5-triphenyl-2-pentene-1,5-dione, through the zeolite 
channels, which after reacting with the acid sites of the zeolite large 
cavities, formed the Ph3Py+ cation (Scheme 10.5).
 The supercritical encapsulation experiments of large size 
molecules into the zeolites cavities needs to be carried out in two 
steps. These steps consist of first directing the cationic precursor 
through the connecting channels of the zeolites until they reach the 
largest cavity, called the diffusion step. The second step implies an 
intermolecular proton transfer of the acidic sites of the zeolites to 
the oxygen of one of the carbonyl groups; this protonation leads to 
an intermolecular reaction leading to the formation of the (Ph3Py+) 
cation. This stage is called the cyclation step.
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Scheme 10.5 Synthetic ship-in-a-bottle approach of Ph3Py+ encapsulated 
in zeolite [(Ph3Py+-Z] through the diffusion of the diketone 
precursor. 

 The condition at which the synthetic supercritical process 
takes place at its maximum of effectiveness, that is, with the 
highest pyrylium loadings of about 7 wt% occurs, is made in two 
different temperature steps, low temperature for diffusion and high 
temperature for cyclisation. The diffusion of the diketone inside 
of the zeolite channels is carried out at relatively low temperature 
(60°C) and pressure (150 bar), thus minimizing the Ph3Py+ 
formation, which could lead to the blocking of the zeolite channels. 
The second step was the cyclization through dehydration at 150°C of 
the diketone to produce the Ph3Py+ cation. The first indication of the 
successful formation of the organic cation into the zeolite cavities 
was a change in the substrate color. While the zeolite Y matrix was 
initially white, the adsorption of Ph3Py+ was noticeably visible from 
the development of yellow color. Diffuse reflectance ultraviolet-
visible (UV-Vis) spectra of the solid powders were used to determine 
the composition of the obtained products, through comparison 
with a commercial pyrylium cation (Ph3PyBF4), not captured in 
any matrix. The measured diffuse reflectance spectrum of the 
commercial Ph3PyBF4 displayed a broad band between 320 and 530 
nm corresponding to an envelope of two chromophores. The same 
absorption bands are observed for the zeolite-encapsulated Ph3Py+, 
indicating the existence of the cation within the faujasite cages. 
Also the use of scCO2 proved to be very effective in the purification 
process. The elimination of the excess of the starting material or 
formed by products was more energy- and time effective using the 
scCO2 procedure than by Soxhlet extraction. Moreover, Soxhlet-
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extracted samples were contaminated with dicloromethane, while 
scCO2 purified samples were recovered solvent free

10.3.3 Preparation of Triphenyltrityl Cations 
Encapsulated in Faujasite Y [(RPh3C+)-Z]

 The ship-in-a-bottle technique in scCO2 has been also used for 
the preparation of a series of benzyl trityl cations, in particular, 
the preparation of three zeolite-encapsulated trityl cations: 
triphenyltrityl, dimethoxytriphenyltrityl, and methoxytriphenyltrityl 
(Scheme 10.6). Triphenyltrityl cations, with the general formula 
RPh3C+, are widely known organic compounds due to their numerous 
applications, such as protecting groups, in dye chemistry and in 
photochemical reactions [78, 79]. The most used method for the 
preparation of triphenyltrityl compounds by C–C bond formation 
is the acid-catalyzed Friedel–Crafts reaction of benzaldehydes with 
benzene or other aromatic compounds [80, 81]. As in the pyrylium 
case, these cations can be immobilized inside of the zeolite cages and 
being strongly stabilized by the negatively charged environment, 
and thus they can act as stable long-life photosensitizers. Since the 
studied triphenyltrityl cations had a size higher than the diameter 
of the zeolite channels, the fabrication was based in the diffusion of 
the selected building blocks, followed by the condensation reaction 
to form the C–C bond inside of the zeolite large cavieites to form the 
final organic cation. In this case, benzene, benzaldehyde, anisole, 
and diphenylcarbinol (Scheme 10.6) were used as organic units 
to synthesise the different cations. The obtained loadings in each 
reaction in Scheme 10.6 were estimated from thermogravimetric 
analysis and are shown in Table 10.1. 

Table 10.1 Loadings obtained for the different encapsulated cations 
[(RPh3C+)-Z]

Building blocks Loading [wt%]

Diphenylcarbinol and benzene 8.1
Benzaldehyde and anisole 7.9
Diphenylcarbinol and anisole 7.9
Benzophenone and anisole 5.9
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Scheme 10.6 Different synthesis protocols of triphenyltrityl cations in 
zeolite cavities promoted by acid catalytic condensation.

 One of the key points that indicate the successful formation of 
the trityl cation, and that is commonly shown in all of the prepared 
samples, is the C–Ph stretching band at 1381–1384 cm–1 appear-
ing in the Fourier transform infrared spectra. This signal is specifi-
cally characteristic of the triphenyltrityl cations, thus indicating 
their formation inside of the zeolite supercages. The compound 
[(Ph3C+)-Z] (Scheme 10.6a) is obtained as a yellow powder. In this 
case, the reluctance of unsusbstituted benzene to undergo electro-
philic attack required superacid media for the hydroxyalkylation to 
occur [82–84]. Hence, zeolites with a high Si/Al ratio must be used. 
The advantage of using scCO2 as a solvent for the ship-in-a-bottle 
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synthesis is that the acidity of the medium increased due to the in-
teraction of CO2 with the zeolite adsorbed water, thus facilitating the 
occurrence of the reaction in zeolites with a Si/Al ratio lower than 
2. Sample [(MeO)2Ph3C+)-Z] (Scheme 10.6b) is characterized from 
owing ochre color. The substituents MeO in the formed cation have 
been described to be in the para position and partially penetrating 
through the windows connecting neighboring cavities [85, 86]. The 
compound [(MeOPh3C+)-Z], with a dark orange color, was prepared 
using two different approaches (routes I and II in Scheme 10.6c). A 
higher yield was obtained following route I with respect to route II 
(Table 10.1) due to the higher reactivity of diphenylcarbinol alcohol 
in comparison with benzophenone. Under used experimental condi-
tions the isomerization and disproportionation of anisole and the 
oxidation of benzaldehyde were also possible processes. However, 
the kinetics of RxPh3C+ formation inside of the zeolite cages was fa-
vored and the cation was effectively produced.

10.4 Conclusions

This chapter has revised the latest advances in the synthesis of 
organic molecules using scCO2 as solvent and processing media. 
The high flow rates and fast reaction kinetics allow the design of 
high-throughput processes in small-scale reactors, such as zeolite 
microreactors. It was shown that imine chemistry is possible in scCO2 
and, despite all of the drawbacks, large polyimine macrocycles, with 
molecular weights ranging from 425 to 637 gmol−1, can be formed 
under scCO2 conditions and in the absence or organic solvents. 
Moreover, supercritical fluid technology was demonstrated as a 
successful approach for the impregnation of microporous zeolites 
with large organic molecules. The formation of the encapsulated 
final guest (pyrylium and trityl cations) in the interior of the cavities 
of aerogels and zeolites, using a synthetic method based on a ship-
in-a-bottle methodology in scCO2, is a feasible approach.
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The formation of powdered calcite from slurries containing a 
calcium source and carbon dioxide (industrial carbonation route) 
is a complex process of considerable importance nowadays. In the 
absence of additives, the rhombohedral morphology can be obtained 
in precipitation processes by using solution routes but rarely by 
the industrial method, where the most common morphology of 
precipitated calcite is the scalenohedral one. Rhombohedral calcite 
with a very low degree of agglomeration, high specific surface area, 
and sizes going from few microns to nanocrystals can be obtained 
under supercritical conditions. The use of CO2 in a compressed 
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form facilitates the reduction of the reactor size to keep the desired 
production rate. Moreover, the use of ultrasounds coupled to scCO2 
treatment largely improves carbonation process kinetics. The scCO2 
carbonation process can be also applied to the in situ precipitation 
of calcite inside of the pores of cellulose paper or Portland cement, 
thus increasing the density and reducing water permeability and 
the pH of the material, which enhances the durability in certain 
applications. Cement carbonation not only generates a high added 
value product but also could help in CO2 capture and storage and, 
therefore, it is regarded as a sustainable process. Calcium-based 
CO2 solid sorbents for CO2 capture reveal a different efficiency of 
the carbonation/calcination cycle according to their origin, natural 
or synthetic, and the synthesis method. Under realistic conditions 
(decarbonation at 1173 K) and after 25 cycles of CO2 adsorption/
desorption, scCO2-precipitated CaCO3 sorbents have a residual 
conversion value two times higher than that of natural limestone. 
All these different aspects of supercritical carbonation will be 
addressed in this chapter.

11.1 CO2 Carbonation Reaction

Natural carbonation of portlandite mineral (calcium hydroxide, 
Ca(OH)2) is a well-known phenomenon associated with the 
weathering of alkaline rocks, which plays important roles in day-
to-day life, such as the control of the fraction of carbon dioxide 
(CO2) in the atmosphere or the duration of stainless steel concrete 
structures placed in humid environments [1, 2]. Besides, the 
formation of calcium carbonate (CaCO3) by a reaction between 
Ca(OH)2 and CO2 is a complex process of considerable importance 
in the industrial, ecological, geochemical, and biological areas. The 
main CaCO3 polymorphs are calcite, aragonite, and vaterite [3]. 
Calcite is the thermodynamically stable phase at room temperature 
and atmospheric pressure. Aragonite is the high-temperature 
phase displaying a needle-like morphology and vaterite is the low-
temperature phase, often found as spherical aggregates. Calcite has 
a principal rhombohedral crystal structure, bounded by the (104) 
face as the most stable surface. Besides a rhombohedral structure, 
a myriad of morphological variants is possible, underlining the 
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importance of the elongated scalenohedral calcite form, bounded by 
the (21-1) face. 
 The carbonation reaction consists in bubbling CO2 gas through a 
concentrated aqueous slurry of Ca(OH)2 (Eq. 11.1).

 Ca(OH)2(s, H2O) + CO2(g) ↔ CaCO3(s) + H2O(l)  (11.1)

 The solid–liquid–gas atmospheric carbonation of Ca(OH)2 is a 
slow process with low carbonation efficiency, mainly due to the low 
solubility of CO2 in water. In this respect, accelerated carbonation 
methods using compressed or supercritical carbon dioxide (scCO2) 
as a reactant have been described as efficient alternatives to the 
atmospheric process [4–9]. Formation of CaCO3 involves four main 
steps: dissolution of Ca(OH)2, formation of carbonate ions, chemical 
reaction, and crystal growth. The global process is schematized 
in Fig. 11.1a. Calcite formation has been described as proceeding 
through two consecutive fast and slow reaction stages (Fig. 11.1b) 
[10]. In the first fast stage, the heterogeneous precipitation of CaCO3 
on the Ca(OH)2 surface occurs. As the reaction proceeds and the 
conversion to carbonate increases, a layer of CaCO3 develops on 
the surface of the Ca(OH)2 particles, forming a core–shell structure 
[11]. The dissolution of Ca(OH)2 occurs in two stages [12]: First, 
the Ca(OH)2 particles chemically dissolve on the surface (Eq. 11.2, 
where Kps(2) is the solubility product), and second, Ca2+ ions diffuse 
away from the surface (Eq. 11.3). In the slow stage the reaction 
rate decreases, since the precipitation of CaCO3 inhibited Ca(OH)2 
dissolution and Ca2+

s diffusion to some extent. 

 Ca(OH)2 ↔ Ca2+
s + 2OH– (solid surface) Kps(2)_298K = 10–5.3

 (11.2)

 Ca2+
s + 2OH– (solid surface) ↔ Ca2+

b + 2OH– (bulk solution)   
 (11.3)
 For the formation of carbonate ions, first the reagent CO2 
needs to enter the water phase and, therefore, solubility and mass 
transport resistance would be important parameters controlling the 
reaction rate. Figure 11.1c shows, in the pressure–temperature CO2 
phase diagram, different solubility values of CO2 in H2O at several 
standard working parameters at the vapor, liquid, and supercritical 
conditions. The resistance applied by the water medium to CO2 

CO2 Carbonation Reaction
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penetration can be stated in terms of density and surface tension. 
At high pressures, the densities of the water and CO2 phases are 
similar and less critical shaking intensity is required to overcome 
the interfacial tension (Fig. 11.1d). 

Figure 11.1 (a) Steps occurring in the carbonation reaction: chemical 
dissolution (i) of Ca(OH)2 hexagonal platelets () occurs, 
forming Ca2+

s (Eq. 11.2); (ii) and (ii*) indicate the diffusion (Æ) 
of Ca2+

s to the bulk, thus becoming a reactive Ca2+
b cation (Eq. 

11.3). CO2 absorbs in the water phase (iii) to form CO2aq (Eq. 
11.4), and the fast formation of carbonate ions (iv) (Eqs. 11.5 
and 11.6) is followed by the diffusion (Æ) of CO3

2– (v) and the 
reaction (∑) of Ca2+

b with CO3
2– (vi) (Eq. 11.8), forming calcite 

crystals (  ) (vii). (b) Schematic representation of the fast and 
slow stages of the carbonation reaction in Eq. 11.1. (c) Phase 
diagram of CO2, showing the solubility of CO2 in H2O (mol%) 
at different P and T. (d) Density (r) and CO2/water interfacial 
tension (s) at 298 and 318 K.
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 After CO2 is absorbed in the water phase, it is hydrated and forms 
CO2aq or carbonic acid (H2CO3) (Eq. 11.4). H2CO3 subsequently yields 
bicarbonate (HCO3

–) (Eq. 11.5) and carbonate (CO3
2–) (Eq. 11.6) 

ions. These transformations are fast, although only ca. 1% of the 
absorbed CO2 turns into carbonate. K4, K5, and K6 are the equilibrium 
constants, while k4 and k5 are the rate constants (s–1), all at 298 K 
[13].

 CO2 + H2O ↔ CO2aq (or H2CO3)  K4 = 10–1.5  k4 = 10–1.8  (11.4)

 H2CO3 + OH– ↔ HCO3
– + H2O   K5 = 10–6.3  k5 = 103.8  (11.5)

 HCO3
– + OH– ↔ CO3

2– + H2O  K6 = 10–10.3  Instantaneous  
 (11.6)

 Precipitation proceeds spontaneously (Eq. 11.7), Kps(7) being the 
solubility product at 298 K for the calcite phase [14].

 Ca2+
(aq) + CO3

2–
(aq) ↔ CaCO3(calcite)   Kps(7)_298K = 10–8.3 (11.7)

 Using the classical approach, when the carbonation reaction is 
characterized as slow, the reaction rate is calculated from standard 
kinetics defined by CO2 diffusion. To characterize the carbonation 
reaction as fast, an enhancement factor contributing to CO2 
absorption should appear, for instance, the use of scCO2 [15].

11.2 Nonconventional scCO2 Coupled to 
Ultrasonic Stirring for CaCO3 Precipitation

The precipitation of CaCO3 can be carried out from mechanically 
stirred slurries of Ca(OH)2 via either the diffusion of diluted gaseous 
CO2 through an atmospheric reactor (Fig. 11.2a) or via the addition 
of compressed CO2 into a high-pressure autoclave [6, 7] (Fig. 11.2b). 
Further, the use of ultrasound combined with scCO2 has been 
designed as an alternative stirring method (Fig. 11.2b,c) [16, 17]. The 
use of power ultrasound in liquids is well known to cause a number 
of physical effects (turbulence, agglomeration, microstreaming, 
etc.) as well as chemical effects [18]. These effects arise principally 
from the phenomenon known as cavitation. Cavitation refers to 
the formation, growth, and violent collapse of microbubbles in a 
sonicated liquid due to pressure fluctuations. However, when a liquid 
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is pressurized, the acoustic intensity required to produce cavitation 
increases and this, generally, places a natural limit on the application 
of ultrasound to high pressure processes. In principle, the absence of 
phase boundaries should exclude cavitation phenomena above the 
critical point. However, the use of power ultrasound coupled with 
scCO2 has been already successfully applied to accelerate extraction 
processes in the food industry, for particle size modification in 
different precipitation methods and for the dissolution of uranium 
in decontamination of nuclear solid waste procedures [19–23].

Figure 11.2 Schematic experimental setups for (a) atmospheric carbona-
tion in a Pyrex reactor provided with a vertical stirrer (800 
rpm) and a continuous flow of CO2:N2 and (b) high-pressure 
(13–20 MPa) carbonation equipment with vertical stir-
ring (150–400 rpm) and ultrasound agitation (42 Hz, 70 W). 
Reactors were charged with a Ca(OH)2 slurry of concentra-
tion 150–200 g·L–1. Carbonation is carried out at 313–318 K. 
(c) Picture of the equipment setup used for the supercritical 
equipment coupled with an ultrasound bath. (d) Strip of alu-
minum foil after treatment with scCO2 and ultrasounds (20 
MPa, 313 K, 70 W, 30 min). 

 A simple experiment, carried out with a strip of aluminum foil 
located inside of the reactor, shows the effect of ultrasound power 
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in a system containing exclusively scCO2 [24]. The aluminum foil 
is stable against the effects of pressurizing and depressurizing 
the reactor with CO2. However, after application of ultrasound at 
supercritical conditions, the aluminum foil suffers severe damage, 
as shown in Fig. 11.2d. Consequently, it is feasible to consider that 
a process similar to cavitation is occurring within the supercritical 
fluid through the formation and subsequent collapse of small 
bubbles of subcritical gas. Ultrasound could also produce mechanical 
fluctuations and thermal effects, which create microdisturbances in 
the supercritical phase.

11.3 Applications of scCO2 Accelerated 
Carbonation 

Powdered CaCO3 is the most produced white pigment worldwide, as 
it is used as a coating, filler, or extender in the paper, paint, rubber 
and plastic, textile, detergent, cosmetic, and food industries, among 
others. In the different industrial applications, strictly defined 
parameters, related to particle size and particle size distribution, 
morphology, surface area, polymorphic form, and chemical 
purity, play a vital role. The main sources of particulate CaCO3 are 
ground calcium carbonate (GCC) mined from calcite deposits and 
precipitated calcium carbonate (PCC) produced by means of the 
chemical reaction of Ca(OH)2 with CO2. 
 PCC is more versatile than GCC, since modifying the conditions 
prevailing during precipitation, the polymorph, the morphology, the 
size, and some physical properties of the produced powder can be 
controlled [6, 16, 25–29]. Furthermore, the reaction of portlandite 
with CO2 is a valuable process used to tailor Portland calcium-rich 
cements, determining their hydraulic and mechanical properties 
and overall permeability [30, 31]. In geological applications, 
the carbonated cement is used as a borehole cement to enhance 
the confining properties of wells and plugs for underground 
disposal of hazardous waste contaminated with heavy metals or 
even radioactive compounds, as well as for the storage of CO2 for 
greenhouse emissions mitigation in oil or gas reservoirs, deep saline 
cavities, or flood basalts [32, 33]. Moreover, CaCO3 is an important 
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precursor of solid absorbents (CaO and Ca(OH)2) used in processes 
of in situ removal of CO2 at high temperature [34–36].

11.3.1 scCO2 in the Production of PCC

In Fig. 11.3, the most common established procedures for the 
preparation of PCC are schematically depicted. 

Figure 11.3 Most common established procedures for CaCO3 precipitation. 
Industrial calcite is usually produced by bubbling CO2 through 
a concentrated Ca(OH)2 slurry (carbonation route). CaCO3 
is also obtained as a by-product in the causticizing reaction 
used for the industrial production of sodium hydroxide (Kraft 
pulping method). Most laboratory studies on the controlled 
precipitation of CaCO3 are performed by mixing solutions 
containing low-concentration calcium salts and carbonate 
ions. Additionally, the majority of technical studies regarding 
the industrial carbonation route are carried out through the 
analysis of liquid–gas systems by eluding the precipitation of 
Ca(OH)2.

 The liquid–liquid–solid and liquid–gas–solid reactive processes 
have been adopted in methodological studies because of the 
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simplicity in the control of process variables. The industrial route 
involves the calcination of limestone (natural CaCO3) to produce 
quicklime (CaO) and CO2, which is followed by the formation of 
slaked lime (concentrated suspensions of Ca(OH)2) and, finally, of 
the carbonation reaction (Eq. 11.1). In the absence of additives, 
the rhombohedral morphology is obtained by using solution 
routes, but not by the industrial method with CO2 gas, which gives 
the scalenohedral form. Isometric particles with rhombohedral 
morphology are more easily dispersed, which is relevant for their 
use in composite applications. However, the experimental conditions 
needed to obtain rhombohedral calcite are low concentration of 
both CO2 and Ca2+ (liquid–gas system), which is not acceptable from 
an industrial point of view. Therefore, the morphologic control must 
be often provided by adding additives [37, 38]. High pressure [39], 
magnetic fields [40], or microwave irradiation [41] have also been 
applied for calcite crystals shape control. 
 The development of new methods for the production of PCC 
by carbonation of concentrated Ca(OH)2 slurries with different 
morphologies, avoiding agglomeration and the addition of additives, 
together with a significant acceleration and intensification of 
the carbonation process, is considered of great interest. The use 
of scCO2 as a reagent has demonstrated to produce outstanding 
improvements for the conversion of Ca(OH)2 to the stable calcite 
polymorph. Both the reaction rate and the carbonation efficiency 
are increase by using compressed CO2 [6, 7]. In the experimental 
system, the ratio between the height of the X-ray diffraction (XRD) 
peaks corresponding to calcite polymorph (2θ = 29.4°) and Ca(OH)2 
(2θ = 18.1° or 34.1°) is often used as an indicator to follow up the 
carbonation reaction and the composition of the obtained PCC. 
For the atmospheric procedure, only when the experiments are 
performed for very long periods of time (>20 h) the majority of 
the Ca(OH)2 phase is transformed to CaCO3 and its representative 
peaks almost disappear from the diffractogram (Fig. 11.4a). For 
shorter CO2 contact periods, the difficult-to-penetrate CaCO3 layer 
precipitated onto Ca(OH)2 surface impeded the completion of the 
reaction (Fig. 11.1b). In the supercritical conditions, the reaction is 
almost completed in periods of one to two hours (Fig. 11.4a).
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Figure 11.4 (a) XRD (Rigaku Rotaflex RU200 B) patterns of CaCO3 samples 
obtained under an atmospheric CO2:N2 (20:80 vol%) mixture 
(24 h) and supercritical (2 h) conditions; (b) scCO2 (313 K 
and 13 MPa) kinetic data (symbols) and data fitting (lines) 
calculated using the pseudo second-order kinetic model (Eq. 
11.1); and SEM (Hitachi S570) pictures, taken at 60 min, of 
calcite particles precipitated by (c) atmospheric carbonation 
and scCO2 carbonation of a Ca(OH)2 slurry (200 g·L–1) with 
(d) vertical stirring and (e) ultrasounds. The insets show 
the hexagonal scalenohedral (c) and rhombohedral (d, e) 
morphologies in calcium carbonate minerals; and (f–h) 
carbonation of dry Ca(OH)2 giving CaCO3 by addition of water-
saturated scCO2.

 The rate-limiting step of calcite formation is determined by 
the initial conditions employed (reagents concentration, stirring 
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method, temperature, etc.). At the high initial reagents concentration 
used in the supercritical carbonation route, diffusion of either CO2 or 
Ca2+ in the fast and slow reaction stages, respectively, would be the 
determinant process. Hence, stirring efficiency would be one of the 
main parameters influencing the reaction rate and phase conversion. 
The effect of the stirring effectiveness on the carbonation kinetics 
has been analyzed for the scCO2 system using ultrasonic agitation 
and mechanical stirring and in the absence of agitation [16, 17] (Fig. 
11.4b). The degree of Ca(OH)2 conversion to CaCO3 can be fitted 
using the pseudo-second-order model in Eq. 11.8 [42]:

 
d C

dt
k C C

[ ]
( )

CaCO3,t
CaCO3 CaCO3,max CaCO3,t= - 2  (11.8)

where kCaCO3 is the rate constant (mol·min–1) of CaCO3 precipitation 
and CCaCO3,max (mol) and CCaCO3,t (mol) are the number of moles of 
precipitated CaCO3 after 60 min and at time t (min), respectively. 
Figure 11.4b shows that in the first fast stage of the reaction (5–10 
min), similar production rates of CaCO3 are obtained using either 
ultrasonic or mechanical stirring (~0.1 mol·min–1), while the 
reaction rate is significantly lower for the experiment performed 
without agitation (~0.03 mol·min–1). In this stage, the carbonation 
rate is controlled by the mixing of the reagents. Considering together 
the fast and slow stages of the carbonation reaction, ultrasound 
stirring confirms to be clearly superior in regard of the conversion 
grade, since the overall degrees of conversion after 60 min of 
carbonation are 85%–90% with ultrasonic agitation, 65%–70% 
with mechanical stirring and only ~50% for the nonagitated system. 
In the experiments performed applying scCO2 and ultrasound 
stirring, the main mechanism responsible of the high attained 
conversion can be related to the intense agitation caused by acoustic 
streaming, and from the shearing forces, jets, and shock waves 
produced by conventional cavitational collapse in the water-rich 
phase of the Ca(OH)2 slurry [43–45]. Moreover, ultrasonic agitation 
also causes significant turbulent motion of the suspended solids and 
collisions between growing crystals that produces abrasive surface 
effects and delamination of the CaCO3 layer, thus increasing the 
Ca(OH)2 interfacial area for dissolution. To obtain high carbonation 
conversions, the ultrasonic agitation needed to be coupled with 
the presence of a high CO2 concentration in water; in contrast, by 
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treating a Ca(OH)2 slurry with atmospheric CO2 and ultrasonic 
agitation during 60 min only ca. 10 wt% was reacted to CaCO3.
 Crystal growth and particle size are primarily influenced by 
supersaturation, but final crystal habit is influenced by excess 
species, which can act as additives. The excess concentration of a 
reagent with respect to the stoichiometric proportion affects the 
final crystal habit by inducing different growth rates on crystal 
faces. The stoichiometric (104) face of rhombohedral calcite tends 
to disappear from the growth morphology when precipitated from 
solutions with a [Ca2+]/[CO3

2–] > 1.1–1.2 [46, 47]. In contrast, the 
growth of the predominant (21-1) face in scalenohedral calcite is 
inhibited for solutions under identical conditions of supersaturation 
but with more stoichiometric [Ca2+]/[CO3

2–] ratios. During the 
atmospheric carbonation process, the amount of available CO3

2– 
for carbonation is restricted by the low solubility of CO2 gas in 
water (Fig. 11.1c), which leads to the accumulation of an excess 
of dissolved Ca2+ in the growth medium producing scalenohedral 
particles. The rhombohedral morphology is favored by enhancing 
the concentration of the CO3

2– anion in the scCO2 medium, which 
reduces the ratio of Ca2+ excess. Scanning electron microscopy (SEM) 
analysis indicates that during the conventional batch carbonation 
process carried out in an open vessel the less stable scalenohedral 
morphology is preferentially precipitated (Fig. 11.4c). Conversely, 
for the performed high pressure experiments, the favored form is 
rhombohedral calcite (Fig. 11.4d and Fig. 11.4e for mechanical and 
ultrasound stirring, respectively). Intergrown stepped rhombohedral 
aggregates and a population of multinucleated rhombohedral calcite 
particles of sizes in the range of 1–3 μm are obtained using the scCO2 
route, regardless of the stirring method. It is found that micrometric 
particles are precipitated in systems containing a large quantity of 
water in the fluid phase, while nanometric calcite is formed when 
using a reduced water percentage. Previous work performed on 
the morphological control of calcite precipitated by carbonation 
of slaked lime has shown that the presence of submicrometric 
particles points toward calcite precipitation by the Ca(OH)2 surface 
route (Fig. 11.1b). In this route, nanometric particles of amorphous 
calcium carbonate are first precipitated on the lime surface. 
Reorganization of this precursor is a slow process that requires a 
passage in solution to nucleate dehydrated calcite. In media with a 
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reduced amount of water, the interaction of the new nucleated tiny 
calcite particles with the substrate surface makes their interfacial 
free energy to decrease, thus diminishing their tendency to grow 
and stabilizing the fine particles [17]. Hence, a large population of 
nanometric particles (ca. 0.1–0.2 μm) is observed in the SEM images 
for systems precipitated with a reduced amount of water, together 
with few micrometric crystals (Fig. 11.4f–h).

11.3.2 scCO2 in situ Precipitation of CaCO3 into the 
Pores of Cellulose Paper

In the specific case of the paper industry, calcium carbonate has 
been increasingly used as a filler, since ca. 80% of the world paper 
production has been converted to an alkaline papermaking process 
[48]. CaCO3, improves several paper properties such as opacity, 
printing characteristics, luster, and whiteness. In the conventional 
process, CaCO3 particles are added to the papermaking pulp 
suspended in water. A common problem with such a system is that a 
relatively high portion of the suspended filler particles is lost during 
the water draining of the pulp, and only a small part is retained in the 
cellulose fibers. Particle shape and particle size distribution are two 
of the most important filler properties in this process. For instance, 
paper filled with rhombohedral calcite is more straightforwardly 
processed than paper filled with scalenohedral calcite, since the 
former is more easily drained leading to lower filler lost [49]. 
Additionally, a narrow crystal size distribution is always preferred. 
In addition, as the cost of the pulp and energy has increased, 
much effort is now devoted to the development of techniques that 
facilitate high loading levels. Recently, several improved processes 
for the production of filler-containing paper have emerged, in which 
the precipitation of the filler is performed in situ [50]. Among them, 
the Fiber LoadingTM process [51] shows that fiber impregnation 
with CaCO3 can be accomplished by an in situ reaction between 
Ca(OH)2 and CO2 in pressurized reactors (between 0.3 and 1 MPa) 
previously filled with paper pulp.
 Considering that rhombohedral calcite with a low degree of ag-
glomeration is obtained by a scCO2 carbonation process, this proce-
dure has been applied to the formation of calcite inside of the pores 
of cellulose paper [7]. Using a similar setup and procedure as the 
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one depicted in Fig. 11.2b with mechanical stirring, cellulose cotton 
paper (Fig. 11.5a) has been impregnated with CaCO3 particles. The 
diffusion process is slower than in the system without cellulose and, 
therefore, longer reaction periods are necessary to achieve a consid-
erable conversion of Ca(OH)2 to calcite [52, 53]. Observation of the 
SEM micrographs indicates that the rhombohedral shape of calcite 
is precipitated (Fig. 11.5b), and particles bound to the cellulose fib-
ers are evidenced very deep into the pores (Fig. 11.5c). Applications 
of this process can range from those related to the preparation of 
high added value papers (e.g., lightweight high-opacity Bible paper) 
to others related to conservation of cultural paper heritage [54, 55].

Figure 11.5 SEM photographs of hollow cellulose paper: (a) pristine 
(Albet 150, pore diameter 30–50 mm) and (b, c) impregnated 
with rhombohedral calcite using an scCO2 approach. For 
supercritical processing, the paper is first equilibrated with 
the Ca(OH)2 slurry for 0.5 h. Then, scCO2 at 20 MPa and 318 K 
is contacted with the solids for 5 h. CaCO3-impregnated paper 
is finally washed with deionized water and dried in an oven 
with circulating air at 373 K. 

11.3.3 Enhancement of Portland Cement Properties 
by scCO2 Carbonation: Application of Cement 
Carbonation in Waste Disposal

Concrete, based on ordinary Portland cement, is one of the most 
widely used materials on earth, with applications ranging from 
construction to waste immobilization [56]. There is a major concern 
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in producing cementitious materials with longer durability than the 
current products and prepared in a more efficient manner, since the 
energy consumption in the cement industry is extremely high, being 
responsible for 6% of the total anthropogenic CO2 emissions and for 
4% of the planet’s global warming effect [57]. The main products of 
Portland cement hydration include Ca(OH)2 (20–25 wt%), calcium 
silicate hydrates (CSH, 40–60 wt%), and calcium sulfoaluminate 
hydrates (10–20 wt%) involving ettringite. Some of the main 
advances in concrete are due to the application of nanotechnology 
to cementitious materials, with an increase in the knowledge and 
understanding of basic phenomena in cement at the nanoscale (e.g., 
structure and mechanical properties of the main hydrate phases, 
origins of cement cohesion, cement hydration, interfaces in concrete, 
and mechanisms of degradation) [58]. Concrete is a nanostructured, 
multiphase, composite material that ages over time. It is composed 
of an amorphous phase, nanometer to micrometer size crystals, 
and bound water. The amorphous phase CSH is the glue that holds 
concrete together and is itself a nanomaterial.
 A well-known phenomenon associated with cement-based 
materials placed in open locations is the gradual carbonation, which 
consists of the chemical reaction between the CO2 present in the air 
and the calcium contained in the water of the pores of the cement 
paste, giving place to the sparingly soluble CaCO3 mineral [59]. The 
sources of Ca2+ are the previously mentioned hydrated compounds. 
One of the main consequences of carbonation is the modification of 
the pH of the pore water from an initial value of ~13 to a value below 
9 in the carbonated zone. For common steel reinforced concrete, the 
reduction in pH caused by carbonation is one of the main causes 
of concrete structure deterioration over time, since it enables the 
corrosion of steel [60]. Instead, cement carbonation allows the 
preparation of structural concrete reinforced with nonexpensive 
alkali-intolerant products, such as industrial, plant, or animal solid 
waste [61, 62]. Moreover, this procedure can influence positively the 
recycling of demolished concrete structures [63] and the production 
of materials for the immobilization of hazardous products [64–66]. 
Portland cement can play a major role in providing cost-effective, 
long-term zonal isolation for CO2 capture and storage in the form 
of compressed CO2, used to mitigate climate change [67–69]. 
Leakage through wells is one of the major issues when storing CO2 
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in depleted oil or gas reservoirs. These wells are mostly cemented 
with conventional Portland cement, which is carbonated in contact 
with injected CO2 [70, 71].
 Significant cement carbonation occurs naturally, but over 
numerous years. The low reaction rate in natural carbonation is 
due to the low CO2 concentration in the atmosphere and the slow 
diffusion of CO2 into the cement pores [72]. In artificially accelerated 
carbonation processes, samples are exposed to concentrated and/
or compressed CO2 [73, 74]. The advantages of treating hardened 
cement pastes with scCO2 are primarily related to the fact that the 
carbonation process is greatly accelerated [30, 75–80]. This can 
have a direct effect in industry because, by speeding the carbonation 
reaction, the process can be commercially feasible for the production 
of a broad range of desirable cement-based materials. Although most 
of the materials being studied are aimed at high cost markets, such as 
encapsulating materials for nuclear disposal, one industrial process 
that was commercialized by Supramics® involved the combination 
of scCO2 and fly ash to modify cement for low-cost building materials 
[81].
 In the carbonation process, the reagent CO2 needs to enter the 
pore water containing the ion Ca2+ and, therefore, mass transport 
resistance is a very important parameter in the reaction mechanism. 
In ambient conditions, the amount of CO2 dissolved in the pore water, 
and hence, available CO3

2– for carbonation, is restricted by the low 
solubility of atmospheric CO2 in water (0.06 mol%) [82]. Natural 
carbonation is a phenomenon controlled by CO2 diffusion [83–86]. 
By using compressed CO2, the first effect is a huge rise (near 100-
fold) of CO2 solubility in water with the increase in pressure to 20 
MPa (2.4 mol% at 318 K). In this case, the reaction acceleration is 
also due to the ease of penetration and diffusion of the scCO2 into the 
micropores of the cement paste, providing continuous availability 
of fresh reactant. Kinetics studies have shown that by raising the 
pressure in the supercritical conditions the degree of carbonation is 
not significantly increased [87]. Hence, the supercritical process is 
not CO2 diffusion controlled. The overall kinetics for the supercritical 
cement carbonation reaction begins rapidly but then drastically 
slows down with time. The reason is related with the progressive 
filling of the pores with calcite that has a direct impact on mass 
transfer. The ingress of CO2 reagent and the migration of Ca2+ within 
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the microstructure are both hindered at a significant carbonation 
extent.
 Artificially intensified carbonation of hydrated cement pastes is 
carried out in high-pressure reactors at temperatures of 313–333 
K and pressures of 15–25 MPa and at a low flow rate of scCO2 for a 
period of time of several hours [75, 76] (Fig. 11.6a). The evolution of 
the main crystalline phases during carbonation is often determined 
by means of XRD analysis and thermogravimetric analysis (TGA). In 
the example shown in Fig. 11.6b, only the cement paste processed 
under supercritical conditions was almost fully carbonated, since the 
intensity of the Ca(OH)2 line (2θ = 18.1°) was reduced relative to the 
CaCO3 peak (2θ = 29.4°). The pattern with regards to the depletion 
of Ca(OH)2 and formation of CaCO3 observed in the XRD analysis is 
confirmed by thermogravimetric analysis. The presence of CaCO3 
formed during treatment is shown by a weight loss at T > 900 K in 
the TGA profile. TGA curves in Fig. 11.6c indicated that for raw and 
naturally carbonated samples, the CO2 started to be expelled from 
the carbonate at approximately 900 K and ended at 975 K. However, 
in the scCO2 treated sample, the decarbonation ended at 1050 K. It 
is suggested in the literature that in the scCO2 treated sample the 
precipitated calcite is more crystalline than in the atmospherically 
carbonated product. More crystalline samples would be expected to 
start undergoing decarbonation at a higher temperature. The weight 
loss shown in the range 675–800 K is the result of dehydroxylation 
of Ca(OH)2.
 The textural properties of carbonated cement pastes must be 
evaluated to fully understand the effects of the CO2 treatment and 
to assess the suitability of a carbonation technique for specific 
applications [88]. For example, the engineering properties of 
concrete are directly influenced by the number, type, and size 
of pores. The total pore volume affects the strength and elasticity 
of concrete, whereas concrete permeability is influenced by pore 
size and connectivity. The pore structure of Portland composite 
cement pastes is strongly influenced by exposure to carbonation. 
This aspect is studied using the adsorption isotherms of N2 and Hg. 
Low-temperature N2 adsorption–desorption analysis is treated by 
Brunauer–Emmett–Teller (BET) theory and it is considered suitable 
to accurately estimate the volume of medium capillary, gel pores, and 
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micropores (<50 nm) [89]. Mercury intrusion porosimetry (MIP) is 
used for macroporosity (>50 nm) analysis [90]. 

Figure 11.6 Processing and characterization of raw and treated cement 
pastes (standard Portland cement): (a) process flow diagram 
of the supercritical equipment. CO2 is compressed by means 
of membrane pump P1 and heated in the heat exchanger EX2. 
Carbonation is carried out in the tubular reactors R1 and R2. 
System pressure is controlled with the back pressure regulator 
BPR. Samples were carbonated either naturally during 200 
d at 293 K (nat-200d) or supercritically at 20 MPa and 318 
K for 7 h (sc-7h); (b) XRD patterns; (c) TGA profiles (SEIKO 
320U); (d) BET (ASAP 2000 Micromeritics INC); and (e) MIP 
(Micromeritics Autopore IV 9500) pore diameter distribution 
on a pore volume basis.
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 The overall reduction in the total N2 pore volume in cement 
pastes with carbonation is associated with the deposition of CaCO3 
inside the pores [91]. Calcite precipitation help to fill pore space and 
densify the cement paste, since the molar volume of this mineral 
is 17 vol% larger than that of portlandite. The reduction in pore 
volume is more appreciable for natural carbonation (50 vol%) and 
less significant for supercritical carbonation (25 vol%), even when 
scCO2 treated samples reached a large degree of carbonation. This 
fact has been related to the facility of scCO2 for fast diffusion to the 
interior of the cement paste grains through the pore channels. In 
the initial stages of the reaction, scCO2 invades the entire sample 
homogeneously, causing an initial degree of pervasive carbonation 
on the pore walls. Conversely, the carbonation front with 
atmospheric CO2 penetrates slowly into the interior of the concrete 
and it is mostly concentrated on the exterior pores hindering the 
access of N2 to the interior of the sample during BET measurements, 
which goes to show that the lowest pore volume measured for 
natural carbonated samples could be only an apparent result. Only 
scCO2 carbonated samples developed measurable microporosity, 
indicating that during supercritical carbonation the precipitated 
carbonate is adhered to pore walls, thus reducing pore diameter. 
Results obtained using BET analysis showed that the fine pore size 
distribution profile of a hardened cement paste carbonated under 
atmospheric conditions has a similar shape than that of the raw 
material (Fig. 11.6d). Supercritically carbonated samples often have 
a significant portion of the porosity attributed to mesopores. In the 
area of macroporosity, the global effect of supercritical carbonation 
is an important decrease of total macropore volume (Fig. 11.6e). 
Only the percentage of very large pores increases significantly after 
supercritical carbonation, but this is likely due to microcracking 
occurring during depressurization and dehydration.
 Concrete carbonation increases cement paste density and 
reduces the overall permeability, conferring a great resistance 
to swelling and shrinkage, which are all desirable properties for 
matrices intended to immobilize solid waste. Hazardous waste, 
contaminated with heavy metals and other inorganic pollutants or 
even radioactive compounds, can be stabilized within carbonated 
concrete to reduce the toxicity and to minimize the release into the 
environment. The use of carbonated concrete has been proposed in 
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primary and secondary containment structures in nuclear power 
plants (Fig. 11.7a), which require concrete with uniform density, 
low shrinkage, low permeability, and high durability. Moreover, 
carbonated cement composites have been selected to develop 
radioactive waste containment structures [92–94]. In the case of low-
level radioactive waste, attention is paid to the use of cementitious 
materials for immobilization and stabilization [95]. The possibilities 
of enhancement of concrete mechanical properties and durability by 
treatment with scCO2 have been already described for applications 
in cement waste stabilization [96–99].

Figure 11.7 Evolution of the permeability and leaching processes of 
cementitious materials in contact with bentonite and 
groundwater: (a) sketch of a deep geological repository 
placed in a granitic rock; (b) experimental setup used for the 
permeability measurements; (c) permeability behavior; and 
(d) variation of the solution pH (black discontinuous line 
indicates the pH below which the bentonite barrier is stable). 
The inset shows the phenolphthalein test results: purple color 
for the raw material (highly basic pH) and gray cement color 
for the supercritically carbonated sample (near neutral pH).

 The risks derived from handling nuclear fuel, including storage 
and treatment of nuclear waste, together with the development of 
a strong environmental social sensitivity, have driven numerous 
researches activities in the field of radioactive energy safety. Deep 
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geological storage of high-level nuclear waste is, at present, an 
important element in such a scenario. Most designs for high-level 
nuclear radioactive waste confinement, particularly in long-term 
deep and humid geological underground disposal, envisage the 
presence of carbonated cementitious materials for their use as 
a barrier, liner, and encasement vessels in conjunction with clay 
(bentonite) barriers (Fig. 11.7a) [32, 100, 101]. For this application, 
permeability, defined as the movement of a fluid through a porous 
medium under an applied pressure, is considered as the most 
important property of cement composites governing its long-
term durability [102–104]. Moreover, the interest is focused on 
the preparation of cement pastes with a pH similar to that of the 
bentonite pore water (pH = 7–9) that will not cause instability when 
placed in contact with the clay [105]. 
 The modifications in the microstructure of a hardened 
cement paste after it has reacted with CO2 (Fig. 11.6d,e) affect its 
permeability properties [32, 75]. The permeability is studied in 
mortar composites, constituted of cement paste usually with the 
addition of pozzolands and sand in a proportion of ca. 50 wt% [106, 
107]. The porosity and interconnectivity of pores in the cement 
paste and the microcracks in the composite, especially at the paste-
aggregate interface, influence the permeability. In the setup shown in 
Fig. 11.7b, the water permeability test is applied to mortar cylinders 
of 30 mm diameter and 20 mm height. Samples are first saturated 
at 0.02 MPa water pressure during 24 h. The gradient of hydraulic 
pressure used to measure the permeability of noncarbonated 
composites is of 0.02 MPa applied during 10 days, while this value 
must be increased to 0.05 MPa in supercritically processed products 
to have a significant water flow that is then maintained for 50 days. 
The volume of water collected after passing through the inner 
core of the cement cylinders is related to the coefficient of water 
permeability, Kw (m·s–1), by applying Darcy’s law [108], expressed in 
Eq. 11.9:

 K
QL
A hw =

D
 (11.9)

where Q (m3s–1) is the rate of water flow, L (m) is the specimen 
thickness, A (m2) is the cross-sectional area of the specimen, and Dh 
(m) is the hydraulic head drop through the specimen. 
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 The water permeability test shows that the supercritically 
carbonated composite had a significantly increased water 
permeability resistant behavior when compared to the pristine 
sample (Fig. 11.7c) [109].
 Standard Portland cements produce leachates of high or very 
high pH, frequently above 13 that are very rich in alkalis and 
calcium. The hyperalkaline solution would react with the bentonite 
in the proximity of the concrete, inducing bentonite dissolution and 
the release of structural cations. Carbonation produces a decrease 
of pore water pH to values of 7–9, which contributes to limit the 
propagation of an alkaline plume toward other components of 
the barrier. To analyze the effect of supercritical carbonation in 
the stability of the interface bentonite/cement, mixtures of both 
components were altered using commercial mineral water taken 
from a granitic formation (pH = 7.9). Experiments are designed to 
allow an intense interaction between solids and granitic solution: 
water was renewed weekly, samples were used in powder, and 
temperature was raised to 353 K to accelerate the reactions. This 
test, performed during three months, is considered representative 
of long-term interaction of solids and pore fluids at the concrete/
bentonite interface. The interaction text shows that the pH of the 
leachates decreases progressively from an initial alkaline value of 
either 13 or 10 for the raw or the supercritically carbonated sample, 
respectively, to a final pH equilibrium value of 8.5–9, similar for 
both studied samples (Fig. 11.7d). However, there are important 
differences between supercritically carbonated and noncarbonated 
samples. First, before reaching the steady state pH, on average, the pH 
of the leachates from the carbonated sample is one unit lower than 
the values measured for the raw material. Furthermore, carbonated 
products reached the equilibrium pH faster than noncarbonated 
samples.

11.3.4 Supercritical CO2-Precipitated Calcite in the 
Capture and Storage of CO2

The removal of anthropogenic CO2 from combustion processes with 
solid sorbents has been highlighted in recent years as a potential way 
to reduce greenhouse gas emissions in industry. For postcombustion 
capture processes, where CO2 is a minor component (<15 vol%) of 
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the off-gases, the most representative of the used solid absorbents 
are calcium-based materials, including CaO and Ca(OH)2, which 
form CaCO3 (Eq. 11.1) [110]. The CaCO3 is, then, regenerated to high-
surface area and high-porosity CaO, this being the starting material 
in CO2 absorption processes (Eq. 11.10) [111].

 CaO + CO2 Æ CaCO3 (11.10)

 Factors describing the quality of CO2 sorbents include fast 
absorption and desorption kinetics, large regenerability maintaining 
a high absorption capacity, and multicycle stability. The use of natural 
limestone for CO2 absorption is limited by the fast decrease of the 
reversibility of the carbonation reaction during the carbonation/
calcination cycles, mainly attributed to pore blocking and absorbent 
sintering [112, 113]. The reversibility decreases when the calcination 
is carried out at a high temperature [114] (>900°C) or in the 
presence of CO2 [115]. In general, both the absorption capacity and 
the kinetics increase to a considerable extent by decreasing mineral 
particle size. However, energy consumption associated with the 
grinding of reactant minerals could make up 75% of the total energy 
costs of the process [116]. In light of this, two different research 
pathways have been developed to increase sorbent efficiency. In the 
first strategy, the natural limestone is modified to prevent sintering 
[117], either by adding additives and doping with compounds that 
increase mass diffusion or by supporting CaO in an inert matrix 
(Al2O3 or TiO2). In the second approach, the objective is to produce 
PCC micro- or nanoparticles with improved capture characteristics 
[118, 119]. It is worth mentioning that in all cases, it is at the expense 
of increasing the cost of the sorbent when comparing with the use of 
natural limestone. 
 Previous investigations show that calcite with rhombohedral 
morphology could be precipitated using compressed CO2 as a 
reagent (Fig. 11.2b), either in the form of micro- or nanoparticles 
(Fig. 11.4d–h). It is found that a system of micrometric particles 
(1–3 μm) of CaCO3 surrounding a Ca(OH)2 core (PSCCa(OH)2 83:27 
wt% CaCO3:Ca(OH)2) was precipitated in setups containing a large 
quantity of water in the fluid phase (Fig. 11.4d,e), while nanometric 
calcite with a CaO core (PSCCaO 82:28 wt% CaCO3:CaO) was formed by 
carbonating dry CaO with wet scCO2 (Fig. 11.4f–h). To demonstrate 
the possible advantages in CO2 capture of the scCO2-precipitated 
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rhombohedral particles, the absorption behavior is compared with 
results obtained for the atmospherically prepared scalenohedral 
PCC (Fig. 11.4c) and grinded natural carbonate (GCC) [34]. The 
cyclic carbonation/calcination reactions are studied by using a 
magnetic suspension balance (Fig. 11.8a). Carbonation is carried 
out at 1023 K under a CO2:N2 flow. Experiments are first performed 
at mild experimental conditions using the isothermal CO2 pressure 
swing absorption mode, in which the calcination is performed 
at 1023 K with N2. CaCO3 can be used as a sorbent in these mild 
conditions only for some specific applications, for instance, in the 
absorption of CO2 in advanced hydrogen production methods [120]. 
Cyclic behavior is further analyzed under more realistic carbonation 
industrial conditions corresponding to 1173 K, short reaction times, 
and a continuous flow of CO2, in which drawbacks related to loss of 
sorbent activity are more significant [121, 122]. The decomposition 
of the carbonate to the oxide is always 100%, but the reactivity of 
the oxide so formed and the extent of recarbonation depend on 
the chemical, textural, and morphological characteristics of the 
solid source of Ca2+, as well as on the carbonation experimental 
conditions (temperature, concentration of CO2, gas flow, reaction 
time, etc.). Microbalance measured conversion degrees (Xw in 
weight) are represented in Fig. 11.8b,c, in which absorption data 
for synthetic carbonates in the literature [115, 119, 121–127] and 
the curve derived for micronized natural limestone [113] are also 
displayed. Different decay tendencies of CO2 absorption capacity 
in the long carbonation–decomposition series are observed for the 
three studied samples. At the calcination temperature of 1023 K 
(Fig. 11.8b), an enhanced reversibility of the reaction was observed 
for sample PSCCa(OH)2 constituted by rhombohedral micrometric 
particles compared to the nanometric powder (PSCCaO) or the 
scalenohedral needles (PACa(OH)2). Indeed, after 25 cycles and under 
mild experimental conditions of carbonation/calcination, sample 
PSCCa(OH)2 has one of the highest values of residual carbonation 
conversion described in the literature (Xw = 0.65). Conversely, at 
1173 K calcination temperature the behavior of PSCCa(OH)2 and 
PSCCaO samples was similar (Fig. 11.8c), with a residual carbonation 
conversion value at cycle 25 of ca. 0.3.
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Figure 11.8 (a) Scheme of an integrated microbalance system 
(Rubotherm) and measurement experimental conditions and 
(b, c) conversion degrees (Xw in weight) for supercritically 
synthesized samples, as described in the text: 1, limestone 
curve derived from Abanades et al. [113], and literature data 
at cycles 1, 10, and 25; 2, for CaO derived from calcium acetate 
hydrate [123]; 3, for monodispersed PCC (5 mm) [121]; 4, for 
nanosized CaCO3 (40 nm) [115]; 5, for nanosized CaCO3 [122]; 
6, for CaO derived from calcium acetate hydrate [127]; 7, for 
nanometric CaCO3 [124]; 8 and 9, for micro- and nanometric 
PCC [125]; 10, for micrometric PCC (3 mm) [126]; and 11, for 
nanosized CaCO3 (40 nm) [119].

 Literature results show that natural limestone sorbent activity 
decays from ca. 0.7–0.8 at cycle 1 to ca. 0.2 at cycle 10 and to ca. 
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0.16 at cycle 25. Hence, even at 1173 K the residual carbonation 
conversion value for the synthetic material is two times higher than 
for the natural product. Replacing limestone with synthetic sorbents 
will be only economically feasible provided CO2 uptake is higher than 
that of limestone for a larger number of cycles. Starting from nascent 
CaO, the carbonation reaction (Eq. 11.8) is generally initiated with 
a fast chemical solid–gas reaction occurring on the surface, which 
is followed by a slow diffusion process. The end of the fast reaction 
period is marked by the formation of a product layer around a CaO 
core. The slow reaction is controlled by the diffusion of the carbon 
dioxide through the newly formed carbonate layer to the interior of 
the particles. Cycle conversion profiles show three different reaction 
steps, assigned to the fast (I) and slow (II) carbonation reaction, and 
to the fast (III) decarbonation process (Fig. 11.9a,b). The diffusion 
of reactants is often the rate-limiting step in slow gas–solid-state 
reactions and, hence, the reaction rate in the slow step (II) can be 
modeled by the general form of Jander’s equation [128] with a 
reaction order of n = 2 (Eq. 11.11):

 k2t = {1 – (1 – Xm)1/3}n (11.11)

where t (s) is the time, Xm is the molar conversion ratio (CCaCO3/
C0

CaO), CCaCO3 being the concentration of CaCO3 (mol·m–3) at the 
reaction time and C0

CaO the initial concentration of CaO (mol·m–3), 
and k2 is the apparent reaction rate constant (s–1). For n = 1, a 
contracting volume equation is obtained, k1t = 1 – (1 – Xm)1/3, in 
which the progress of the product layer from the surface to the 
inner crystal is considered to be rate-limiting and, thus, can be 
applied to estimate the reaction rate in the first fast reaction step 
(I). The decomposition of CaCO3 in step (III) can be described by 
a phase boundary controlled reaction where the rate controlling 
step is the transfer across the contracting interface, described by 
the contracting volume equation with X = (1 – Xm) and k3 as the 
apparent decarbonation rate constant. For cycle 1, the highest k1 
reaction rate constant is obtained for sample PSCCaO, reflecting the 
nanometric character of the initially precipitated particles (Fig. 
11.9c). However, at cycle 10 the behavior of the rapid reaction is 
reversed, showing higher values of k1 for sample PSCCa(OH)2 than 
for nanometric, but sinterized, PSCCaO. In average, the k1 values for 
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samples supercritically prepared are ca. 2.5 times higher than those 
of the atmospherically prepared sample PACa(OH)2. The values of k1 
are relatively stable with cycles for the micrometric samples, and 
only decrease somewhat for the nanometric one. Similar reaction 
rates (k2 = 0.6–1 10–6 s–1) are observed for the three studied samples 
during the diffusion-controlled step (Fig. 11.9d).

Figure 11.9 Microbalance reported molar conversion profiles at different 
calcination conditions (750°C): (a) 25 absorption/desorption 
cycles carried out for the micrometric sample PSCCa(OH)2; (b) 
micro-, nano-, and elongated CaCO3 particles in cycle 25 of 
operation; and evolution of the reaction rate with cycles: (c) 
step (I) k1, (d) step (II) k2, and (e) step (III) k3.

 Surprisingly, the slowest decarbonation rate k3 values are found 
for sample PSCCa(OH)2 (Fig. 11.9e). This rate determines the minimum 
cycle time required for complete regeneration of the solid sorbent. 
The conversion profile recorded for the PSCCa(OH)2 sample calcined at 
1173 K with 15% CO2 in N2 indicates that the carbonation reaction 
rate k1 is reduced in 1 order of magnitude when compared to data at 
1023 K under pure N2 (Fig. 11.9c). In contrast, at 1173 K the values 
of k2 (Fig. 11.9d) and k3 (Fig. 11.9e) significantly increase. From a 
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practical point of view, the supercritically prepared samples have 
the advantage of showing an accelerated conversion rate in the fast 
reaction period. For these samples, the transition was reached in 
less than 5 min at 1023 K, while more than 15 min were necessary 
for the conventionally prepared samples. This fact could facilitate 
the design of continuous processes for the supercritically prepared 
samples. By increasing the calcination temperature to 1173 K, the 
time for carbonation also increases to ca. 10 min.
 Tubular furnace treated samples under the mild carbonation 
conditions (Fig. 11.10a) can be used to perform an extensive 
investigation on the morphological and textural characteristics, 
since calcined and carbonated samples are recovered in a suitable 
weight amount [34]. In the performed series of experiments, 
calcined samples are labeled as F(N)a and after recarbonation 
as F(N)b, N being the cycle number. Samples are taken from the 
holder for analysis after the temperature dropped to ambient 
conditions, while either before or after recarbonation, at a selected 
number of cycles: samples F(1)a, F(1)b, F(2)b, F(3)b, F(5)b, F(8)b, 
and F(13)b taken at cycles 1, 1, 2, 3, 5, 8, and 13, respectively, that 
is, following the Fibonacci sequence. Figures 11.10b and 11.10c 
show the SEM analysis of the raw materials and those recovered 
from the tubular furnace experiments performed for samples 
PSCCa(OH)2 and PSCCaO, respectively. Precipitated PSCCa(OH)2 is 
constituted by intergrown stepped rhombohedral aggregates and 
a population of multinucleated rhombohedral calcite particles of 
sizes in the range 1–3 µm. Sample PSCCaO shows a large population 
of agglomerated nanometric particles (100–200 nm) together with 
a few micrometric crystals. A first observation of the SEM images 
indicated that the morphological characteristics of the parent 
CaCO3 particles remained after calcination, and the existence of the 
former shape can be still readily recognized after 13 cycles. Hence, 
for sample PSCCa(OH)2 shown in Fig. 11.10b it is clearly observed 
that the thermal decomposition of calcite single crystals resulted 
in pseudomorphs that fully preserve the external shape of the 
rhombohedral faces. In contrast, for samples PSCCaO the nanometric 
nature of the initial CaCO3 particles disappear, giving place to visible 
micrometric granules formed by the sintering of the nanometric 
units (Fig. 11.10c). 
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Figure 11.10 (a) Tubular furnace (Carbolite 3216) surrounding an alumina 
tube and SEM images at two magnifications (x20000 and 
x80000) of (b) micrometric PSCCa(OH)2 and (c) nanometric 
PSCCaO recovered from the tubular furnace in experiments at 
700°C and N2 flow during calcination. Samples were recovered 
at cycle 1 after both calcination (F(1)a) and carbonation (F(1)
b) and at cycles 2 (F(2)b), 3 (F(3)b), 5 (F(5)b), 8 (F(8)b), and 13 
(F(13)b) after carbonation. 

 After the first calcination (sample F(1)a), the crystals of nascent 
CaO are arranged in small nanoparticles with very small pores in 
between [129]. For sample PSCCa(OH)2 the characteristics rods with 
parallel alignment can be clearly observed. When the CaO in F(1)
a is submitted to recarbonation, meso- and macroporosity appear, 
but the network of small pores could be observed only in the first 
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two or three cycles (samples F(2)b). SEM analysis reveals that 
when a high cycle number is reached, the grains increase in size, 
as a consequence of sintering, and macropores are formed at the 
expenses of micropores. After cycles 5–8, the different systems 
maintain a network of large voids (0.5–1 mm).
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From the use of botanical plants in early human civilizations 
through synthetic chemistry and biotechnology, drug research has 
always passionate scientists creating exciting challenges to a large 
number of researchers from different fields, thus promoting a 
collaborative effort between polymer scientists, pharmacologists, 
engineers, chemists, and medical researchers. Worldwide, there is an 
increasing concern on health care that creates a major opportunity 
for development of new pharmaceutical formulations. Ageing 
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populations worried about the quality of life in the older years are 
actively seeking for new, more effective and patient compliant drug 
delivery devices. This has been the driving force for the continuous 
growth of the research made on delivery devices, which has become 
a powerful technique in health care. It has been recognized for long 
that simple pills or injections may not be the suitable methods of 
administration of a certain active compound. These medications 
present several problems and/or limitations, like poor drug 
bioavailability and systemic toxicity, derived essentially from 
pharmacokinetic and other carrier limitations and low solubility 
of the drugs in water. Therefore and to overcome these drawbacks, 
clinicians recommend frequent drug dosing, at high concentrations 
in order to overcome poor drug bioavailability but causing a potential 
risk of systemic toxicity. Polymer science has open new strategies for 
drug delivery systems. This chapter overviews of possible strategies 
involving polymer modification and processing for controlled drug 
delivery and drug delivery in tissue engineering.

12.1 Controlled Drug Delivery Systems

A controlled drug release system consists in a drug carrier capable 
of releasing the bioactive agent in a specific location at a specific 
rate [1]. The main purpose of these controlled release systems is to 
achieve a more effective therapy, that is, a system with a delivery 
profile that would yield a high blood level of the drug over a long 
period of time, avoiding large fluctuations in drug concentration 
and reducing the need of several administrations. Furthermore, 
these systems often improve the drug performance, provide patient 
compliance, and prolong drug stability. It is of particular interest the 
key role that materials have in the development of these new drug 
delivery systems, from polymers to ceramics or even metals [2–4]. 
When a pharmaceutical agent is encapsulated within, or attached to, 
a polymer or lipid, drug safety and efficacy can be greatly improved 
and new therapies are possible. This has been the driving force for 
active study of the design of these materials, intelligent delivery 
systems and approaches for delivery through different administration 
routes [5]. Drug delivery systems are usually classified according to 
the mechanism that controls the release of the active compound. 
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There are three primary mechanisms by which active agents can 
be released from a delivery system: diffusion, degradation (erosion, 
chemical reaction), and swelling (solvent activation) [6, 7]. Any or 
all of these mechanisms may occur in a given release system.
 Diffusion-controlled systems are the most common ones. 
Two types of diffusion-controlled systems have been developed, 
presenting the same basic principle: diffusion occurs when a drug 
or other active agent passes through the polymer that forms the 
controlled-release device. One type of diffusion-controlled release 
system corresponds to a reservoir device in which the bioactive 
compound (drug) forms a core surrounded by an inert diffusion 
barrier. These systems include membranes, capsules, microcapsules, 
liposomes, and hollow fibers. In this case, drug diffusion through 
the polymer matrix is the rate limiting step, and release rates are 
determined by the choice of polymer and its consequent effect on 
the diffusion and partition coefficient of the drug to be released [7]. 
The second type is a monolithic device in which the active substance 
is dispersed or dissolved in an inert polymer. These are possibly the 
most common devices for controlled drug delivery since they are 
relatively easy to fabricate and there is no danger of an accidental 
high dosage that could result from the rupture of the membrane 
on the reservoir device. The dosage release properties may be 
dependent upon the solubility of the drug in the polymer matrix, or 
in the case of porous matrixes also the tortuosity of the network, 
dependent on whether the drug is dispersed or dissolved in the 
polymer [8].
 Biodegradable materials degrade within the body as a result of 
natural biological processes, eliminating the need to remove a drug 
delivery system after release of the active agent has been completed. 
Chemically controlled systems can be achieved using bioerodible or 
pendant chain systems, that is, either by polymer degradation or 
cleavage of the drug from the polymer [9]. Polymer degradation can 
be defined as the conversion of a material that is insoluble in water 
into metabolites that are water soluble. In ideal bioerodible systems, 
the drug is homogeneously distributed in the polymer, just like in 
the matrix devices. As the polymer surrounding the drug is eroded, 
the drug is released. In the case of pendant chain system, the drug is 
covalently bound to the polymer and it is released by bond scission 
due to water or enzymes. Furthermore, degradation may take place 
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through bulk hydrolysis, in which the polymer degrades in a fairly 
uniform manner throughout the matrix or it may occur only at the 
surface of the polymer, resulting in a release rate that is proportional 
to the surface area of the drug delivery system [10]. 

12.1.1 Particle Formation/Encapsulation

Many technologies have been proposed to prepare polymeric 
particles for controlled drug release [11, 12]. In particular, 
supercritical fluid (SCF) technology presents many possibilities for 
particle formation and/or encapsulation. The differences between 
the processing techniques that have been reported are a result of the 
interactions and phase behavior of the active compounds with the 
SCF [13–15]. A brief description of the main characteristics of each 
process is listed in Table 12.1.

Table 12.1 Summary of the supercritical fluid techniques for particle 
formation and/or encapsulation

Technique

RESS 
(Rapid 

Expansion 
from Saturated 

Solutions)

SAS 
(Supercritical Anti-

Solvent)

PGSS 
(Particles from 
Gas Saturated 

Solutions)

Role of SCF Solvent Anti-solvent Solute

Basic 
principle

Precipitation 
Chamber

High pressure
vessel

Nozzle

Organic solution

SCF + Organic solvent

SCF anti-solvent

Nozzle

High pressure  
vessel

Precipitation 
Chamber

Precipitation 
Chamber

High pressure
vessel

Nozzle

The compound(s) 
are dissolved in 
the SFC phase and 
the solution is ex-
panded into a low 
pressure vessel.

The compound(s) 
are dissolved in an 
organic solution. The 
SCF acts as an anti-
solvent promoting the 
precipitation of the 
solute.

The SCF is 
dissolved in the 
melted solution 
and the solution 
is expanded into 
a low pressure 
vessel.

 In a rapid expansion from saturated solutions (RESS) process, 
the SCF acts as a solvent. In this technique, the active compound 
is dissolved in the SCF phase and the solution is expanded into a 
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low-pressure vessel. Although this process is highly advantageous 
as no organic solvents are involved it requires high gas/solute ratios 
and high operating pressure and temperature, as the solubility of 
the compounds is usually low. The preparation of delivery systems 
using this technique is limited by the poor solubility of polymers 
in the fluid phase, and therefore it has not been widely used in the 
preparation of controlled delivery systems [15].
 The supercritical antisolvent (SAS) technique uses the SCF 
as an antisolvent, taking advantage of the poor solubility of high-
molecular-weight or polar compounds in SCFs. In this process 
the compound or mixture of compounds are dissolved in an 
organic solution and the SCF acts as an antisolvent promoting 
the precipitation of the solute. The principle of the process is to 
decrease the solvent power of the liquid by the addition of an 
antisolvent in which the solute is insoluble. This process broadens 
the applicability of the technique for the development of controlled 
drug delivery systems as numerous active compounds and polymers 
may be processed in a single-step operation after determining the 
appropriate solvent for the mixture. Lopez-Periago et al. report the 
preparation of polymethylmethacrylate (PMMA) particles loaded 
with triflusal and the preparation of poly(lactic acid) fibers by 
supercritical antisolvent [16, 17]. Furthermore SAS extends the 
applicability of SCF technology to the development of encapsulated 
systems. Encapsulation processes by supercritical precipitation 
techniques have been reviewed by Cocero et al. in a manuscript 
where different techniques and the mechanisms behind them 
are discussed in detail [18]. Hybrid materials can be prepared by 
coprecipitation of the active compound and the coating material. In 
this case a physical mixture of the active compound and drug carrier, 
such as polymer, is obtained and the interactions between them lead 
to a controlled release of the pharmaceutical agent. On the other 
hand, the possibility to coprecipitate different solutions through a 
coaxial nozzle has been explored and it is reported as supercritical 
enhanced dispersion of solutions (SEDS) in different papers [19–
21]. In this case, the active compound is injected through the inner 
nozzle capillary, the polymer is injected through the middle capillary 
and the antisolvent flows through the outer part. This nozzle design 
offers the possibility to precipitate particles of the core material in 
the matrix of the coating material, which nucleates around the first 
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particles to be precipitated forming a thin shell or a capsule around 
the active ingredient. The initial concentrations of both active 
ingredient and carrier, as well as the flow ratio of the two solutions, 
will determine the final morphology of the particles as well as the 
encapsulation efficiency. SAS processing can be carried out under 
mild operating conditions, that is, near ambient temperatures. This 
technique allows the production of particles in the nanometer size 
and the particle size and morphology can be easily controlled. The 
main disadvantages are related with the difficulty in scaling up the 
process, as different thermodynamic and hydrodynamic effects need 
to be taken into account. The use of organic solvent represents also a 
disadvantage of the process, since it has to be rigorously controlled 
in the case of pharmaceutical applications and may be present in 
residual amounts in the product.
 In particles from gas-saturated solutions (PASS) the SCF acts as 
a solute [22]. In this technique, the SCF is dissolved in the melted 
solution and the solution is expanded into a low-pressure vessel. 
This method does not require the use of organic solvents, and it can 
be easily scaled up and has a high production capacity. Nonetheless, 
the high temperatures required to process some polymers may 
compromise its application for the processing of thermosensitive 
active compounds. For example, protein-loaded lipid microparticles 
were produced and reported by Salas et al. [23]. Casettari et al. report 
the use of PASS for the development of mucoadhesive particles form 
chitosan and poly(lactic acid) for gastrointestinal drug delivery 
[24]. Falconer et al. present a multivariate study on the effect of 
different operating conditions for the preparation of progesterone-
loaded gelucire particles and the results demonstrate that not only 
the independent variables of pressure and temperature influence 
the result but also the interaction between them influence the yield 
of the process [25]. Other examples, such as the encapsulation of 
caffeine or trans-chalcone in lipid carriers have been presented by de 
Sousa et al. [26, 27]. Garcia-Gonzalez et al. report the encapsulation 
of agents with different polarity by PASS and the encapsulation of 
inorganic particles for topical administration [28, 29].

12.1.2 Impregnation

The preparation of drug release products often necessitates the use 
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of a mobile phase to dissolve and carry the drug component, which 
also swells and stretches the polymer matrix, facilitating the diffusion 
of the drug, and increasing the rate of impregnation. Conventionally, 
the preparation of these systems involves three steps: solubilization 
of the pharmaceutical in an appropriate solvent, diffusion of the 
pharmaceutical through the polymer, and elimination of the residual 
solvent. The dispersion of active compounds within a finished or 
semifinished matrix that will serve as a carrier takes advantage of the 
solubility of pharmaceutical compounds in supercritical conditions. 
The drug is dissolved in carbon dioxide and diffuses into the bulk 
of the matrix, and when the system is depressurized the gas rapidly 
diffuses out of the polymer, leaving the drug absorbed or entrapped 
within the polymeric matrix and warranting the complete removal of 
solvent, without exposing polymers and drugs to high temperatures, 
which may degrade them. In Fig. 12.1, a schematic diagram of the 
process is presented.

Active compound Polymeric matrix

Inpregnated matrix CO2

CO2

Figure 12.1 Schematic representation of the supercritical fluid 
impregnation process.

 SCF impregnation is a process that requires the knowledge of 
the interactions between a polymer-active compound and an SCF. 
Kazarian et al. [30–33] distinguish two mechanisms of impregnation 
assisted by SCFs. The first mechanism corresponds to a simple 
deposition of the compound when the fluid leaves the swollen 
matrix. In this case, the solute is solubilized in carbon dioxide and 
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the polymer is exposed to this solution for a predetermined period 
followed by depressurization of the system. When the system is 
depressurized, carbon dioxide molecules quickly leave the polymer 
matrix, leaving the solute trapped inside. As reported by Kazarian 
et al., this mechanism concerns mostly solutes with a relatively high 
solubility in the fluid and it is specific to impregnations carried out 
on a matrix subjected to swelling upon exposure to SCFs. The second 
effect, not specific to SCFs, corresponds to chemical interactions 
(like van der Walls interactions) between the solute and the matrix, 
which would favor the preferential partitioning of the solute with 
the polymer phase [32].
 Kikic and Vecchione reviewed in 2003 the potential applica-
tions of polymer impregnation [34]. Since then, this technique has 
been employed in the preparation of a large number of drug deliv-
ery devices, which can be administered through different routes. 
Ophthalmic drug delivery systems have been developed for the 
treatment of diseases as glaucoma. Braga et al. report the develop-
ment of hydrogels as ophthalmic drug delivery systems in which chi-
tosan derivatives were impregnated with flurbiprofen and timolol 
maleate [35]. The same research group describes the preparation of 
therapeutic contact lenses after the impregnation of commercially 
available contact lenses with different active compounds [36–39]. 
The authors report that SCF impregnation does not compromise 
the integrity of the contact lenses, which provides major advantages 
over conventional impregnation techniques. The development of 
intraocular drug delivery systems has also gained attention, espe-
cially in the postoperative treatment of cataract surgery [40–42]. 
The preparation of transdermal drug delivery systems has also been 
reported in the literature. In this application the possibility to ho-
mogeneously disperse the active compound in the matrix, the ease 
of diffusion of the drug into the bulk of the material, and the fact that 
no organic solvents are used are particularly relevant. In the work 
of Argemi et al. [43], transdermal patches were impregnated with 
naproxen. The membranes prepared have shown a sustainable drug 
release up to 24 h. The preparation of wound dressings impregnated 
with two natural bioactive compounds is another example of a drug 
delivery device prepared using supercritical solvent impregnation 
reported in the literature [44].
 Supercritical impregnation of polymeric matrices in the 
form of powders has also been widely explored. Examples of the 
systems studied and reported in the past few years are the case 
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of poly(vinylpyrrolidone) impregnated with ketoprofen [45], 
hydroxypropylmethyl cellulose impregnated with indomethacin 
[46], impregnation of ibuprofen and timolol maleate in poly(e-
caprolactone) [47, 48], impregnation of paclitaxel, roxithromycin, 
and 5-fluorouracil in poly(lactic acid) particles [49–51], among 
others. Duarte et al. have compared the release of naproxen from 
ethylcellulose/methylcellulose particles prepared by different 
techniques [52]. Although in some cases the yield of SCF impregnation 
is not as high as the yield achieved by conventional techniques, such 
as solvent evaporation or soaking, the technique still presents major 
advantages. 

12.1.3 Molecular Imprinting

Molecular imprinting is a technique that allows the design of a pre-
cise macromolecular structure able to recognize specific molecules 
[53, 54]. The mechanism underlying molecular imprinting is simi-
lar to the enzyme substrate concept. The principle of preparation 
of molecularly imprinted polymers (MIPs) is schematically repre-
sented in Fig. 12.2. 

Figure 12.2 Schematic representation of the preparation of moleculary 
imprinted polymers (MIPs).

 A network with specific conformational and structural sites 
is formed by polymerization and crosslinking of the monomer 
around the template. After polymerization, the template is leached 
out, providing macromolecular cavities for the entrapment of 
the particular molecule used. The envisaged applications for this 
technology greatly surpass the pharmaceutical field and encompass 
analytical applications, such as biosensors, immunoassays, 
separation media, and affinity supports, among others. Although 
the mechanism is relatively simple the optimization of is more 
complicated due to the contribution of several variables involved 
in the process, such as the functional monomer(s), the type of 
crosslinker, the ratio between monomer and crosslinker, and the 
ratio between monomer and template. 
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 The polymerization can be carried out under supercritical 
conditions, using carbon dioxide as a reaction media or following 
conventional polymerization routes. Duarte et al. have reported 
the preparation of molecularly imprinted poly(diethylene 
glycol dimethacrylate) with salicylic and acetylsalicylic acids 
[55]. Results indicate that the amount of drug impregnated is 
significantly higher when a template molecule is present during the 
polymerization step. Other examples of MIPs have been reported 
following the same approach and using propanolol, ibuprofen, 
or flufenamic acid as model drugs [56–58]. Flufenamic acid was 
impregnated in a thermoresponsive drug delivery system based on 
polyisopropylacrylamide that was prepared using the molecular 
imprinting approach. This work represents a step forward in the 
development of complex delivery systems using clean technologies. 
In another work, Kobayashi et al. report the preparation of an 
uracil imprinted membrane of poly(styrene-co-maleic acid), 
demonstrating the flexibility of the technology for the preparation 
of different types of substrates [59].

12.1.4 Externally Triggered Delivery Devices

Smart drug delivery systems have been object of intense research 
[60–64]. The ability to release a bioactive compound according to a 
physiological need in a spatiotemporal-controlled manner may be 
the answer to avoid fluctuations and high concentrations of drugs 
that induce undesired side effects. The possibility to trigger the 
release of a drug by external stimuli would be highly beneficial [62, 
65]. Several mechanisms have been described in the literature. Table 
12.2 presents the mechanisms of action behind several external 
stimuli. Temperature-sensitive drug delivery systems are by far 
the most widely studied. Particularly interesting are hydrogels 
containing poly(N-isopropylacrylamide) (PNIPAAm). Hydrogels 
based on PNIPAAm present various applications from drug delivery, 
cell encapsulation, and cell culture surfaces. This polymer presents, 
in aqueous solutions, a low critical solution temperature (LCST) 
around 32°C, which makes it extremely interesting for applications 
in the biomedical field. Below the LCST, in aqueous solutions, it 
presents a flexible extended coil conformation, which makes it 
hydrophilic. Close to the LCST it becomes hydrophobic as polymer 
chains collapse and aggregate into a globular structure. Furthermore, 
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copolymerization of NIPAAm with other monomers may change 
the overall hydrophilicity of the polymer. Conventional methods 
of polymerization involve the use of organic solvents and often 
require the use of crosslinking agents, which might be toxic. Temtem 
et al. have reported the successful polymerization of PNIPAAm in 
supercritical carbon dioxide [66]. The process proposed allows the 
in situ polymerization of PNIPAAm, leading to the development of 
smart-drug delivery devices in a single-step process [67]. 

Table 12.2 Mechanism of action of different stimuli used as triggers for 
controlled drug release

External stimuli Mechanism of action
Thermal Change in temperature > change in polymer–

polymer and water–polymer interactions > change 
in polymer conformation and solubility > change in 
swelling > drug release

pH Change in pH > swelling > drug release
Ionic strength Change in ionic strength > change concentration of 

ions inside drug delivery device > change in swelling 
> drug release

Chemical species Electron-donating compounds > formation of 
charge/transfer complex > change in swelling > drug 
release

Enzyme mediated Change in swelling of the matrix > enzyme activity 
promoted over substrate > degradation of substrate 
by enzymatic cleavage > drug release

Magnetic Magnetic field applied > change in pores in matrix > 
change in swelling > drug release

Electrical Electrical field applied > membrane charging > 
electrophoresis of charged drug > change in swelling 
> drug release

Ultrasound 
irradiation

Ultrasound irradiation > temperature increase > 
drug release

 Certain polysaccharides and polymers respond to pH changes as 
is the case with chitosan, alginate, and hyaluronic acid as examples of 
natural polymers and polyacrylic acid as a synthetic pH-responsive 
polymer [68]. Chitosan owes its pH-sensitive behavior to the large 
amount of amino groups present in its chains and swells in acidic 

Controlled Drug Delivery Systems
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pH, while polyacrylic acid, on the other hand, due to the presence 
of acidic groups swells in basic media. Temtem et al. refer to the 
preparation of a dual-stimuli-responsive matrix based on chitosan 
and PNIPAAm [69]. Chitosan is a pH-responsive polymer, while 
PNIPAAm is thermosensitive. The results demonstrate the possibility 
to control polymer swelling by either pH or temperature, and drug 
release can be modulated according to the different stimuli applied. 
Other examples of externally triggered pulse-wise drug delivery 
devices have been developed for specific applications, nonetheless 
SCF technology has, to our knowledge, not yet been reported in the 
development of such systems. 

12.2 Drug Delivery in Tissue Engineering 
Applications

The concept of tissue engineering has long surpassed the idea 
of a merely inert support for cell attachment and growth. Tissue 
engineering is a promising therapeutic approach that involves the 
edges of a triangle in which materials, active principles, and cells all 
play an important role (Fig. 12.3) [12, 70–72].

Figure 12.3 Tissue engineering: a combinatory approach of biomaterials, 
cells, and active compounds.
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 In this sense, the preparation of delivery systems able to sustain 
the release of biologically active molecules is a major challenge. 
Within the tissue engineering field, not only does a controlled release 
need to be achieved, but the polymer architecture also requires 
very particular features for each given tissue [73]. 3D architectures 
or scaffolds should present adequate surface properties, both 
chemically and topographically, as these characteristics will 
ultimately dictate cell adhesion to the surface. Furthermore, 
they should present adequate porosity, mean pore size, and 
interconnectivity between the pores to promote cell penetration 
and ensure oxygen and nutrient diffusion into the bulk of the matrix, 
as well as waste retrieval. Matrices must also have appropriate 
mechanical properties to withstand mechanical forces and maintain 
physical integrity, the materials must be biocompatible, and the 
degradation products must be noncytotoxic. 
 The major challenge in tissue engineering arises in the 
optimization of polymer-processing techniques [74]. A variety of 
different processing techniques have been developed and include 
fiber bonding, freeze drying, solvent casting and particle leaching, 
wet spinning, particle aggregation, electrospinning, 3D potting, and 
SCF technology, among others (Fig. 12.4) [75]. The choice of the 
most suitable polymer-processing technique depends greatly on 
the characteristics of the polymer itself, particularly its solubility 
in aqueous or organic solutions and its thermal properties as these 
will ultimately determine the feasibility to successfully produce 
matrices with the desired features. Processing thermosensitive 
bioactive compounds requires, however, the use of mild processing 
conditions and the reduction of the amount of organic solvents used 
[76, 77]. This presents an increase challenge in materials processing 
for tissue engineering and regenerative medicine.
 The application of green technologies for the preparation of 
structures for tissue engineering has gained much attention in the 
past 10 years and a number of publications have been reported 
describing a variety of different techniques aiming to pursue the 
development of a single-step technology able to produce a material 
with all the desired properties. From the use of carbon dioxide 
as a drying agent in SCF drying to the use of carbon dioxide as a 
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plasticizing agent in gas foaming and sintering or the use of carbon 
dioxide as an antisolvent in the supercritical assisted phase 
inversion method, almost all encounter a way to satisfy most of the 
characteristics requested. A summary of the features of the different 
technologies and some examples of drug delivery systems for tissue 
engineering and regenerative medicine applications are listed in 
Table 12.3 [78–88]. Hydrogel foaming is a more recent technique 
that has been explored for the preparation of porous scaffolds and 
in this process hydrogels foaming involves the dissolution of carbon 
dioxide in the water phase present on the hydrogel that will promote 
foaming of the structure upon depressurization [89, 90]. Sintering is 
a technique that occurs at near critical conditions and relies on the 
slight plasticization of the polymer particles that are fused together, 
creating a 3D environment [91, 92]. Although these techniques have 
not yet been reported for the preparation of drug delivery systems, 
their mild processing conditions foresee interesting developments 
in this field, especially in the impregnation of proteins, growth 
factors, and cells.

 
Figure 12.4 Summary of different polymer-processing methodologies 

employed in scaffold fabrication for tissue engineering and 
regenerative medicine.
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Table 12.3 Summary of different supercritical fluid-based techniques 
used in the preparation of drug delivery systems in tissue 
engineering applications

Technique Principle
Examples of drug delivery 
systems prepared

Foaming The polymer is exposed 
to carbon dioxide at 
the saturation pressure 
and temperature, which 
plasticizes the polymer 
and reduces the glass 
transition temperature. 
Upon depressurization, 
thermodynamic 
instability causes 
supersaturation of 
the carbon dioxide 
dissolved in the 
polymeric matrix, and 
hence, nucleation of the 
cells occurs.

Poly(D,L-lactide) and 
poly(D,L-lactide-co-
glycolide) impregnated with 
indomethacin [78]
Poly(methyl methacrylate)-
poly(L-lactic acid) foam loaded 
with ibuprofen [79]
Poly(D,L-lactide-co-glycolide) 
foam with encapsulated 
growth factors [80]
3D architectures of poly(D,L-
lactide-co-glycolide) as 
vehicles for DNA delivery [81]
Vascular endothelial growth 
factor encapsulated in 
poly(lactic-co-glycolic acid) 
(PLGA) scaffolds [82, 83]

Phase 
inversion

The polymer is 
dissolved in an organic 
solvent and placed 
in contact with a 
nonsolvent (CO2), 
which causes the 
solution to be phase-
separated, creating a 
3D porous structure.

Starch–poly(lactic acid) 
blend impregnated with 
dexamethasone [84]
Poly(vinylidene fluoride-co-
hexafluoropropylene) loaded 
with amoxicillin [85]
Polymethylmethacrylate 
loaded with amoxicilin [86]

Drying Supercritical drying is 
a drying technique that 
does not compromise 
the integrity of the 
structure as there are 
no phase boundaries, 
that is, phase 
transitions involved in 
the process.

Chitosan matrices 
impregnated with 
camptothecin and griseofulvin 
[87]
Chitin scaffolds loaded with 
dexamethasone [88]

Drug Delivery in Tissue Engineering Applications
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12.3 Conclusions

The preparation of drug delivery systems is intimately related 
with polymer modification and the design of new processes able 
to produce systems that meet most of the requirements of an ideal 
delivery system. Different techniques, from particle formation 
to impregnation to polymerization, have been explored and are 
reported in the literature. In the future the combination and 
integration of different techniques may see exciting perspectives as 
a single technique may not be enough for the development of a drug 
delivery system that meets all the required features. The integration 
of different technologies could provide interesting developments 
in shaping biomaterials into various constructs, opening a wide 
range of opportunities for the preparation of enhanced polymeric 
materials as structural supports for drug delivery.
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This chapter deals with integrated processes using carbon dioxide 
in supercritical conditions for the development of functionalized 
materials. The basics of the involved process units are presented 
to allow a general understanding, and for enabling to extend the 
design to a variety of applications. A conceptual design is proposed 
by integrating three steps for producing scaffolds with antibacterial 
properties. A setup for an integrated scCO2 extraction unit of 
natural compounds with posterior impregnation on solid matrices 
is described in detail including a final step of foaming, as a way of 
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product formulation, by making use of the same supercritical fluid 
as being used for the prior extraction and impregnation steps. The 
strategy followed is based on minimizing the loss of extract matter in 
the tubes, vessels, and heat exchangers of the equipment by directly 
using the scCO2–extract solution for impregnation, avoiding the low 
efficiency of extract recovery and energy consumption occurring in a 
separation step forced by pressure reduction. Results of production 
of functionalized poly(caprolactone) scaffolds with natural 
compounds extracted from Patagonian Usnea lichen are presented 
as an example. To establish appropriate operating conditions for 
each of the processing steps, supercritical extraction of Usnea as well 
as sorption kinetics and resulting material properties have been 
studied in detail before arriving at an optimized overall process. 

13.1 Introduction

Since the beginning of the eighties of the past century, supercritical 
extraction from solid natural resources is finding a growing 
number of industrial applications. Starting from food industry 
and stimulants (coffee, hops), a large variety of almost any lipid-
containing seeds, spices or herbs has been extracted to obtain 
products of high purity and quality. Most of these high-price products 
are applied in cosmetics or pharmaceutical industry [1–3]. A 
distinction is made depending on whether the main aim is to extract 
a valuable component or to retrieve some undesired substance in 
order to increase the value of the source material, like in the case 
of extraction of aflotoxines from cork. Apart from extraction, high 
pressure can also be applied for modifying the original properties 
of the (natural) source material or to formulate an intermediate 
product. Treatment of rice with compressed or supercritical carbon 
dioxide (scCO2) generates certain properties that have advantages 
for posterior processing [4]. It has been proved that carbon dioxide 
induces swelling of plant cell structures, which in its turn improves 
fluid accessibility to extractable substances and, therefore, enhances 
the yield during the extraction process [5]. One important drawback 
is the energetic balance of high pressure extraction [6]. Principally, 
a high electrical input is required for condensing the CO2 after the 
product separation step. To overcome this important disadvantage, 
closed solvent loops should be considered and big pressure steps 
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avoided. Consecutive processing steps have been designed in a way 
for improving the energetic balance in industrial processes, like 
decaffeination of green coffee beans, especially when the pressure 
level can be maintained at isobaric conditions throughout the 
process. To separate the extractable from the compressed solvent, 
an adsorption process can be included. However, this usually implies 
a further separation step for regenerating the adsorbent. Hence, the 
separation of the extract from the supercritical solvent needs to be 
envisaged in a smart way. One possibility is bonding the extracted 
substance to a substrate, guided in a certain way that the formulation 
of an end product is included in the process. A number of challenges 
need to be overcome:

 (i) Different kinetics of the materials in the different process 
steps

 (ii) Alteration of substrate properties
 (iii) Technical challenges, such as isobaric pumps (hermetic 

pumps) 
 (iv) Product retrieval

 This chapter shows how different processing mechanisms may 
fit together to an integrated process, concentrating it on three steps: 
extraction, sorption, and formulation (Fig. 13.1). Different examples 
are given for research, pilot, and industrial-scale processes, focusing 
on a novel process for manufacturing antibacterial scaffolds or 
devices based on phytoextracts and biopolymers. 

Figure 13.1 Schematic representation of an integrated process by using 
supercritical carbon dioxide as a solvent.

Introduction
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13.2 Supercritical Extraction Processes from 
Natural Products

Supercritical fluid extraction (SFE) has been proposed for a wide 
variety of substances. Most common vegetal materials have been 
investigated with focus on one of two possible goals: either the 
production of natural extracts without the use of traditional organic 
solvents or the removal of undesired components. In both cases, a 
tendency to the use of techniques that avoid or minimize damages 
to the environment is recognized. The products obtained by SFE are 
free from toxic residues and, generally, possess higher quality than 
the products obtained by conventional techniques [2]. Even though 
being an expensive process, in terms of the high pressure resistant 
equipment needed and the energetic balance, SFE is hardly to be 
omitted from any laboratory or production plant dealing with natural 
extracts of high quality. The process itself is recognized as clean and 
product friendly and, therefore, increases the company´s reputation. 
As mentioned before, a number of drawbacks have to be overcome 
in the future in order to develop this process as a sustainable 
alternative to conventional liquid solvent-based processes. In the 
first place, efficiency of the process in terms of product yield must 
be enhanced. One important point in this respect is pretreatment 
of the solid source material. Different ways of pretreatment are 
applied, which can be subdivided into mechanical, thermal, and 
chemical methods [7]. Also innovative pretreatment methods, such 
as enzymatic action, rapid decompression for micronizing, and 
swelling with compressed CO2, have been developed but not yet 
been applied at a large scale [8]. All in all, SFE remains as a process 
that mostly finds its application in high-priced products. Recent 
tendencies strongly direct toward natural extracts for being used in 
health care, especially in antibacterial applications. The literature 
offers data from a wide variety of substances being extracted 
under supercritical conditions [9–34]. Table 13.1 summarizes the 
extraction of bioactive compounds from different sources with 
antibacterial properties.
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Table 13.1 Summary of the published works on the extraction by SFE 
of bioactive compounds with antibacterial properties from 
natural sources

Material/Extract of 
interest Extraction conditions Yield (%) Ref.

Clove bud–oregano/
Eugenol, carvacrol, 
thymol

CO2: 10 MPa, 40°C, 
0,62kg/h, 5 h 

2–5 [9]

Ramulus cinnamoni/
Volatile oil

CO2: 23–41 MPa, 
40°C–50°C

– [10]

Black cumin (Nigella 
sativa)/Essential oil

CO2: 40 MPa, 40°C, 25 
g/min, 30 min 

– [11]

Hyssop (Hyssopus 
officinalis L.)/
Sabinene (S), iso-
pinocamphene (i-P), 
pinocamphene (P)

CO2 + methanol (1.5 % 
v/v) 10 MPa, 55°C, 30 
min (dynamic)

S: 4.2–17.1,
i-P: 0.9–16.5,
P: 0.7–13.6

[12]

Basil (Ocimum 
gratissimum)/
Eugenol

CO2: 10–30 MPa, 40°C 1–1.8 [13]

Cajanus cajan (L.) 
Huth/Cajaninstilbene 
acid

Not reported – [14]  

Myrtle (Myrtus 
communis L.) leaves/
Phenolic compounds

CO2: 23 MPa, 45°C, 
0.3 kg·h−1

2–2.5 [15]

“Ban-Zhi-Lian” 
(Scutellaria barbata 
D. Don)/Oleanolic 
acid (OA), ursolic acid 
(UA)

CO2: 27.6 MPa, 
55°C, 2.1 mL/min 
+ 14.1% aqueous 
ethanol (80/20 v/v), 
ultrasound, 50 min

OA: 1.4 × 10–3

UA: 5.9 × 10–3
[16]

Tulsi (Ocimum 
sanctum Linn.)/
Eugenol

CO2: 40 MPa, 70°C, 1 h 
static

0.46 [17]

Ginger (Zingiber 
officinale Roscoe) 
roots/Gingerols and 
shogaols

CO2: 25 MPa, 60°C 2.62 [18]

(Continued)
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Material/Extract of 
interest Extraction conditions Yield (%) Ref.

Lichen Usnea 
barbata/Usnic acid

CO2: 30 MPa, 25°C 2.08 [8]

Patagonian lichen 
Usnea
lethariiformis/Usnic 
acid, difractaic acid

CO2: 30 MPa, 40°C 1.0 [19]

Grape pomace (Vitis 
vinifera)/Gallic 
acid, p-OH-benzoic 
acid, vanillic acid, 
epicathechin

CO2: 30 MPa, 
50°C–60°C

– [20]

Rosmarinus 
officinalis/Rosmarinic 
acid

Not reported – [21]

Nigella sativa seeds/
Essential oils, 
thymoquinone

CO2: 30 MPa, 40°C 
(pretreated at 9 MPa)

21–26 [22]

Cordia verbenacea DC
(Borraginaceae)/
Artemetin, 
β-sitosterol, 
α-humulene, and 
β-caryophyllene

CO2: 30 MPa, 
30°C–50°C with 
cosolvent

5–8.6 [23]

Piper regnellii 
var. pallescens/
Neolignans 
(conocarpan, 
eupomatenoid-3, 
eupomatenoid-5, 
and 
eupomatenoid-6)

CO2: 10–25 MPa; 
40°C–60°C

0.6–2.4 [24]

Agaricus brasiliensis
 mushrooms/
Linoleic acid
palmitic acid

CO2: 30 MPa, 50°C 1.2 [25]

Table 13.1 (Continued)



303Supercritical Extraction Processes from Natural Products

Material/Extract of 
interest Extraction conditions Yield (%) Ref.

Achyrocline 
satureioides/
Aromatic 
compounds

CO2: 12 MPa, 30°C 1.26 [26]

Vetiveria 
zizanioides/
Essential oils

CO2: 19 MPa, 50°C 
and 15% ethanol

5.9 [27]

Shiitake (Lentinula 
edodes) mushroom/
Palmitic acid, 
linoleic acid, and 
ergosterol

CO2: 20 MPa, 40°C, 
15% ethanol

3.81 [28]

Marjoram 
(Origanum
 majorana L.)/
Terpinen-4-ol
c-terpinene, 
linalool, a-terpineol, 
a-terpinolene, 
a-terpinene, 
b-caryophyllene, 
and spathulenol, 
cis-Sabinene hydrat

CO2: 45 MPa, 50°C, 7 
kg/h, 245 min

3.8 [29]

Spearmint (Mentha 
spi-cata L.) leaves/
Catechins

CO2: 20 MPa, 60°C 
and 60 min 

6.0 [30]

Pulverized crude 
propolis/Phenolic 
acids, flavonoids, 
terpenes, and 
sesquiterpenes

CO2: 15 MPa, 40°C, 
5% ethanol

24.8 [31]

Alpinia oxyphylla 
Miq./Extract with 
multibiofunctions

CO2: 40 MPa, 2 h – [32]

(Continued)
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Material/Extract of 
interest Extraction conditions Yield (%) Ref.

Dictyoperis 
membranacea/
Volatiles

CO2: 9.1 MPa, 40°C, 
30 min

15.4 [33]

Spirulina platensis/
g-Linolenic acid

CO2: 40 MPa, 40°C, 
ethanol, 1 h

>90 [34]

 SFE from diverse herbs, algae, lichen, and other natural materials 
usually results in complex mixtures of various components, which 
have a strong variety in the composition and content of the bioactive 
substances of interest. In many cases, the complete composition is 
unknown. However, this aspect could be also of high interest, since 
the potential synergy of different known and unknown bioactive 
agents in the extracts is found to enhance the antibacterial properties. 
Most extractions are carried out at a laboratory level. For high-value 
products, such as pharmaceutical compound materials, small-scale 
equipment may already work profitably, whereas for mass products, 
such as the one needed for hop extracts, the production scale must 
be large. While it appears that the extraction method is simple, it 
is essential to study each plant material individually, because the 
pretreatment of feed material and optimal extraction conditions 
depend on the structure and composition of each specific starting 
product (Table 13.1). It can be summarized that extensive research 
has been carried out with a large variety of plant materials that 
shows SFE to be effective in recovering bioactive compounds. 
 The antibacterial activities of plant extracts and oils can be 
useful for the preservation of raw and processed food, in the 
pharmaceutical industry, and as alternative medicines and natural 
therapies. Today, the resistance to multiple antibacterial substances 
that has been observed worldwide after long term use of antibiotics 
is a public health problem. Many strains of Staphylococcus aureus 
have developed resistance to antibiotics (i.e., methicillin-resistant 
Staphylococcus aureus, or MRSA), creating a serious problem in 

Table 13.1 (Continued)
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medical microbiology. Hence, great interest is focused on extracts 
that have bactericidal action on S. aureus. As an example of isolation 
of natural antibacterial agents against MRSA, the extraction kinetics 
of usnic acid from a Patagonian lichen is described in this section. 
The effect of pretreatment on the extraction yield of this bioactive 
substance is shown in Fig. 13.2. The yield of lichen extracts isolated 
at 30 MPa and 40°C is clearly improved by mechanical pretreatment, 
although not much difference becomes evident among both used 
milling methods, blade and planetary mill. After a consumption 
of scCO2 of 12–14 kgCO2/kgsolid a similar yield of around 1% was 
obtained, based on the original mass of the source material. The 
pressure and temperature of an optimized extraction process 
depend on both the properties of the raw material and the solubility 
of the extract. When the separation of the extract from the solvent 
is performed by lowering the solubility within the solvent, the 
separator must be operated at lower pressure than the extraction 
itself. For highly volatile components, the pressure needs to be 
released to very low values in order to precipitate these substances 
within the separator. Successive recompression of the solvent 
requires expensive compressors and decreases dramatically the 
energetic efficiency of the process. 

Figure 13.2 Extraction yields (wt%) by using scCO2 at P = 30 MPa and T = 
40°C from nonpretreated (Δ) lichen and milled with blade mill 
(BM) (○) or planetary mill (PM) ().
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13.3 Supercritical Sorption/Impregnation 
Processes

scCO2 is not only known as a possible solvent for extraction of 
valuable compounds but also known for its high diffusion ability in 
organic matter. The latter property is used for impregnating solid 
matrices with bioactive agents [35–37]. Figure 13.3 shows a scheme 
of the process, mainly consisting of two steps, (i) solubilization of 
the solute and (ii) impregnation of the matrix.

Figure 13.3 Scheme of the supercritical impregnation process.

 The impregnation process requires the design to be performed 
adjusting the solvent capacity and the required amount for the 
impregnation, while taking into account the different mass transfer 
resistances. In amorphous polymers, for example, poly(ethylene 
terephthalate) (PET) materials, the glass transition temperature 
(Tg) is reduced due to the absorbing CO2, which facilities operation 
at moderate temperatures [38]. Biopolymers behave in an analogous 
way [39]. In the process, the solute is placed in a so-called saturation 
vessel. For adjusting the amount of solute, various possibilities of 
continuously feeding into the process have been investigated [40, 
41]. In the continuous approaches, the feed must be provided 
as a solution or slurry (suspension) but at the cost of additional 
mass transfer resistance through the used solvent, for example, 
poly(ethylene glycol). 
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 Figure 13.4 shows the effect of different process parameters on 
the change in solute volume during CO2 sorption under pressure 
in poly(caprolactone) (PCL) samples. While the change in volume 
during exposure to carbon dioxide does not show a clear tendency 
as a function of pressure within the investigated range, it is clearly 
shown that at low temperatures the swelling is more pronounced 
(Fig. 13.4). Swelling of the polymer by scCO2 effectively increases 
the diffusion coefficient of the solute by several orders of magnitude. 
When the system is depressurized, the dissolved fluid readily diffuses 
out of the polymer, while the solute is expected to be trapped in the 
matrix. Different molecules can be impregnated into a polymer 
matrix at temperatures low enough to avoid thermal degradation 
and loss of bioactive properties [42]. For other applications, such 
as the dyeing of synthetic fibers, this process has reached industrial 
scale [43]. Currently, studies are conducted on the application of 
diverse plant extracts and other herbal oils for impregnation of 
textiles [44]. 

Figure 13.4 Effect of pressure (P = 15 MPa, ●) and temperature (T = 35°C, 
▲) on change in volume (%) of poly(caprolactone) samples.

Supercritical Sorption/Impregnation Processes
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 In Table 13.2, some examples of the incorporation of bioactive 
agents into a carrier matrix by using scCO2 are listed. Most of 

Table 13.2 Examples of works of impregnation or incorporation of a 
bioactive agent into different matrixes by using scCO2

Solute/Matrix Conditions
Impregnation 
(wt%) Ref.

Thymol/Cotton gauze 15.5 MPa, 35°C 19,6 [45]
Natural origin 
quercetin and 
thymol/N-
carboxybuthylchitisan, 
agarosa

10–20 MPa, 
30°C–50°C
Ethanol (10% v/v) 
for quercetin

– [46] 

Thymol/Linear low-
density polyethylene 
films

7–12 MPa
40°C, 4 h

1.48–3.81 [47] 

Dexamethasone/
Poly(caprolactone) and 
silica nanoparticles

Supercritical 
foaming mixing
14–25 MPa, 35°C, 
2–14 h

tunable yields  [48]

Ciannamaldehyde/
Cassava starch

15–25 MPa, 
35°C, 3 and 15 
h impregnation 
times, 1 and 
10 MPa·min−1 

depressurization 
rates

1–2.5 [49] 

Gentamicin/Alginate–
pectin blends

Supercritical 
assisted 
atomization

20–30 [50]

Gentamicin/Chitosan 20 MPa, 60°C with 
ethanol, flow 4.9 
g·min–1, 6 h

– [51]

Juca (Libidibia ferrea) 
extract/N-carboxybutyl
chitosan dressing

Two step
Extraction 25 MPa, 
50°C
Impregnation 27 
MPa, 50°C

0.4–0.5 [52]
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the solutes shown in Table 13.2 are commercial or synthetic 
substances. The process related with Juca material [52] refers to a 
natural extract combined with an impregnation process, although 
considered as two separate steps. It is noteworthy in this work that 
a slightly higher pressure is proposed for the impregnation, rather 
deposition, although this is not clearly explained. The processes 
described in Refs. [48, 50] do not apply the impregnation step. In 
these applications, the solute is physically mixed with the substrate 
or carrier. Hence, the concentration of the solute could be established 
independently from the solubility and diffusivity within the matrix 
of the carrier material. 

13.4 Formulation of a Scaffold

An ideal scaffold for bone tissue engineering should be biocompatible 
and osteoconductive and it should provide structural support to the 
newly formed bone [53, 54]. These materials, obtained from natural 
or synthetic compounds, must have a proper degradation rate and 
some required characteristics related with morphological features 
for good performance. A scaffold should have an interconnected 
porous structure, sufficient mechanical strength, and proper cell–
scaffold interaction. The pore size and morphology and the degree 
of porosity are very important parameters in tissue engineering. 
For instance, an interpenetrating network of pores in the range 
of 100–500 μm is required to allow vascularization and tissue in-
growth [55]. A variety of techniques has been developed to fabricate 
porous scaffolds of biopolymers; among these techniques, foaming 
with scCO2 is superior to other methods for producing solvent-
free porous structures. Hence, the use of scCO2 is of high interest 
as an alternative green solvent for processing biodegradable and 
biocompatible polymers in pharmaceutical and medical applications 
[56–59].
 The foaming process by using scCO2 can be divided into three 
steps: (i) sorption of scCO2 until saturation, (ii) nucleation of 
foam bubbles, and (iii) growth of foam bubbles. Karimi et al. [60] 
reported a detailed study of the influence of the scCO2 pressure, 
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temperature, rate of quenching, etc., on the microstructure of PCL 
foams. In the analysis, foaming is described as a process that only 
occurs when the sample is melted. When the foaming is produced 
at low depressurization rates (slow quenching), the pressure decay 
rate can be idealized as an isothermal procedure. The foaming 
temperature determines the width of the pore size distribution. The 
foaming process follows a complex mechanism, mainly three factors 
being involved in the process: (i) release of CO2 from the polymeric 
matrix during nucleation and growth of bubbles, (ii) expansion of 
CO2 inside the bubbles with decreasing pressure, and (iii) increase of 
the matrix viscosity. The balance between these factors determines 
the resulting pore morphology. 
 Depressurization starts from a melted state of the polymer and 
continues toward the melting line, which can be determined from 
differential scanning calorimetry (DSC) experiments at elevated 
pressure (Fig. 13.5) [19]. The extent of supersaturation when 
arriving at the melting line, that is, the pressure difference down to 
this point, determines the foam structure significantly. Table 13.3 
shows the effect of different process parameters on the mean pore 
diameter of several PCL samples measured after depressurization. 
A slightly increasing pore size can be observed with pressure. The 
reason is related with the fact that a higher amount of gas is dissolved 
in the polymer at higher pressures, which results in a larger void 
space during foaming. Bubbles growth is enhanced by including 
an increased amount of CO2 present in their vicinity. The pore size 
is mainly influenced by temperature and depressurization rate. A 
fast depressurization rate results in an enhanced nucleation rate, 
because supersaturation is high at the onset of nucleation. Hence, 
a high number of bubbles is formed with less time for growing and 
coalescing. To interpret the effect of temperature on the pore size, 
the plasticizing behavior needs to be accounted for. During the step 
where the bubbles grow, the polymer needs to remain in a fluid state, 
which is probably the case at high temperatures where the viscosity 
is reduced. Even at temperatures below the melting temperature, 
at atmospheric pressure, bubbles are formed giving evidence of 
a change in the melting behavior during exposure to compressed 
carbon dioxide. 
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Figure 13.5 Variation in the melting temperature of poly(caprolactone) 
with CO2 pressure determined from high-pressure DSC 
analysis data [19].

Table 13.3 Effect of pressure, temperature, and depressurization 
rate on the mean pore diameter of supercritical processed 
poly(caprolactone) samples

T = 35°C,
dP/dt = 1 MPa·min–1

P = 15 MPa,
dP/dt = 1 MPa·min–1

P = 15 MPa,
T = 35°C

P
(MPa)

Mean pore 
diameter 
(μm) ± d.s

T
(°C)

Mean pore 
diameter 
(μm) ± d.s

dP/dt
(MPa·min–1)

Mean pore
diameter
(μm) ± d.s

10 150 ± 50 30 50 ± 20 0.1 460 ± 30

15 240 ± 60 35 230 ± 20 0.5 340 ± 60

17 390 ± 50 40 560 ± 100 1 230 ± 50

18 200 ± 40 2 150 ± 40

Formulation of a Scaffold



312 An Integrated Supercritical Extraction and Impregnation Process

13.5 Integrated Process for Production of 
Functionalized Materials

The integrated extraction and impregnation process, including 
posterior formulation, is here illustrated by the example of 
functionalization of PCL scaffolds with a natural antibacterial 
agent. The strategy is based on minimizing the loss of extract mass 
in the tubes, vessels and exchangers of the equipment by directly 
using the scCO2–extract solution for impregnation, avoiding the low 
efficiency of extract recovery in a (conventional) separation step 
carried out by pressure reduction. The basic idea of the proposed 
process is presented in Fig. 13.6 for a natural extract obtained from 
a Patagonian lichen and a commercial PCL matrix.

Figure 13.6 Concept of an integrated process, including extraction, 
impregnation, and formulation of the final product.

 An integrated process seems promising to improve the useful 
amount of extract incorporated into the PCL matrix. It is important 
to note that the solubility of the extract in scCO2 changes according 
to the conditions in each vessel. The extraction variables are 
temperature, pressure, particle size, moisture content of the raw 
material, extraction time, CO2 flow rate, and solvent-to-source 
material ratio, which all need to be optimized for an efficient process. 
In general, extraction yield increases with pressure due to the 
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increase of the solubility in scCO2 and decreases with temperature 
due to the decrease of CO2 density. However, the antibacterial 
activity of extracts on specific bacteria may be adversely affected. 
This fact leads to a compromised situation to select the extraction 
conditions. In the results shown below, pressure and temperature 
used for extraction were fixed at 40°C and 30 MPa, according to the 
published antibacterial activities of usnea extracts against MRSA 
[61]. The proposed process design for in-line impregnation of 
solids with antibacterial lichen extracts after SFE is shown in Fig. 
13.7. This laboratory-scale unit has been designed for an integrated 
extraction-impregnation process and was extended by closing the 
solvent scCO2 cycle in a way that the extractor (E, 500 mL) and 
the adsorption column (A, 100 mL) can be operated at different 
temperatures and pressures independently from each other. 

Figure 13.7 Setup of a proposed process that integrates extraction, 
impregnation, and foaming steps.

 The extractor vessel is filled with the raw material from which 
a target substance is to be extracted. The adsorption column is 
filled with solid to be impregnated by the extract from the prior 
extraction step. The CO2 is pumped into the extractor until the 
required pressure is reached. For the supercritical extraction of the 
Usnea lichen, working conditions of 30 MPa and 40°C were found 
as an optimum [19]. Temperature and pressure of the adsorption 
step need to be adjusted to the desired transport properties of the 
impregnation, taking into account the changing properties of the 

Integrated Process for Production of Functionalized Materials
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carrier matrix, as described above. For PCL, DSC analysis results 
indicated an optimum temperature of 35°C for not completely 
melting the polymer, but still enabling posterior foaming (Fig. 
13.5). The integrated procedure is characterized by two variables of 
time, t1 and t2, representing the kinetics of the extraction and the 
impregnation respectively. In the experimental design study, t1 is 
the time of continuous extraction-impregnation in a single passing 
mode at given conditions (extraction: 30 MPa/40°C; impregnation: 
15–17 MPa/35°C), and t2 represents the time of recycling of the 
solution at 15–17 MPa/35°C through both steps. Product obtained 
from the recycling procedure is compared to product obtained in 
“single-passing mode.” A valve between the extractor and the view 
cell is used for adjusting the pressure in both steps. The impregnated 
products are assigned according to the process parameters: PCLt1/
t2. Thus, the obtained samples were named PCL3/0, PCL1/1, 
PCL2/1, and PCL2/4. For example, PCL2/1 means that CO2 was 
passed through the equipment without recycling during t1 = 2 h, and 
afterward, recycling was carried out over t2 = 1 h at homogeneous 
pressure throughout the equipment.
 In the proposed process, the variation in pressure and 
temperature within the impregnation vessel (A), taking into account 
the conditions established within the extractor vessel (E), is the 
main factor that ensures an environment supersaturated with solute 
in the neighborhood of the polymeric matrix. Table 13.4 shows that 
impregnation of Usnea extract achieves values in the range of 0.7–
2.8 wt%. Recycling of the scCO2–extract solution was beneficial to 
increase the amount of extract within the matrix. A procedure with 
two hours for extraction-impregnation (t1) ensures the maximum 
amount of extract in solution with scCO2. A recycle time (t2) of only 
one hour was sufficient to achieve an acceptable impregnation value. 
A recycling time (t2) greater than two hours was not beneficial, 
probably due to the deposition of the extract on the walls and piping 
of the equipment when reducing the temperature and pressure 
and also to dilution during the recycling process. Recycling with a 
scCO2–extract solution with less concentration of extract can lead to 
“washing” of the impregnated polymeric matrix. Finally, the product 
is obtained by depressurization in a controlled manner in order to 
obtain a defined matrix structure (solid polymer foam). Table 13.4 
summarizes the characteristics of the scCO2 impregnated PCL. For 
comparison, scCO2 treated PCL samples, without impregnation, are 
also shown. 
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Table 13.4 Parameters of processing (t1, t2); porosity (ε), mean pore size, 
and impregnation

Sample Procedure
Porosity (ε) 

(%)
Mean pore 
size (μm)

Impregnation
(wt%)

PCL [62] 70 340 –

PCL3/0
E-VC

t1: 3 h
t2: 0

64 342 0.7

PCL1/1
E-A

t1: 1 h
t2: 1 h

72 290 1.5

PCL2/1
E-A

t1: 2 h
t2: 1 h

40 270 2.8

PCL2/4
E-A

t1: 2 h
t2: 4 h

72 365 2.2

 The results of the antibacterial screening of the tested 
functionalized PCL scaffolds are presented in Fig. 13.8. The 
impregnated PCL samples (PCL3/0, PCL1/1, PCL2/1, PCL2/4) 
show a bactericidal effect on Listeria innocua (Fig. 13.8a), reducing 
the viability of inoculated cells by more than 99%. The most 
effective sample is PCL2/1, the one with the highest percentage 
of impregnation (2.8 wt%). However, the bactericidal effect is 
not directly proportional to the percentage of impregnation, as 
observed for samples PCL3/0 and PCL1/1. PCL3/0 is found to be 
only superficially impregnated, since the processing time was 
not sufficient for complete diffusion of the solute into the matrix. 
This superficial impregnation can be the cause of the greater 
bactericidal effect of sample PCL3/0 on L. innocua with respect to 
the PCL1/1 sample. Figure 13.8b shows the effect of the percentage 
of impregnation and the inoculums size on the antibacterial activity 
against the MRSA strain. The tested samples showed a higher 
antimicrobial activity against MRSA ATCC 43300 when a lower 
bacterial inoculum level (2 × 104 CFU/mL) was assayed. With a low 
inoculum size, growth reductions were more pronounced for most 
samples. In this case, a minimum amount of 1.5 wt% of impregnation 

Integrated Process for Production of Functionalized Materials
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was needed for producing a bacteriostatic effect (PCL1/1, PCL2/1, 
PCL2/4). 

Figure 13.8 Growth inhibition by functionalized PCL scaffolds: (a) L. 
innocua, PCL concentration tested: 200 mg·mL–1; and (b) 
MRSA, PCL concentration tested: 100 mg·mL–1. Vertical bars 
represent means of three replicates ± standard deviation. 
Control: culture medium without sample; PCL: culture medium 
+ PCL without impregnation.
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13.6 Conclusions and Remarks

The extraction of antibacterial substances and its adsorption on 
polymeric materials by an appropriate combination of extraction, 
impregnation, and foaming conditions is feasible. A “three step 
in one” scCO2 impregnation of biopolymers process provides an 
efficient method for tailoring the chemistry and morphology of 
the aforementioned type of scaffolds by simultaneously obtaining 
the desired composition and microstructure. Polymeric materials 
exhibit a wide range of interactions with scCO2; while some do not 
interact in any way, others exhibit pronounced interaction that can 
reach the solution or material degradation. This opens up a range 
of possibilities for the design of the final product in the proposed 
process involving extraction, impregnation, and formulation.
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One of the major goals of tissue engineering is the development of 3D 
porous biodegradable scaffolds able to stimulate cells growth and 
to induce tissue healing and self-repair. Compressed fluids, such as 
carbon dioxide, are excellent candidates for biomaterials processing 
and porous scaffold fabrication as they allow the development 
of clean and toxic-free processes for scaffold fabrication that are 
beneficial to cells and biological tissues. The aim of this chapter 
is to provide to the reader an overview about current strategies 
to design and fabricate porous polymeric scaffolds for tissue 
engineering by means of compressed fluids. Furthermore, the 
materials/processing/structure relationship of scaffolds prepared 
by supercritical fluids plus combined approaches is described to 
suggest possible strategies for advanced scaffold manufacturing.
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14.1 Introduction to Biomaterials and Tissue 
Engineering Scaffolds

Tissue engineering (TE) is an increasingly growing and multidisci-
plinary research field holding the promise to develop novel thera-
peutic treatments for tissue and organ loss and failure, which are 
two of the major human health problems. To achieve this challeng-
ing goal, TE proposes a variety of strategies that are based on the 
appropriate combination of stem cells, biomaterials, and molecular 
cues [1–3]. In particular, in these approaches, cells isolated from a 
donor tissue are transplanted onto a biocompatible and biodegrad-
able substrate, named scaffold. The scaffold acts as a temporary 
synthetic analogue of the extracellular matrix (ECM) of native tis-
sue, stimulating stem cell growth, proliferation, and differentiation 
and progressively degrading until the new tissue is formed [1–3]. 
The new tissue formation is induced by maintaining the cell-seeded 
scaffold in appropriate bioreactors before implantation into the pa-
tient (in vitro strategy) or grafted back directly into the patient to 
function as the introduced replacement tissue (in vivo strategy).
 Stem cells are present in many adult tissues and are an attractive 
cell type for the regeneration of damaged tissues in clinical 
applications. Indeed, these cells are undifferentiated cells and are 
able to self-renew with a high proliferative capacity. Furthermore, 
stem cells possess the potential of differentiation in any other 
cells type, such as osteoblasts, chondrocytes and fibroblasts [4, 
5]. Although stem cells can be obtained from different sources, 
mesenchymal stem cells are the most used in TE as they can be 
extracted from several tissues, including bone marrow, umbilical 
cord blood, and adipose tissue [5].
 A biomaterial is defined as “a nonviable material used in a 
medical device, intended to interact with biological systems” [6]. 
Biomaterials are very important components of TE strategies, as they 
are the main constituents of porous scaffolds. Moreover, biomaterial 
scaffolds are necessary to enhance the ability of stem cells to induce 
appropriate tissue regeneration in vitro, as well as the restoration 
of a tissue diseased function when directly implanted in vivo [7–9]. 
This is because stem cells are anchorage dependent and will die 
after transplantation if an appropriate adhesion substrate is not 



327

provided. Simultaneously, as observed in the natural tissues, cells 
act in synergy with the ECM that provide three-dimensionality and 
direct cell-to-cell communication and transmit multiple biophysical 
and biochemical stimuli for cell adhesion, migration, proliferation, 
and differentiation, among others [9].
 It is also important to note that the regenerative potential of 
stem cells and scaffolds has been dramatically improved in recent 
years by using appropriate molecular cues that are able to stimulate 
cell responses appropriately [7]. Such examples are growth factors 
able to stimulate cell growth as well as differentiation agents able to 
induce proper stem cell differentiation and biosynthesis. Therefore, 
the next generation of biomaterials and scaffolds will have to not 
only provide adequate mechanical and structural support for stem 
cells but also deliver molecules able to actively guide and control 
stem cell attachment, migration, proliferation, and differentiation.
 Biophysical and biochemical properties and requirements for 
scaffolds in TE have been extensively reviewed and recent examples 
include aspects of degradation, mechanical properties, and drug 
delivery [1–3, 8]. These can be summarized as follows:

 (i) Provide a bioactive surface to promote cell–material 
interactions and the biological recognition by the host.

 (ii) Support the development of a 3D tissue by a pore structure 
suitable for cell adhesion, proliferation, migration, and 
differentiation.

 (iii) Induce functional construct vascularization and development 
via the correct spatial and temporal presentation of topological 
and biochemical cues.

 (iv) Ensure a mechanical function stimulating stem cell 
differentiation and biosynthesis as well as supporting 
structurally cells and external loading.

 Apart from the properties of the materials, mainly in terms 
of biocompatibility, biodegradation, and bioactivity, the 3D 
architecture of the scaffold is very important when attempting to 
meet these requirements and to mimic the structure and functions 
of the native ECM. Controlling cell behavior and tissue regeneration 
by tailoring the scaffold’s pore structure is a critical step in the 
development of the next generation of bioactive TE scaffolds. In 
particular, morphological and structural properties, such as porosity, 
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pore size distribution and interconnectivity, pore wall morphology, 
and surface area, were reported to have a profound impact on 
the biological response of a scaffold material [2, 3, 8]. Pores are 
necessary for new tissue formation aided by scaffolds because they 
allow migration and proliferation of stem cells in three dimensions, 
as well as scaffold vascularization [10]. In addition, a porous surface 
improves mechanical integration and stability between the implant 
and the surrounding tissue. Regarding pore size, there are several 
literature investigations demonstrating that pores of 5 µm size are 
necessary for tissue vascularization, while pores of 5–15 µm are 
optimal for fibroblast growth, between 20–125 µm for regeneration 
of skin, and in the range of 100–350 µm for regeneration of bone 
tissue [2, 8].
 All of these specifications indicate that scaffold design and 
manufacture must find the optimal balance between materials and 
processing techniques in order to achieve required morphological, 
structural, and functional properties for the specific application.
 The goal of this chapter is to provide to the reader an overview 
about current materials and technologies for the design and 
fabrication of porous scaffolds for TE. Furthermore, special emphasis 
will be devoted to compressed fluid-based techniques, which enable 
the fabrication of scaffolds with pore structure features resembling 
those observed in the ECM of native tissues.

14.2 Overview of Porous Scaffold Materials and 
Fabrication Techniques

14.2.1 Materials

Biomaterials are key component of TE strategies, as they are the 
main components of scaffolds and biomedical devices. Ideally, 
biomaterials for TE applications must fulfill a series of properties. 
These include (1) biocompatibility, intended as the capability to 
perform with an appropriate host response in a specific application; 
(2) biodegradability, intended as the property to degrade without 
producing toxic bi-products; (3) processablility, intended as the 
possibility to manufacture biomedical devices and porous scaffolds 
of desired internal structure and external shape; (4) sterilizability, 
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by using process technologies appropriate for biological uses; and, 
ultimately, (5) mechanical properties tailored for the required 
application.
 Biomaterial scaffolds used to restore the structure and function 
of damaged tissue and organ have evolved greatly in the past decades 
due to the widespread knowledge accumulated on materials design, 
processing, and characterization of scaffold–cell interactions. Part of 
this evolution has been the development of novel scaffold materials, 
compatible with cells and tissues and resulting from contemporary 
advances in the fields of materials science and molecular biology. 
Different materials such as metals, ceramics, chemically synthesized 
polymers, natural polymers, and combinations of these materials to 
form composites were used depending on the specific application [2, 
3, 6, 8]. Metals are the most used biomaterials to replace structural 
components of the human body. This is because they are very reliable 
from the viewpoint of mechanical performance. In particular, metals 
possess tensile strength, fatigue strength, and fracture toughness 
properties that make them excellent candidates for the fabrication 
of medical devices for the replacement of hard tissue such as 
artificial hip joints, bone plates, coronary stents, and dental implants 
[11]. Polymers are mostly made of organic components and are 
characterized by macromolecular properties comparable to lipids, 
proteins, and polysaccharides, which are key functional organic 
components of the ECM [12, 13]. Further advantages of polymeric 
biomaterials are their relatively simple processability and their 
broad range of application, spanning from nondegradable implants 
to controlled degradable biomedical devices [14]. Both synthetic 
polymers and biologically derived (or natural) polymers were 
extensively investigated as biodegradable polymeric biomaterials. 
Materials from natural resources, such as collagen and gelatin, 
possess the great advantage of biological recognition because of the 
presence of receptor-binding ligands inside their chemical structure 
[6, 9]. Conversely, synthetic biomaterials, such as poly(lactic acid) 
(PLA) and poly(caprolactone) (PCL) may overcome the problems 
related to purification, immunogenicity, and pathogen transmission 
of natural materials and may also provide a greater control over the 
final scaffolds’ properties [3, 14].
 Due to their chemical similarity to the inorganic phase of bone, ce-
ramic biomaterials such as calcium phosphates (e.g., hydroxyapatite 



330 Compressed Fluids, Porous Polymers and Tissue Engineering

and α- and β-tricalciumphosphate) have been more intensively 
investigated in respect to their possible application as bone scaf-
folds [2, 10]. These materials are bioactives and osteoconductives 
and are able to bond directly to bone [10]. Ceramic biomaterials in 
the form of micro- and nanoparticles, as well as metal oxides, are 
also used as dispersed fillers inside natural and/or synthetic poly-
meric matrixes to design and fabricate multiphase composites, tak-
ing advantage of the single components. In particular, in such cases, 
composite scaffolds evidenced improved mechanical properties, 
degradation kinetics, and biological response if compared to poly-
meric scaffolds [13, 15–17].

14.2.2 Fabrication Techniques

Several fabrication processes have been developed to obtain 3D 
porous scaffolds from biocompatible and biodegradable materials. 
Among them, thermodynamic-based processing of polymeric 
solutions, such as gas foaming and phase separation, is the most 
used method to create porous scaffolds with controlled 3D pore 
structures [2, 3, 8]. The gas-foaming process uses blowing agents, 
mainly carbon dioxide (CO2), nitrogen (N2), and mixtures of these 
two fluids, which are usually solubilized at constant temperature 
and high pressure inside a polymeric matrix. When the solubilization 
of the blowing agent into the polymer is completed, the polymer/
blowing agent solution is brought to the supersaturated state either 
by increasing temperature (temperature-induced phase separation) 
or by reducing pressure (pressure-induced phase separation). 
This step brings the nucleation and growth of gas bubbles into the 
polymeric matrix. The decrease of the blowing agent inside of the 
polymeric matrix and the concomitant increase of matrix stiffness 
allow for the final pore structure stabilization [3, 8, 15, 18]. One of 
the great advantages of this technique is related to the possibility 
of fine control of the porous network of the scaffold, avoiding the 
use of organic solvents. Indeed, the presence of residues of these 
chemicals inside the scaffold may be harmful for cells and nearby 
tissue and may inactivate the biological signals incorporated into 
the polymeric matrix. The modulation of the operating parameters, 
namely, pressure, temperature, and the depressurization profile, 
allows for the fine control of the scaffold pore structure. Gas foaming 
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is usually applied to synthetic polymers, such as PLA and PCL and 
their composites. Conversely, a limited number of works have been 
reported on gas-foamed scaffolds from natural polymers, as they do 
not allow for the easy diffusion, solubilization, and foaming of the 
blowing agent inside the polymeric matrix.
 Polymeric scaffolds can be obtained by phase separation 
caused by temperature change or antisolvent addition, using 
either conventional liquids or supercritical fluids [8, 19, 20]. 
Phase separation from a polymer–solvent solution is based on 
the thermodynamic demixing of the system into a polymer-rich 
and a polymer-poor phases, for instance, by cooling the solution 
down to a decomposition curve. The removal of the solvent within 
the polymer-lean phase by solvent evaporation, sublimation, 
or solvent/nonsolvent exchange, allows reaching an open-pore 
network, whereas the polymer that composes the polymer-rich 
phase solidifies in the final structure of the scaffold. Porous 
polymeric scaffolds with a wide range of porosity and pore size 
distribution, down to nanometric-scale resolution, can be fabricated 
by optimizing the polymer/solvent choice and cooling temperature 
profile during phase separation [8, 19, 20]. Although this technique 
can be applied to both synthetic and natural biomaterials, there is 
still the need of replacing organic solvents [20].
 Reverse-templating techniques utilize percolating porogen 
agents, characterized by proper concentration and desired size and 
shape, to imprint ordered arrays of pores within a continuous ma-
trix. The solvent casting/particulate leaching method is the most 
commonly mentioned one in fabrication of scaffold for TE [8]. The 
method involves mixing water soluble or easy removable particles 
into a biodegradable polymer/solvent solution or a polymer melt. 
The system is then solidified by extracting the solvent or by cooling 
and, finally, the porogen is leached out from the matrix by soaking in 
an appropriate solvent. Several materials have been used as porogen 
agents to achieve porosity architecture within polymeric scaffolds. 
The selection of the templating agent has been constrained to the 
compatibility of the particulate removal method (solvent, heating, 
chemical treatment) with polymer characteristics. Sodium chloride, 
sugar, gelatin, or hydrocarbon particles are widely used in partic-
ulate-leaching process, salt crystals being the most widespread 
particles used for this method [8, 15, 21]. Furthermore, pore size 



332 Compressed Fluids, Porous Polymers and Tissue Engineering

and shape are easily controlled by selecting the size and shape of 
the porogen [8]. The materials choice is critical in this technique, as 
the polymer must be soluble in an organic solvent that, at the same 
time, is a poor solvent for the porogen. Furthermore, as in the case of 
phase separation, the solvent must be biocompatible or easy to re-
move from the scaffold. In some cases, residual solvents in scaffolds 
may be removed with supercritical carbon dioxide (scCO2), allowing 
for the retention of the pore architecture.
 In the past decade, techniques such as lithography and injection 
have been developed to increase the control over scaffold geometry 
and to achieve high reproducibility and large-scale manufacturing. 
This is achieved by using externally controlled setups, which 
allow creating ordered arrays of pores with desired shapes 
and characteristics within biomaterial scaffolds [22]. The main 
disadvantages of these approaches are the high cost of equipment, 
the sometimes limited capacity to achieve three-dimensionality, 
and, from a biomedical point of view, low compatibility with the 
processing of biomolecules. As an alternative, electrospinning and 
molecular self-assembly are based on the physical and/or chemical 
assembly of individual atoms, molecules, or supramolecular building 
blocks to form useful constructs [23, 24].

14.3 Supercritical Fluids, Biomaterials 
Processing, and Porous Scaffold 
Manufacturing

As defined by Darr and Poliakoff in 1999, a supercritical fluid is “any 
substance, the temperature and pressure of which are higher than 
their critical values, and which has a density close to or higher than 
its critical density” [25]. Supercritical fluids have unique properties 
that may enhance many types of process operations, such as 
low surface tension, low viscosity, high diffusivity, and density-
dependent solvent power [26]. In particular, physicochemical 
properties of supercritical fluids, such as density, viscosity, and 
diffusivity, are intermediate between those of liquids and gases and 
are continuously adjustable from gas to liquid with small pressure 
and temperature variations. This is because, from a microscopic 
point of view, the fluid is characterized by local fluctuations of 
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density and by simultaneous regions of both gas and liquid local 
densities [27]. An additional advantage of using supercritical fluids 
arises from the fact that they may replace many environmentally 
harmful solvents currently used in polymer processing. For example, 
scCO2, which is by far the most widely used supercritical fluid, is 
relatively cheap, nontoxic, and nonflammable and can be used to 
process biomaterials, cells, and heat-labile molecules for both TE 
and health care applications [28, 29].
 The motivation for using scCO2 in polymer and biomaterial 
processing rely first on the need of using benign solvents. As 
previously discussed, scCO2 has unique properties that could be very 
benefit in polymer processing. For instance, sorption of scCO2 into 
polymers can be used to “plasticize” the polymer by decreasing its 
glass transition and/or melting temperatures. The plasticization of 
polymers is the result of the ability of CO2 molecules to interact, for 
example, with the basic sites in polymer molecules, such in the case 
of the interaction between CO2 and the carbonyl group in polyesters 
[28]. As a direct consequence, the segmental and chain mobility of 
the polymer increase, while the chain-to-chain interactions decrease. 
These effects finally lead to the decrease of polymer viscosity, which 
can be beneficial for enhancing polymer extrusion and blending, as 
well as the increase of the diffusion of molecules and compounds 
through polymer matrices, such in the case of impregnation and 
extraction processes [25–28, 30, 31]. Biomaterials processes using 
scCO2 can be classified into three main groups according to the role 
of scCO2 in the process: solvent, antisolvent, and solute. 
 The first group of processes utilizes scCO2 as a solvent. Such ex-
amples are supercritical fluid extraction (SFE) and rapid expansion 
from supercritical solution (RESS) [20, 32–34]. Extraction of target 
compounds from solid and liquid matrices by means of scCO2 is at-
tracting increasing attention in the biomedical field, especially for 
the fabrication of porous scaffolds for TE and for the purification 
and sterilization of biomedical implants [20, 35–37]. In particular, as 
it will be discussed in detail in the next section of this book chapter, 
SFE processes can be used for the fabrication of porous nanostruc-
tured scaffolds by means of scCO2 drying of organic and inorganic 
hydrogels [20, 36]. At the same time, sterilization of heat-sensitive 
devices, such as endoscopes, and purification of porous implants are 
crucial to prevent the patient’s infection [35, 37]. Indeed, the ability 
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of scCO2 to destroy various species of bacteria as well as to be used 
for the purification of natural implants can make this fluid an impor-
tant alternative to traditional sterilization and purification agents in 
the biomedical field. The RESS technique is commonly used for the 
synthesis of polymeric particles and fibers. This process is based on 
the initial dissolution of the biomaterial in scCO2, followed by the 
expansion of the solution to a lower pressure through an appropri-
ate nozzle. As a direct consequence, the temperature of the system 
is lowered and the solvent power of scCO2 decreases, leading to bio-
material precipitation [32]. The as-obtained particles and fibers can 
be useful for the fabrication of porous scaffolds and drug delivery 
carriers.
 The second group of processes belongs to the supercritical 
antisolvent (SAS) approach. In this approach, a liquid solution 
containing the biomaterial is put in contact with scCO2. By using 
processing conditions suitable to ensure the complete miscibility of 
scCO2 with the solvent and negligible solubility of the solute in scCO2, 
the solution goes to a supersaturated state and the solute precipitate 
[32, 34]. Different biomedical devices, in the form of particles and 
scaffolds, can be produced by SAS processes depending on the 
biomaterial/solvent system and the operating parameters, such as 
temperature, pressure, and depressurization rate [32, 34, 38].
 The third application of scCO2 is as a solute agent for the gas-
foaming process. Gas foaming is based on the solubilization of scCO2 
at high pressures inside the polymer, followed by pressure quench 
and pore nucleation and growth [18, 29]. In particular the next part 
of the chapter is focused on two scCO2-based approaches for scaffold 
fabrication, (i) gas foaming and (ii) phase separation combined with 
scCO2 drying.

14.4 Porous Scaffold Fabrication by Means of 
Gas Foaming–Based Approaches

scCO2 foaming is one of the most used processing techniques for 
the fabrication of biodegradable polymeric foams with controlled 
pore structures suitable as TE scaffolds [2, 3, 8]. Indeed, this 
technique offers the great advantage of achieving a fine control 
over the biophysical and biochemical features of the scaffolds by 
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the appropriate selection of the operating conditions. Furthermore, 
scaffold fabrication can be achieved at low temperature and 
avoiding the use of organic solvents that may be harmful for cells and 
nearby tissue and may inactivate the biological signals eventually 
incorporated into the polymeric matrix [2, 3, 8]. 
 Figure 14.1 reports a scheme of the different steps and operating 
conditions of the scCO2 foaming process. As shown in Fig. 14.1, 
when processing a biomaterial with the gas-foaming technique, 
the first step is the selection of the most appropriate material and 
the optimization of its composition and physical and chemical 
properties. Once the material has been appropriately designed, it 
can be subjected to the foaming process. Polymer plasticization is 
carried out by saturation with scCO2 at constant temperature and 
pressure, typically in the ranges of 35°C–45°C and 10–30 MPa, 
respectively. When the solubilization of the scCO2 into the polymer 
is completed, the system is brought to the supersaturated state by 
reducing the pressure to atmospheric, with the effect of inducing 
the nucleation and growth of the pores into the polymeric matrix. 
To modulate the final pore structure of the scaffolds, it is essential 
to select appropriately the pressure, temperature and time of 
saturation as well as the profile of blowing agent venting [3, 8, 18, 
39–41].

Figure 14.1 Scheme and operating conditions of scCO2 foaming-based 
processes.

Porous Scaffold Fabrication by Means of Gas Foaming–Based Approaches
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 A biomaterial can be processed by gas foaming, starting from a 
particulate of bulky form, while its composition can be characterized 
by a single phase or by a homogeneous or heterogeneous mixture 
of two or more components. Blending different materials has been 
reported as an efficient way to control the foaming process, as well 
as to improve the final microstructural and biological response of 
porous scaffolds [3, 13, 15, 21, 29, 39]. For instance, it is reported 
that the use of heterogeneous blends, composed of a synthetic 
polymer, such as PCL, and a natural polymer, such as gelatin or 
zein, facilitates the foaming behavior of the system in a wide range 
of operating temperatures [21, 39]. Furthermore, multiphase 
synthetic/natural polymeric blends can improve the control over 
scaffold hydrophilicity, degradation kinetics, and bioactivity [13, 
39].
 Several works reported about the fabrication of porous scaffolds 
by means of scCO2 foaming [29, 39–41]. Completely amorphous 
polymers are excellent candidates for this process, as they allow 
the blowing agent to easily diffuse within the polymeric matrix and 
‘‘plasticize’’ the material to render it rubbery [41]. Conversely, the 
scCO2 foaming of semicrystalline polymers is more difficult, owing to 
the different scCO2 solubility and diffusivity within the amorphous 
and crystalline domains of the polymer [29]. Furthermore, the 
presence of nonplasticized crystal regions, maintaining a high 
viscosity/stiffness, hinders, when possible, the formation of 
porous scaffolds with uniform morphology and pore structure [29]. 
Controlling the starting properties of the biomaterial by applying 
appropriate thermal treatments to control polymer crystallization 
can be an effective way to enhance semicrystalline polymer foaming 
and scaffold fabrication [29].
 Although gas foaming allowed the preparation of polymeric 
scaffolds with definite porosities and pore sizes, the achievement 
of a high degree of interconnectivity is often impaired by a 
combination of rheological and processing limitations, which do 
not allow complete pore opening during foaming and lead to the 
formation of a nonporous external skin [3, 8, 18, 40, 41]. Reduced 
pore interconnectivity represents a great limitation for gas-
foamed scaffolds, as open pores are necessary to allow the 3D cell 
colonization and the diffusion of nutrients and metabolic waste in the 
entire pore structure. The scheme of Fig. 14.1 shows different ways 
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to improve the foaming properties of a polymeric biomaterial and to 
enhance the interconnectivity of the final scaffold. In particular, this 
can be achieved by blending the biomaterial with a solid porogen 
before foaming and by further extracting the porogen from the 
foamed scaffold by soaking the sample in an appropriate solvent [3, 
15, 42]. Alternatively, it is also demonstrated that the pore structure 
and interconnectivity of the scaffold can be enhanced by adding an 
appropriate plasticizer to scCO2 during the foaming step [43, 44]. 
The plasticizer is typically a solvent of the same biomaterial, such 
as acetone or ethyl lactate, which creates a binary mixture with 
scCO2 at appropriate temperature and pressure. By using binary 
mixtures as blowing agents, polymer plasticization can be enhanced 
and foaming may result in porous scaffolds with enhanced pore 
interconnectivity [43, 44].
 Figure 14.2 reports some representative scanning electron 
microscopy (SEM) images showing the morphology of porous 
scaffolds that can be obtained with the two aforementioned 
approaches. The morphology of PCL scaffolds prepared by using 
NaCl particles with a mean size of 5 µm and with concentrations 
equal to 30 or 60 wt% and prepared at a saturation temperature 
higher than the PCL melting point (70°C) is reported in Fig. 14.2a and 
Fig. 14.2b, respectively. The scaffolds are characterized by a uniform 
morphology and highly interconnected porosity. Furthermore, by 
increasing the particle concentration from 30 to 60 wt% the porosity 
and pore size decrease from 87% and 70 µm to 79% and 25 µm. 
This effect depends on the increase in the stiffness of the PCL-NaCl 
composites that restrict the pore growth, as well as to the enhanced 
nucleation of the pores [42].
 As shown in Fig. 14.2c,d, totally different morphologies may 
be achieved by using a continuous porogen for the preparation of 
the scaffold. In particular, in this case, the scaffolds are prepared 
by melt-blending PCL and gelatin, followed by gas foaming and 
selective gelatine extraction from the foamed sample [21, 45]. To 
modulate the final properties of PCL scaffolds, two different foaming 
temperatures are selected. A foaming temperature of 44°C was used 
to fabricate a PCL scaffold with a double-scale pore size distribution 
(Fig. 14.2c). This scaffold is provided of larger and elongated pores 
of the order of several hundreds of microns, created by the removal 
of the continuous porogen (gelatin), interconnected to the smaller 
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and rounded pores obtained by the foaming step. Conversely, a 
foaming temperature of 70°C was used to fabricate a PCL scaffold, 
characterized by a pore size distribution on a single scale [21, 45].

Figure 14.2 SEM images of the cross section of porous PCL scaffolds pre-
pared by scCO2 foaming-based approaches (a, b) by combining 
foaming and NaCl leaching [42], (c, d) by combining foaming 
and selective polymer extraction from a co-continuous blend 
[21, 45], and (e, f) by using binary mixtures of scCO2 and ethyl 
lactate as foaming agents [44].

 Improving polymer plasticization by adding proper plasticizers, 
such as acetone or ethyl lactate, to scCO2 are alternative solutions 
to enhance the foaming of semicrystalline polymers, especially 
when the process is carried out at temperatures lower than the 
polymer melting point. Indeed, a small quantity of plasticizer can 
be dissolved in scCO2 at an appropriate temperature and pressure 
to improve its solubilization inside the polymeric matrix and, 
consequently, its capability to decrease polymer melting down to 
the selected operating temperature [43, 44]. To corroborate these 
considerations, in Fig. 14.2e and Fig. 14.2f the morphologies of PCL 
scaffolds prepared by using pure CO2 and a mixture of CO2 and ethyl 
lactate (0.2 mol%) as a blowing agent, respectively, are compared. 
As shown, the PCL scaffold prepared by using scCO2/ethyl lactate 
as a blowing agent is characterized by enhanced foaming and by 
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the presence of a nanofibrous structure inside the pore walls (high-
magnification SEM image reported in the inset of Fig. 14.2f) [44]. 
This peculiar effect is ascribable to the ability of the blowing agent 
mixture to diffuse inside the amorphous regions of the crystallites 
of the polymer and the consequent stretching of the crystalline 
domains during pores nucleation and growth [44].
 Although blending a biomaterial with a porogen agent can allow 
improving the interconnectivity of the scaffold’s pores, this second 
phase can also have a strong impact on the foaming behavior of 
the system. For instance, as shown in Fig. 14.3, the final porosity 
and mean pore size of foamed scaffolds are directly correlated to 
the viscoelastic properties of the material and, in turn, to the NaCl 
concentration. The addition of inorganic fillers to a polymer melt 
influences its flow properties. Several factors, such as particle size 
and shape, filler content, and interactions between the phases, have 
complex influences on the viscoelastic properties of the composites 
[15, 42]. Figure 14.3a shows the frequency-dependent elastic (G’) 
and viscous (G’’) moduli for PCL/NaCl composites containing 30 and 
60 wt% NaCl. As shown, at low frequencies the moduli increase by 
several orders of magnitude with the increase of the NaCl amount 
and a solid-like feature emerges for the highly filled samples, with 
G’ higher than G’’ and both the moduli weakly dependent on ω. 
This effect indicates that, for a 60 wt% concentration the NaCl, 
particles are completely percolating inside the polymeric matrix. As 
a direct consequence, the highly filled composite results in a porous 
scaffold with lower values of porosity (Fig. 14.3b) and mean pore 
size (Fig. 14.3c) in all the 25°C–40°C range of foaming temperature 
investigated. Furthermore, it is observed that foaming temperatures 
ranging from 28°C to 32°C are the most appropriate to ensure 
sufficient sample foaming, while avoiding pore collapse [46].
 An emerging trend in the TE field is the design and fabrication 
of continuous graded osteochondral scaffolds for the simultaneous 
treatment of compromised cartilage and subchondral bone in 
articular joint defects [46]. Indeed, these scaffolds may provide 
simultaneously the appropriate biomimetic 3D environments for 
the growth of the osseous and cartilaginous compartments and of 
the gradual, continuous interface between bone and cartilage. As 
previously showed, the concentration of NaCl strongly affects the 
porosity and pore size of the resulting foamed scaffolds. Therefore, 
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it could be expected that, by creating a spatial gradient of NaCl 
particles concentration inside the polymeric matrix, scaffolds with 
spatial gradients of porosity and pore size can be achieved. Figure 
14.4 shows the microstructure of a PCL scaffolds prepared using a 
PCL/NaCl composite, with 30/60 wt% NaCl spatial gradients.

Figure 14.3 Effect of the concentration of NaCl particles on (a) the 
rheological properties of the PCL/NaCl composites, (b) 
porosity, and (c) mean pore size of resulting PCL scaffolds [42, 
46].

 As shown, the foamed scaffold is characterized by a spatial 
gradient of porosity and pore size. In particular, the region of 
the sample with NaCl concentration of 30 wt% (upper zone of 
SEM micrograph reported in Fig. 14.4) showed higher porosity 
and mean pore size if compared to the region of the sample with 
NaCl concentration of 60 wt% (lower zone of SEM micrograph 
reported in Fig. 14.4) [42, 46]. All of these results demonstrated the 
great potential of the gas-foaming technique in designing porous 
biodegradable polymeric scaffolds with controlled morphology and 
pore structure features and avoiding the use of operating conditions 
that can negatively affect the final scaffold biocompatibility.
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Figure 14.4 SEM micrograph of anisotropic PCL scaffolds prepared by 
using a PCL/NaCl composite with 30/60 wt% gradient of NaCl 
particles [42, 46].

14.5 Porous Scaffold Fabrication by Means 
of Phase Separation and scCO2 Drying 
Approaches

The pursuit of nanometer-scale porous scaffolds characterized by 
a 3D fibrous structure represents a new realm of matter of current 
research in TE. Indeed, nanometer-scale fibrous scaffolds of various 
biocompatible materials are able to mimic the collagen structure 
of the ECM, enhancing cell/material cross talking at the interface 
and promoting cell adhesion, proliferation, and differentiation [20, 
47–49]. Phase separation is one of the most versatile approaches 
that can be used to fabricate nanometer scale fibrous scaffolds with 
controlled morphology and pore structure [20, 48, 49]. As discussed 
in the first part of this chapter, phase separation is based on the 
thermodynamic demixing of a homogeneous polymeric solution 
into a polymer-rich and a polymer-poor phase, for instance, by 
cooling the solution down to a demixing curve [20, 48, 49]. Figure 
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14.5 reports the scheme of the thermal induced phase separation 
combined with scCO2 drying, which was recently proposed for 
the fabrication of nanofibrous PLA materials [20]. As shown, the 
process consisted of four steps. In the first step the polymer is 
dissolved in ethyl lactate at 70°C under magnetic stirring for eight 
hours to prepare a homogeneous solution with PLA concentrations 
in the 3–5.5 wt% range. Subsequently, the solution is cooled to 
the gelation temperature and the gels further soaked in ethanol 
to extract the ethyl lactate and to induce polymer precipitation. 
Finally, the as-obtained alcogels are dried by using scCO2 at 19 
MPa, 39°C for 1.5 h. The evolution of the structure and nanometer-
scale properties of PLA scaffolds prepared by the thermal induced 
phase separation strongly depends on polymer crystallization 
during solution gelation as well as gel drying [20, 50]. For instance, 
it was demonstrated that fibres formation depends on the initial 
condensation of amorphous nanoparticles of the polymer, followed 
by the progressive crystallization from the gel [50]. Consequently, 
the final morphological, structural and thermal properties of the 
scaffolds are dependent on material crystallization, which, in turn, 
is correlated to the temperature profile during quenching.

Figure 14.5 Scheme of the thermal-induced phase separation and 
scCO2-drying combined process used for the fabrication of 
nanometer-scale fibrous PLA scaffolds.

 Once polymer crystallization and solution gelation are achieved, 
the solvent is extracted by a nonsolvent, such as ethanol, and the 
gel dried. This is a critical step, as polymeric gels formed upon 
drying in air often provide white and dense collapsed samples as a 
consequence of the capillary force induced by ethanol removing. By 
using scCO2 it is possible to dry the gel through the formation of a 
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supercritical mixture of the CO2 and the ethanol, taking advantage 
of the absence of surface tension in the mixture, which can be easily 
eliminated by venting the vessel [20].
 Figure 14.6 reports the morphological and structural properties 
of nanometer-scale fibrous PLA scaffolds prepared by combining 
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Figure 14.6 SEM micrographs showing the morphology of nanometer-scale 
fibrous PLA scaffolds as a function of polymer concentration 
in the initial solution: (a) 3 wt%, (b) 4 wt%, (c) 5 wt%, and 
(d) 5.5 wt%. (e) Porosity and specific surface of PLA scaffolds 
as a function of polymer concentration in the initial solution. 
(f) Mean fiber size of PLA scaffolds as a function of polymer 
concentration in the initial solution [20].
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phase separation and scCO2 drying processes. The results show 
that the scaffolds are characterized by a nanometer-scale fibrous 
structure, with fibre density increasing with the increase of the 
concentration of polymer in the starting solution (compare Figs. 
14.6a–14.6d).
 The possibility to fabricate porous scaffolds characterized by 
a nanofibrous structure suitable for cell attachment and a porous 
network of a pore size of hundreds of microns designed for 3D cell 
colonization and scaffold vascularization is very important in TE 
[1, 2, 8, 15]. To prepare scaffolds with this kind of pore structure, 
phase separation is combined with porogen leaching and scCO2 
drying. In particular, micrometric gelatin particles can be used as a 
particulate porogen. The morphology of PLA scaffolds obtained by 
this approach is shown in Fig. 14.7.

Figure 14.7 SEM micrographs showing the morphology of nanometer-
scale fibrous PLA scaffolds prepared by combining the phase 
separation method with the porogen-leaching process.

 It is noticeable that the addition of the particulate porogen 
allowed for the fabrication of multiscaled porous PLA scaffolds 
with large pores, in the order of 300 μm, replicating the size of the 
starting gelatin particles (Fig. 14.7a). Furthermore, by optimizing 
the phase separation steps, it was possible to induce high pore 
interconnectivity as well as to recreate a nanometer-scale fibrous 
architecture on the pore walls (Fig. 14.7b).

14.6 Conclusions

This book chapter reported an overview about the use of compressed 
fluids (mainly scCO2) for the fabrication of polymeric scaffolds for 
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TE applications. In the first part, it described the basic principles 
of scaffold design and fabrication and provided a summary of 
materials and processing techniques that have been developed and 
are currently used for the fabrication of 3D porous scaffolds for TE. 
The central part of the work focused on the use of compressed fluids 
in TE approaches and biomaterials processing for porous scaffold 
fabrication. In particular, two main techniques, namely, gas foaming 
and phase separation combined with scCO2 drying, are described. 
Their use for the fabrication of porous polymeric scaffolds with 
controlled morphological and pore structure features are also 
discussed. This book chapter aims at providing the reader with a 
series of important knowledge in the field of biomaterials design 
and scaffold manufacture and to exploit possible strategies toward 
the development of next generation of multifunctional scaffolds for 
TE.
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Polymer-based nanocomposites have extraordinary physical, 
chemical, and mechanical properties, which makes them potential 
candidates to replace most of the conventional materials in several 
fields. the nanofiller–polymer interface in the composite plays an 
essential role in altering properties. Fine dispersion of nanoparticles 
in the polymer matrix results in a large interfacial region and improved 
properties. High-pressure CO2 has specific molecular interactions 
with many polymers and acts as a green polymer-processing agent. 
CO2 can assist in polymer nanocomposite processing in two major 
ways, (1) improved dispersion of nanoparticles in the polymer 
matrix and (2) foaming of polymer nanocomposites. CO2-aided 
plasticization of polymer matrices helps in better distribution of 
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nanofillers. Also, the rapid depressurization method causes breaking 
of agglomerated nanofillers for complete dispersion. In the case of 
nanocomposite foaming processes, nanofillers act as heterogeneous 
nucleating agents to yield small and uniform cell size distribution. 
Both processes dispersion of nanoparticles and foaming involve 
several complex factors that ultimately affects the characteristics 
of the product. This chapter gives a brief idea about nanofiller–
polymer–CO2 interactions, thermodynamics, and processing aspects 
in the CO2-based processing of polymer nanocomposites.

15.1 Introduction to Polymer Nanocomposites

Polymers play an essential role in chemical, biomedical, materials, 
and pharmaceutical industries. Although several kinds of polymers 
have been used for various applications, certain modifications 
are necessary to improve properties of polymers for specific 
applications. Crosslinking, copolymerization, polymer blending, and 
addition of functional groups by reactions are some of the common 
ways to modify polymer behavior [1]. Addition of ceramics, metals 
or minerals as fillers can generate numerous materials, called 
polymer composites, with unique physical properties [2–4]. On 
the basis of the size of filler elements polymer composites can be 
categorized into microcomposites and nanocomposites. General 
definitions for these composites can be made as “a multicomponent 
system in which the major constituent is a polymer and the minor 
constituent has at least one dimension below 100 um and 100 nm 
for microcomposite and nanocomposites respectively.” A number of 
studies have proved that when size of a material is <100 nm, they 
exhibit unique optical, electrical, and mechanical properties [5, 6]. 
Surface area/volume is a critical factor in deciding effectiveness 
and properties of the filler element. As shown in Fig. 15.1, this ratio 
is dominated by diameter for spheres and fibers and by thickness 
for the platelets. Changing these critical dimensions from micron 
to nanorange affects the surface area/volume ratio by 3 orders of 
magnitude [7]. Incorporation of such nanoparticles in the polymer 
matrix imparts their properties to the polymer nanocomposites 
(PNCs). Due to extraordinary properties of PNCs as compared to 
conventional alternatives, they are future of polymer-based industry. 
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In this chapter, we will discuss different aspects related to the high-
pressure CO2-assisted processing of PNCs. 

Figure 15.1 Surface-area-to-volume ratio for nanoparticles with a 
particulate (or spherical) shape (left), a cylindrical shape 
(center), and a lamellar shape (right) [7].

15.1.1 Polymer–Nanoparticle Interface

Various articles have been published that proved either 
experimentally or theoretically that the nanofiller–polymer 
interface affects the viscoelastic properties of the composite. 
Relaxation characteristics of PNCs depend on volume and network 
of interfaces in the composite [8]. As polymer chains approach 
nanoparticles in a composite, the radius of gyration increases 
for low loadings. The behavior of polymer chains near nanofiller 
depends on the distance from the particles and is highly dependent 
on entropic interactions [9–11]. Figure 15.2 shows polymer chain 
arrangements in the presence of nanoparticles. The interface region 
plays a key role in stress carrying potentials of carbon nanotubes 
(CNTs) nanocomposites and redistribution of internal stresses 
during CNT debonding in the composite [12]. It was shown that the 
incorporation of CNTs in PNCs increases modulus but the effective 
loss factor of the composite decreases with increase filler volume 
fraction due to anomalous behavior of interface in the PNCs [13]. 
Latest investigations from research about the interfacial region 
reveal strong energetic interactions between polymer chains and the 
nanoparticle surface, which leads to alteration of thermomechanical 
properties [14, 15]. Several new techniques are under development 
to measure the interface thickness and properties of PNCs [16]. 

Introduction to Polymer Nanocomposites
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However, a few studies have concluded no effect of the interface 
region on the properties of PNCs [17]. Recently, a 3D finite-element 
model has been developed that predicts nanocomposite interface 
properties based on filler geometry and volume fraction [18]. 
In the case of filler-polymer properties, spherical nanoparticles 
have insignificant effects on composite properties as compared 
to cylindrical and disc fillers. However, spherical nanoparticles 
have the greatest effect on the interface properties as compared 
to cylindrical and disc-shaped fillers. In the case of cylindrical and 
disc fillers, a critical aspect ratio exists beyond which composite 
properties remain unchanged. This critical aspect ratio is dependent 
on polymer–filler interactions and volume fraction [19]. 

Figure 15.2 Schematic of the interface region in polymer nanocomposites 
[20].

15.1.2 Dispersion of Nanoparticles in a Polymer Matrix

Considering all research on PNCs, the distribution of nanoparticles 
in the composite is of the greatest importance. In the case of 
nanoparticles, uniform dispersion is a challenge due to strong 
interactions among them leading to agglomeration. Dispersion 
in the PNCs allows categorizing them into three groups [21]: 
microcomposites, intercalated nanocomposites, and exfoliated 
nanocomposites (Fig. 15.3). In the case of microcomposites, polymer 
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chains are unable to penetrate within layers of nanoparticles. 
Hence, more loading is required to achieve a large interface. When 
polymer chains penetrate the layered structure of nanoparticles 
to a limited extent, intercalated nanocomposites are obtained. 
These composites have larger interface and better properties than 
microcomposites for the same loading. Ideal nanocomposites are 
exfoliated nanocomposites where nanoparticles are well mixed 
in the polymer matrix and layers between the nanoparticles are 
expanded due to complete penetration by polymer chains. Various 
studies have investigated thermodynamics behind the dispersion of 
nanocomposites in the polymer matrix [22]. A simple lattice-based 
model was used to understand dispersion that concluded enthalpy of 
the mixing controls the dispersion in spite of loss of conformational 
entropy. 

Figure 15.3 Three states of nanoparticle dispersion in PNCs: (a) 
aggregation, (b) intercalation, and (c) exfoliation [23]. 

15.1.3 Nanofiller Surface Chemistry

Manipulation of the surface chemistry of nanoparticles aids in 
reducing particle–particle interactions (agglomeration) and 
increases particle–polymer compatibility to cause better dispersion 
in the polymer matrix. The easiest way to understand the surface 
modification of inorganic nanofillers is addition of organic layer 
around the particles to enhance chemical interactions between 
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polymer chains and nanoparticles. Several physical and chemical 
methods have been proposed to alter the surface chemistry of 
nanoparticles [24]. Although numerous studies have been carried 
out to change the surface properties to achieve specific interactions 
between polymer and nanoparticles, a substantial review of this 
literature is out of the scope of this chapter. 

15.2 Fundamentals of Polymer Nanocomposite 
Foams

The foaming process involves two primary steps, nucleation and 
growth. Nucleation is the beginning of the phase separation from 
a homogeneous polymer/blowing agent mixture. Then during the 
growth phase, nuclei grow to reach thermodynamic and mechanical 
equilibrium. Various physical characteristics of the polymer such 
as viscosity, gas solubility, surface tension, and glass transition 
temperature have prominent influence on the nucleation and 
growth. In addition, these properties are interrelated, which makes 
foaming a complex phenomenon [25]. In the later part of the chapter 
we will discuss processing aspects of foaming processes in depth.
 Various techniques have been investigated to foam 
nanocomposites that have improved properties along with low 
density. Heterogeneous nucleation is involved in nanocomposite 
foaming where small quantities of nanoparticles in the polymer 
act as nucleation sites. Foams are classified according to cell size 
or average diameter of cells, surface area (m2/g), and cell density 
(number of cells per unit volume, cells/cm3). Microcellular foams 
(cell size < 10 mm, surface area 10–20 m2/g, and cell density 107–109 
cells/cm3) and ultracellular foams (cell size < 0.1 mm, surface area 
100–400 m2/g, and cell density between 109–1012 cells/cm3) are two 
major categories in foams based on these physical characteristics 
[26]. Nanocomposites aid in producing ultracellular foams under 
moderate conditions due to the presence of nanoparticles. 

15.2.1 Supercritical CO2 in Nanocomposite Foaming

Supercritical carbon dioxide (scCO2) has been used as a solvent for 
polymer processing due to its unique interactions with polymers at 
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the molecular level. CO2 acts as a Lewis acid (electron acceptor) in 
the presence of polymers and as a result has considerable solubility 
in many polymers. However, the low polarity of CO2 results in low 
solubility in highly polar polymers. Furthermore, free volume 
and stiffness of the polymer backbone are essential factors in 
determining CO2 solubility. scCO2 has been used as a green blowing 
agent for foaming to replace hazardous solvents and gases. Various 
methods like antisolvent phase separation, crystallization of 
swollen/crosslinked polymers, and direct foaming have been used 
to produce foams using CO2 [27]. Furthermore, CO2 has been used 
in batch as well as continuous foaming processes. However, low 
solubility and high diffusivity of CO2 in pure polymers reduce the 
ability to control the foaming process. In the case of nanocomposites, 
fine distribution of nanoparticles not only serves as heterogeneous 
nucleation sites but also decreases gas diffusivity in the composite 
[28]. 

15.2.2 Effect of Nanoparticles on Foaming

Nanoparticles act as heterogeneous nucleation sites and lower 
the energy barrier for nucleation as compared to homogeneous 
nucleation. Several factors like nanoparticle shape/size, loading, 
and surface treatment play a major role in determining the foam 
morphology [29, 30]. Although the tiny size of nanoparticles results 
in a higher density of potential nucleation sites, it reduces the 
nucleation efficiency, defined by the ratio of the measured cell density 
to the potential nucleant density. In most nanocomposite foams, it 
is observed that cell density is lower than the potential nucleant 
density, indicating that either nanoparticles are poorly dispersed 
or nanoparticles are not favored for nucleation energetically [31]. 
The nanoparticles affect rheological behavior of the composite by 
increasing viscosity. This assists in preventing cell coalescence and 
therefore reduced cell size during foaming [32]. 

15.2.2.1 Effect of shape/size

As the size of the filler is reduced it results in more nucleation sites 
for same loading. However, beyond a certain critical size the curva-
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ture effect becomes significant and there is an increase in the energy 
barrier for nucleation. This combined effect results in increasing the 
pore density but reducing the nucleation efficacy [33]. The aspect 
ratio of nanoparticles is an essential factor that controls cell density. 
Polymethylmethacrylate (PMMA)/multiwalled carbon nanotube 
(MWCNT) nanocomposites show saturation pressure can influence 
the cell density for different aspect ratios. For lower pressures, a 
higher aspect ratio results in lower cell density since nucleation oc-
curs only at the ends of such nanoparticles [34], whereas in the case 
of higher pressures, sidewalls act as nucleation sites and a higher 
cell density is obtained (Fig. 15.4). 

Figure 15.4 Expected nucleation mechanism for CNT-based PNCs. (a) A 
small CNT acts as a single nucleation site, and (b) a long CNT 
acts as a site for multiple nucleations [34].

15.2.2.2 Effect of distribution

A fine dispersion of nanoparticles can assist in the formation of 
nucleation centers. Nonuniform distribution of nanoparticles 
causes polymer-rich and particle-rich regions, which results in 
broad or multimodal cell size distribution [35]. Intercalated and 
exfoliated polystyrene (PS)/clay nanocomposite foams have shown 
that exfoliated nanocomposite foams have higher nucleation rates. 
Similar observation was made for low-density polyethylene (LDPE)/
clay nanocomposite where unintercalated and intercalated foams 
were compared (Fig. 15.5). Although agglomerates show a lower 
energy barrier, nucleation efficiency was low in these regions. A 
lower energy barrier results in quicker gas escape during foaming 
and results in a lower expansion ratio. In the case of better dispersion, 
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gas escape is inhibited and a high expansion ratio is achieved [36]. 
This suggests nucleation efficiency of nanoparticles is higher in the 
separated form than the agglomerated form [37]. 

Figure 15.5 Scematic presentation of the mutual effect of clay dispersion 
and the foaming process [36].

15.2.2.3 Effect of loading

The effect of clay loading has been investigated for poly(D,L-lactic 
acid) (PLA)/clay nanocomposites. The study concludes that the 
mean pore diameter decreases, whereas bulk foam density and 
cell density increase with increase in loading until 5 wt%. With 
a further increment to 15 wt% there was no change in above 
characteristics (Fig. 15.6) [38]. Similar results found in the case of 
poly(caprolactone) (PCL)/clay nanocomposites where 5% loading of 
clay has improvement in the foam morphology. As clay concentration 
is increased above 5%, foam morphology approaches pure PCL foams 
[39]. At a lower concentration of nanofillers, individual particles 
act as the nucleation site. Hence, cell density increases and cell size 
reduces linearly with the nanofillers’ concentration until a critical 
limit. Beyond a critical concentration, cell coalescence becomes a 
dominant factor and there is no further improvement in the foam 
morphology. Diffusivity of CO2 in the PNCs is greatly affected without 
changing the solubility of CO2. Thus, during the bubble growth phase, 
mass transfer of CO2 from polymer to bubble is controlled by clay 
loading. The early stage of bubble growth is controlled by viscosity, 
whereas the later stage is dominated by diffusion of CO2 [40].
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Figure 15.6 Effect of clay loading on the (a) average pore diameter, (b) the 
population cell density, and (c) the bulk foam density [38]. 
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15.2.2.4 Effect of surface chemistry

The surface chemistry of nanoparticles has most prominent effect 
on the foaming process. Tailoring the surface chemistry of the 
nanoparticles provide a great opportunity to finely tune the energy 
barrier for nucleation and hence control foam morphology [33]. 
Strength of the interface determines the free-energy barrier for 
nucleation. A weak interface enhances the nucleation process by 
forcing the interface apart easily [41]. Influence of the MWCNT 
aspect ratio cell density can be reduced by surface modification to 
tune the critical free energy for nucleation. This results in similar 
nucleation at the ends and the walls of MWCNTs [42]. Reduction in 
surface free energy and critical nucleus radius is achieved through 
surface modification of silica nanoparticles with fluoroalkanes 
[33]. Since CO2 has high affinity toward fluorinated groups, it 
further reduced nucleation free energy. In another study of PLA/
clay nanocomposites, the effect of the length of the surfactant chain 
was investigated. As organic surfactant chain length is increased, 
interaction between the inorganic clay and organic polymer matrix 
increases. An increased chain length shows significant reduction in 
the cell size [38]. Grafting CO2-philic groups on the nanoparticles 
increases CO2–nanoparticle interactions and hence the nucleation 
rate [27]. 

15.3 Thermodynamic Aspects in 
Nanocomposite Foams 

In this section we will discuss the thermodynamic aspects of 
the nanocomposite foaming process. As explained earlier, the 
free-energy barrier for heterogeneous nucleation is lower than 
homogeneous nucleation. The free-energy barrier is an essential 
factor in deciding cell size distribution. In the case of homogeneous 
nucleation, there is limited control over cell size distribution since 
only operation parameters can be tuned. Solubility limitations of 
homogeneous nucleations are specific to the polymer/blowing 
agent system. Heterogeneous nucleation avoids these limitations 
by using micro-/nanoscaled nucleating agents. Equations 15.1 and 
15.2 show nucleation rates for homogeneous and heterogeneous 
nucleation processes. 

Thermodynamic Aspects in Nanocomposite Foams
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 NHomo and NHetero : Nucleation rates for homogeneous and 
heterogeneous nucleation processes, respectively 
 f0 and f1:  Frequency factors representing the frequency that 
gas molecules joining the embryo nucleus in homogeneous and 
heterogeneous nucleation, respectively 
 C0: Concentration of the gas molecules
 C1: Concentration of heterogeneous nucleation sites 
 nGHomo: Gibbs free energy associated with the formation of a 
nucleus
 nGHetero: Gibbs free energy for heterogeneous nucleation
 Particles can reduce the free-energy barrier for cell nucleation 
process, increase the nucleation rate, and aid in reducing spread 
of cell size distribution [43]. In the case of nanocomposites, the 
interface acts as a high-energy region as compared to pure polymer. 
Gibbs free energy for nucleation in the interface is lower causing 
preferential nucleation in this region. Nucleation efficiency can be 
enhanced using nucleating agents that energetically favor nucleation 
and are dispersed uniformly in the polymer matrix. Dispersion of 
nanoparticles reflects the area of contact between nanoparticles and 
polymer/CO2 [31]. In the case of exfoliated nanocomposites a higher 
interfacial area exists for CO2 adsorption and cell nucleation. The 
polymer plays a key role in deciding the nucleation rate. A polymer 
with higher affinity for CO2 can reduce interfacial tension between 
gas and particle and subsequently decrease the contact angle. This 
results in reduction of the nucleation free energy and boosts the 
nucleation rate [27]. Equations 15.3 and 15.4 indicate the relation of 
Gibbs free energy of nucleation with various factors in homogeneous 
and heterogeneous nucleation processes, respectively. 
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	 s:  Interfacial tension at the gas bubble–polymer interface
 DP: Pressure exerted by the gas on the cell walls 
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 m = cosq
	 q: Contact angle (Fig. 15.7)
 w = R/r*: Relative curvature of the nucleant surface 
 R: Filler radius 
 r*: Critical radius of the nucleus = 2σ/ΔP 
 g = (1 + w2- 2mw)0.5

Figure 15.7 Schematics of the polymer–gas–particle interface [35]. 

 ƒ varies with the surface curvature and the contact angle 
between the polymer, gas, and nanoparticle. Figure 15.8 represents 
the effect of both curvature (1/w) and contact angle (m) on the 
reduction factor. A small surface curvature and a small contact angle 
result in higher energy reduction and increased nucleation rates. m 
is unity in the case of homogeneous nucleation. Due to poor wetting 
of nanoparticles m is lower than unity in the case of nanocomposites 
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[44]. According to the above equations increasing the surface 
curvature leads to a higher nucleation free-energy barrier. Hence 
flat surfaces are more efficient that other geometries in the case of a 
constant contact angle [33]. 

Figure 15.8 Energy reduction factor (f) as a function of relative surface 
curvature (1/w) and contact angle (θ) [33].

 Classical nucleation theory is still a common empirical approach 
for modeling and calculating nucleation rates. However, the use of 
the bulk interfacial tension in classical theory instills a thermody-
namic inconsistency that creates large errors in predicted nuclea-
tion rates. Recently, a scaling theory approach has been explored 
for homogeneous nucleation rates in polymer–CO2 systems [45]. 
Scaling theory exploits the fundamental basis of classical theory but 
relies on a scaled value of surface tension rather than a constant. 
Through a relatively straightforward correlation to the phase dia-
gram of the system of interest, a more self-consistent calculation of 
nucleation rates is possible. Unfortunately, this scaling approach has 
not yet been extended to heterogeneous nucleation of the type dis-
cussed above.



365

15.4 CO2–Nanoparticle Interactions

Adsorption of CO2 on nanoparticles is considerably lower as 
compared to solubility in the polymer [46]. However, surface 
modification of nanoparticles can enhance CO2 adsorption and 
wettability. The surface chemistry of MWCNTs was modified using 
polymeric dendrimers, which results in not only better dispersion 
but also an increase in nucleation efficiency [47]. PS brushes were 
grafted on nanoparticles to enhance the nucleation rate in PS 
nanocomposites [48]. In another study, functionalized graphene 
oxide was used to increase CO2 interactions and reduce the free-
energy barrier for nucleation [49]. Silica nanoparticles modified 
with fluoroalkanes reduced the surface free energy and increased 
CO2 interactions due to presence of fluorine groups [33]. 

15.5 CO2-Assisted Dispersion of Nanoparticles 
in Polymer Matrices

In this section, we will discuss the effect of high-pressure CO2 on 
dispersion of nanoparticles in the PNCs to achieve a more uniform 
distribution. Several studies have investigated the intercalation/
exfoliation capability of CO2 in different polymer matrices. There 
are three major approaches to achieve nanoparticle distribution 
in the composites: intercalation of prepolymer or polymer from 
solution, melt intercalation, and in situ intercalative polymerization 
[50]. Among these methods, melt intercalation is considered most 
viable from an industrial perspective. Basic procedures of CO2-
aided nanoparticle dispersion can be seen in Fig. 15.9 [50]. CO2 is 
contacted with nanoparticle via direct exposure or with the polymer 
composite and the following mechanism is proposed for the 
intercalation. During the second step of soaking, CO2 and polymer 
chains diffuse between nanoparticle layers. CO2 causes a reduction of 
viscosity and increase in mobility of polymer chains, which enhances 
polymer diffusion. Molecular interactions between nanoparticles 
and CO2/polymer restrict the extent of diffusion. Depressurization 
of CO2 results in separation of layers due to gas expansion. During 
expansion, polymer chains are trapped in between nanoparticle 

CO2-Assisted Dispersion of Nanoparticles in Polymer Matrices
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platelets, preventing reformation of layers. As interactions between 
nanoparticles and CO2 play an important role, several attempts have 
been made to exploit their impact. Natural clays have been modified 
with CO2-philic groups to obtain a high level of CO2 interaction and 
sorption inside the layers. If nanofillers are inorganic in nature, it 
causes hurdles to delamination inside organic polymer matrices. 
CO2 is advantageous in such cases where high mobility of polymer 
chains in the presence of CO2 assists dispersion. The viscoelastic 
response of poly(vinylmethylether) (PVME)/clay nanocomposites 
was studied to explore the effect of CO2 on dispersion of clay. CO2 
shows a significant effect on the intercalation and thus crossover 
frequency and storage moduli of PVME/clay nanocomposites [51]. 
High-pressure CO2 has been used to delaminate graphite (GR) to 
form graphene. It is considered to be one of the most viable processes 
for large quantity graphene production with high purity [52, 53]. 
Another study shows that when CO2 is used as a polymerization 
medium. It allows higher clay loading and extracts residual monomer 
resulting in a ready-to-use product [54].
 Polymerization of D,L-lactide was carried out with clays in the 
presence of CO2 to achieve a higher degree of exfoliation [55]. Most 
of the organoclay galleries are composed of intercalated surfactants 
(tail-to-tail bound molecules). It has been shown that scCO2 alters the 
surface chemistry of organoclays. This results in plasticization and 
possible cation exchange of tail-to-tail bound molecules. CO2 shows 
gallery expansion where surfactant is exposed (paraffin complex 
arrangement). Both pressure and temperature are effective in surface 
modification. Also after CO 2 treatment, Lewis acid/base sites are 
occupied due to CO2 sorption [56]. An optimum concentration level 
of CO2 has been observed for dispersion of clay in polypropylene 
(PP), which has a positive influence on rheological properties and 
microstructure. A linear trend is observed in degree of intercalation 
and the basal spacing between silicate layers with increasing CO2 
concentration in the composite [57, 58]. Recently it was shown that 
addition of scCO2 during melt-compounding enhances dispersion 
of clay in a ternary nanocomposite and improves the mechanical 
properties [59]. Molecular dynamics simulation also confirms scCO2 
induces gallery swelling of organoclays [60].
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Figure 15.9 Supercritical CO2-assisted dispersion of nanoparticles. 
(A) Nanoparticles and the polymer are mixed where 
nanoparticles are in agglomerated form. (B) Supercritical 
CO2 aids in increasing spacing between nanoparticles. (C) 
Rapid depressurization results in complete dispersion of 
nanoparticles in the polymer matrix [50]. 

 Along with dispersion of clays, CO2 has been used to disperse 
metal and metal oxide nanoparticles in polymers [61–66]. scCO2 has 
been used to coat polymers on CNTs, which shows CO2 is a potential 
green route to change polymer morphology in the presence of CNT 
[67]. Recently, scCO2) was used to achieve CNT expansion. Scanning 
electron microscopy shows a prominent increase in volume and 
delamination of CNT due to scCO2 treatment. Furthermore, the 
degree of CNT expansion linearly increases with CO2 pressure and 
exposure time [68]. In a different study, ultrasound was used in a 
scCO2 medium to enhance nanoparticle dispersion [69]. Finally, three 
different methods for preparing scCO2-based nanocomposites—
blending, sol–gel, and in situ polymerization—have been recently 
reviewed, showing the viability of these techniques for achieving a 
high degree of dispersion [70]. 

15.6 Representative Examples of 
Nanocomposite Foams 

15.6.1 Thermoplastic Nanocomposite Foams

15.6.1.1 Polyethylene

CO2 has limited solubility in polyethylene (PE) relative to other 
polymers due to a lack of interactive functional groups (e.g., 
carbonyl groups). Hence, it is difficult to foam PE efficiently using 
high-pressure CO2. Nonetheless, the foaming potential of scCO2 

Representative Examples of Nanocomposite Foams
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has been explored for high-density polyethylene (HDPE)/clay 
nanocomposites. Results show that an increase in clay content 
affects the rheological properties of the nanocomposite. For a lower 
clay concentration viscosity is low, which causes cell coalescence. 
As clay content is increased nanocomposites become more rigid, 
which prevents cell coalescence and a smaller cell size is obtained 
[71]. scCO2 has been used to foam LDPE/clay nanocomposites in a 
continuous extrusion process. Beyond a critical clay concentration, 
clay agglomeration was observed resulting in increase of cell density 
[72]. HDPE/palladium (Pd) nanocomposites were foamed using 
scCO2 to prepare porous polymer-stabilized metals for advanced 
heterogeneous catalytic reactions [73]. A PE–octene elastomer/clay 
nanocomposite has been foamed using scCO2. Microcellular foams 
with small cell size and high cell density were achieved with scCO2 
processing [74].

15.6.1.2 Polypropylene

Similar to PE, the solubility of the CO2 in PP is low due to lack of 
favorable interactions. Still, CO2 foaming of PP copolymer/clay 
nanocomposites has been investigated. PP copolymers can be 
foamed easily under milder conditions and allow process flexibility 
as compared to pure PP foaming using CO2 [75]. The foaming 
process seems to enhance the nanoparticle dispersion in the 
matrix by exfoliation of clay agglomerates. In the case of PP-based 
nanocomposites, nanoparticles play a dual role of heterogeneous 
nucleating agents during foaming as well as crystallization sites 
during cooling of foamed structures [76]. In another batch foaming 
study, high-melt-strength PP and PP/clay nanocomposites foams 
were explored. The degree of cell coalescence and closed cell 
formation was lowest when foaming temperatures were comparable 
to melting temperatures. When the foaming temperature was higher 
than the melting temperature, the degree of cell coalescence and 
collapse was high. It was speculated that optimum clay loading for 
PP nanocomposites is equivalent to the percolation threshold for 
the nanocomposites. Furthermore, the strain-hardening effect was 
found to be quick and pronounced for PP nanocomposites, which 
helps in controlling foam cell size [77]. PP nanocomposite foams 
have been investigated with visual observation of cell nucleation 
and growth in situ. This study reveals that cell density increases 
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and bubble growth decreases with increase in clay content. Also, the 
crystal structure of PP has a significant impact on the foaming process 
[78]. As discussed earlier, clay particles enhance crystallization and 
reduce cell coalescence and collapse [79]. In summary, addition of 
nanoparticles enhances the foamability of PP as compared to pure 
PP. However, the degree of enhancement is not as high as that of 
amorphous polymers [80]. 

15.6.1.3 Polymethylmethacrylate

PMMA has high solubility of CO2 due to interactions of CO2 with 
carbonyl groups and a flexible polymer backbone. Thus, foaming 
of PMMA with scCO2 is an easy process as compared to PE or PP. 
PMMA/MWCNT nanocomposites were foamed using CO2 and the 
effect of subsequent hot water immersion was investigated. Bubble 
density of pure PMMA was smaller than composite foams due to 
a heterogeneous nucleation driven mechanism. The effect of two 
different aspect ratios of MWCNTs was explored, which shows 
shorter tubes results in higher bubble density than longer tubes. 
Ends of tubes are considered nanoscale cylindrical pores that trap 
CO2. If MWCNTs are treated chemically to alter surface chemistry, 
adsorption of CO2 at the ends can be tuned. Also ends of MWCNTs 
are considered to have a lower energy barrier for heterogeneous 
nucleation as compared to sidewalls. The ratio of bubble density 
(Dlow aspect ratio/Dhigh aspect ratio) for lower-to-higher-aspect-ratio 
MWCNTs was found to be related to saturation pressure. Although 
bubble density increases with increasing saturation pressure, CO2 
sorption is same in pure PMMA and composite. It is speculated that 
due to CO2 sorption at the ends of tubes, the free-energy barrier for 
foaming is altered. This reflects in reducing Dlow aspect ratio/Dhigh aspect 

ratio with increasing CO2 pressure. Homogeneous nucleation has an 
almost negligible role in nanocomposites foaming. If these foams were 
treated with hot water (65°C) after depressurization, the polymer 
softens and CO2 solubility reduces. This results in supersaturation 
of the composite and phase separation occurs, causing CO2 to move 
into existing bubbles. Hence, hot water treatment increases bubble 
size but reduces bubble density due to coalescence [34]. In another 
PMMA/MWCNT foaming study, effect of dispersion of MWCNTs on 
foam morphology was explored. If nanofillers are not dispersed 
properly in the polymer matrix, it results in filler-rich and filler-lean 

Representative Examples of Nanocomposite Foams
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zones and causes bimodal foam morphology. Appropriate surface 
treatment can be adopted to achieve more uniform dispersion and 
unimodal bubble size [35]. Another batch foaming study shows, 
dispersion of CNTs in PMMA depends on CNT concentration and 
surface modification [29]. PMMA/Silica nanoparticles foams 
were explored for effect of particle size and surface chemistry of 
nanoparticles. It was found that heterogeneous nucleation was 
effected by both factors. Reducing filler size increases number 
of nucleation sites for the same loading but increases the energy 
barrier due to curvature effects. This causes an increase in bubble 
density but reduction in nucleation efficiency. Surface modification 
can reduce the surface free energy and critical nucleus radius. This 
results in increased cell density and smaller cell size compared to 
bare silica [33, 81].

15.6.1.4 Polystyrene

PS–CO2 is one of the most well-studied systems in order to under-
stand and control the foaming process. However, in the case of PS na-
nocomposite foams these studies cannot be directly extended since 
heterogeneous nucleation is dominant in nanocomposite systems. 
In a PS block copolymer, only exfoliated (as opposed to aggregated) 
layered silicates can contribute in tuning the cell size and cell density 
[82]. PS/graphene and PS/graphene oxide nanocomposites foamed 
using scCO2 show improvements in the foam characteristics as com-
pared to PS foams [83]. Surface modified graphene has higher ef-
ficiency to increase nucleation rate as compared to graphene oxide 
[49, 83]. To improve thermal properties of the PS foams, three dif-
ferent carbon-based nanofillers (activated carbon [AC], carbon na-
nofibers [CNFs], and GR) were investigated in an extrusion foaming 
process. In these foams the cell morphology is different in the center 
as compared to near the surface when CNFs and GR were used. This 
difference can be explained by understanding the temperature dis-
tribution in the extrudate. The central core of the extrudate takes 
longer time to cool down as compared with the surface. Thus, center 
of extrudate has more elongated and broken cells due to more gas 
diffusion and cell growth. CNF- and GR-based PS nanocomposites 
have distorted cell morphology. This problem can be avoided using 
water as cosolvent and AC nanofillers [84]. In another study, effects 
of clay loading on gas escape rate and cell morphology of PS/clay 
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nanocomposites showed that beyond an optimum loading of clay, 
aggregates are formed in the matrix, leading to less resistance for 
gas escape and resulting in large cells [85]. In addition, solubility 
and mixing issues of nanoparticles with PS matrix is discussed in 
this study. Remixing the nanoparticles in PS by extruding multiple 
times in the extruder improves nanoparticles mixing in the PS na-
nocomposites. Various methods (direct compounding, sonication, 
and in situ polymerization) of graphite dispersion in the PS matrix 
have been explored. On the basis of the nanoparticle dispersion and 
foam characteristics, in situ polymerization method was found to be 
the most effective [86]. Furthermore, surface modification of nano-
fillers with polymeric additives allows better dispersion in PS and 
higher nucleation efficiency [87]. 

15.6.1.5 Polyurathane

Thermoplastic polyurethanes (TPUs) have elastic properties and 
reprocessing capability due to the absence of covalent crosslinking. 
Extrusion foaming of TPUs using CO2 has been explored to 
optimize processing variables investigating several challenges 
involved to achieve stable operation and design of the screw 
extruder [88]. In another study, TPU was foamed using CO2 in a 
batch process to investigate effect of hardness of the polymer on 
the foam characteristics [89]. CO2-assisted foaming of TPU/clay 
nanocomposites shows that a two-step foaming (with high foaming 
temperature ~150°C and followed by water bath immersion) and 
one-step foaming process (low foaming temperature ~70°C) can be 
used to obtain small cell size and high cell density [90]. Open pore 
TPU scaffolds have been prepared using CO2-based foam injection 
molding process to examine effect of various parameters on the 
foam morphology. Two parameters have a prominent effect on 
the foam morphology, gas content and degree of weight reduction 
in the injection molding process [91]. In another study, TPU/
clay porous fibers were fabricated using scCO2-assisted extrusion 
process. Optimization of several operating factors and clay content 
has yielded foamed fibers with microcellular morphology [92]. 
Although various studies have explored CO2-assisted foaming of 
TPU, this procedure is not applicable to thermosetting polyurethane 
(PU). In most of the hard PU nanocomposites a reactive foaming 
process is used [93–96].

Representative Examples of Nanocomposite Foams
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15.6.1.6 Poly(caprolactone)

Two different routes were explored to foam PCL/clay nanocompos-
ites with scCO2. In the first case, a PCL/clay mixture is added in a 
high-pressure reactor along with scCO2 to achieve good dispersion 
and foaming in a one-step process. Another case involves two dis-
tinct steps of clay dispersion without CO2 followed by CO2 foaming. 
The study concluded that one-step dispersion and the foaming pro-
cess result in poor clay dispersion and nonuniform structures [97]. 
In the case of semicrystalline polymers like PCL, good nanoparticle 
distribution cannot be achieved with CO2 alone. Instead, mixtures of 
CO2/organic solvents (e.g., ethanol) can enhance nanoparticle distri-
bution and foaming in a one-step process. PCL/hydroxyapatite (HA) 
nanocomposites have been foamed using scCO2 and results show 
that controlling thermal history of nanocomposite and depressuri-
zation rate gives control over homogeneous nucleation and bimodal 
cell size distribution [98]. In another study, PCL/HA nanocompos-
ites were foamed using a combination of gas foaming and particle 
leaching for tissue engineering. A CO2/N2 ratio and salt concentra-
tion give flexibility to achieve the desired porous structure for cell 
adhesion and proliferation [99]. However, inclusion of HA has not 
shown significant change in the CO2-assisted foaming of PCL [100].

15.6.2 Nanocomposite Foaming Processes 

15.6.2.1 Batch foaming

There are two major categories to carry out foaming process, 
continuous foaming and batch foaming. In the case of batch foaming, 
the polymer is saturated with an appropriate foaming agent under 
required pressure and temperature. Rapid depressurization results 
in the foaming of the polymer. There are two ways to carry out batch 
foaming. If the saturation temperature is above the glass transition 
temperature (Tg) then depressurization results in supersaturation 
and foaming. The foam characteristics depend on saturation 
pressure, saturation temperature, and pressure drop rate. However, 
if the saturation temperature is not above Tg, nucleation cannot 
be achieved just with high pressure drop rates. Instead, after 
depressurization, the temperature is elevated by placing the sample 
in the temperature bath to produce foams. In this case, process has 
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higher flexibility to tune the saturation and operating conditions. 
Nevertheless, it results in thick skin, since elevating the temperature 
of the gas-saturated polymer affects the diffusion process. The 
magnitude and rate of temperature change also become important. 
Usually, the batch foaming process is carried out well below the 
melting temperatures of polymers. Although batch foaming is flexible 
in terms of tuning foam quality, saturation times can vary from hours 
to days, which limits productivity. A semibatch foaming approach has 
been investigated to increase the productivity [101]. Foam injection 
molding is a special case of batch foaming to produce foams with 
specific shapes. The process has commercialized by Trexel (MuCell 
Molding Technology) is comprised of a plasticizing unit, injection 
unit, hydraulic unit, clamping unit, and gas delivery unit [102]. Foam 
characteristics can be controlled with proper mixing inside the unit 
and operating conditions. Multiple studies have explored various 
aspects of injection molding of nanocomposite foams using CO2 
[103, 104]. Injection speed is a critical parameter in the operation, 
which controls mechanical properties of the foams and avoids 
melt fracture [104]. Although the injection molding process for 
nanocomposites is not very different from a conventional process, 
the change in rheological behavior due to presence of nanofillers 
becomes an issue in the operation [105]. 

15.6.2.2 Continuous foaming

Extrusion foaming is the most widely used continuous foaming 
technique in the industry. A typical extrusion foaming process 
consists of extruder with a blowing agent injection opening and 
shaping die. A polymer added in the extruder is mixed with the 
blowing agent using mechanical mixing achieved by a single or 
twin screw. This polymer/blowing agent homogeneous mixture is 
then passed through a shaping die with a pressure drop to induce 
nucleation and create foamed structures with specific shapes. 
The extrusion foaming process involves several interdependent 
operating variables like temperature of extruder, pressure, screw 
speed, etc. (Fig. 15.10). Stable operation is achieved by optimizing 
these factors to yield required foam characteristics. Extruded foams 
exiting the die continue to expand until the temperature drops below 
Tg. In some cases, the extrudate is cooled rapidly to restrict growth 
and maintain the structure of the foams [106]. Several studies have 

Representative Examples of Nanocomposite Foams
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addressed advantages and challenges in nanocomposite extrusion 
foaming. All studies conclude that tuning the operating conditions 
is the key to achieve stable operation and required morphology for 
nanocomposite foams. In the case of PNCs, the presence of nanofillers 
greatly affects the rheology of the composite, which ultimately 
impacts nucleation and growth. Although most of the polymers 
mentioned in this chapter have been investigated for continuous 
foaming process, due to significant effect of nanofillers more work 
is required to better understand nanocomposites of these polymers. 

Figure 15.10 Summary of variables affecting the final foam morphology in 
the foam extrusion process [107].  
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15.7 Summary

PNCs are receiving significant attention in the field of engineering 
due to their extraordinary properties. Incorporation of nanofillers 
shows substantial increase in polymer–filler interface region in the 
composite as compared to macro-/microfillers. The polymer–filler 
interface plays a critical role in improving composite properties. 
Thus, substitution of microfillers with nanofillers gives noticeable 
improvements in the PNC properties. The polymer–filler interface 
region has been explored experimentally as well as theoretically. 
However, more work is needed in this area to conclusively 
predict polymer interface thickness and its effect on properties. 
Distribution pattern of nanofillers in the polymer matrix is a 
key parameter to control interface and composite properties. 
Intercalated nanocomposites (partial dispersion of nanofillers) 
show inferior characteristics of composites when compared to 
exfoliated nanocomposites (complete dispersion of nanofillers). 
scCO2 has been used as a green solvent for polymer processing and 
various studies have used this benign approach to process PNCs as 
well. In the presence of scCO2, polymer matrix shows plasticization 
and a lower glass transition temperature. This facilitates dispersion 
of nanofillers in the nanofillers in the composite. Furthermore, 
studies have predicted that rapid depressurization of CO2 can 
cause rupture of aggregated nanofillers and aid in exfoliation. 
The field of PNC foams is developing rapidly due to the ability to 
replace several conventional materials with lightweight foams with 
superior properties. CO2-assisted foaming of PNCs appears to be one 
of the best ways to fabricate nanocomposite foams with controlled 
morphology. This book chapter has summarized thermodynamic 
and processing aspects of nanocomposite foaming using scCO2. The 
presence of nanofillers in a polymer matrix alters several viscoelastic 
properties of the composite, which ultimately affects the foaming 
process. Although considerable studies have been performed in this 
field to understand and predict the nanocomposite foaming process, 
there is a need to investigate this process further and apply existing 
knowledge to the pilot/commercial scale. 

Summary
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scCO2 technology has been proposed for the production of a great 
range of knowledge-based multifunctional materials with better 
control of surface properties and purity, and for the industrial high-
rate, high-volume fabrication of surface hybridized or composite 
materials. This chapter shows the development of the innovative sc-
CO2-based surface technology, applicable to existing and novel high-
performance functional products, which had led to the development 
of procedures that enable the design of complex surface structures 
and products with unique characteristics in relation to composition, 
purity, physicochemical properties, and effectiveness.
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16.1 Surface and Interphase Modification

In advanced nanomaterials, the option of modifying the surface for 
stabilization, control of the chemical behavior, functionalization, 
biocompatibilization, (super)hydrophobization, etc., as well as 
the interphase to shape composite nanostructures, is essential to 
achieve end products with the desired functionality. Nanometric 
entities, involving both nanoparticles and nanoporous matter, 
have extremely large surface-to-volume ratios and very energetic 
surfaces, which makes it difficult the control of the surface activity 
or reactivity. An important limitation in the application of traditional 
solution-phase surface modification processes to nanoentities is the 
restriction of the kinetics of mass transport of the modifier agent 
to nooks in intricate geometries or into small pores. Supercritical 
carbon dioxide (scCO2) routes seem a promising alternative for 
the individual surface coating of micro- and nanoparticles, even 
agglomerated, as well as for the deep impregnation of meso- and 
microporous materials. This is due to the low viscosity and absence 
of surface tension in the supercritical fluid that allows the complete 
wetting of complex-shaped nanostructured substrates [1]. For this 
purpose, scCO2 has been used as a solvent in a large number of 
processes in which the supercritical solution gets in contact with 
a dry or wet solid surface upon which components may adsorb 
(e.g., high-value nonvolatile organics separation, impregnation for 
drug delivery, protective coatings, and surface functionalization) 
or from which components may desorb (e.g., cleaning and drying, 
regeneration of sorbents, supercritical fluid chromatography, and 
supercritical fluid extraction) [2]. Besides being used as a solvent, 
scCO2 can also play other primary roles as antisolvent, solute, 
or reaction medium, which offer a unique flexibility as a surface 
engineering technology.
 The choice of supercritical processes for surface design is related 
with the substrate and the solute behaviors in scCO2, following the 
scheme in Fig. 16.1. Two different types of matrixes are considered, 
those that interact with scCO2, like polymers that swell and those 
that do not interact with scCO2, mainly inorganic substrates in the 
particulate or porous forms. The use of the so-called supercritical 
micronization techniques to surface modification depends primarily 
on the solubility of the coating material in the supercritical fluid. 
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For solutes soluble in scCO2, the fluid is used as a transport solvent, 
either pure or with the addition of cosolvents, chelating agents, etc. 
For solutes insoluble in scCO2, antisolvent and particles from gas-
saturated solutions (PGSS®) processes are mainly used. Surface 
modification protocols can be applied to either the external surface 
of particles, normally denoted as coating processes, or the internal 
surface of porous materials, labeled as impregnation processes. 

Figure 16.1 Process design as a function of substrate and solute behavior 
in scCO2. 

 scCO2 dyeing of textile is a clear example of surface modification 
technology developed at an industrial scale. In conventional 
textile dyeing large quantities of wastewater are produced. This 
environmental and economical burden is avoided when scCO2 
is used as the dyeing medium instead of water [3, 4]. Separating 
residual dye from the CO2 and recycling of CO2 are relatively easy 
processes. Energy is saved because textiles do not need to be dried 
after the dyeing process. An additional advantage of scCO2 is the 
high diffusivity and low viscosity that allow the dye to diffuse faster 
toward and into the textile fibers. This results in a faster dyeing 
process. Textiles can be classified into nonpolar, synthetic polymers 
(e.g., polyester) and polar, natural textiles. The second category can 
be divided into polymers built from amino acids (e.g., silk and wool) 
or cellulose (e.g., cotton). In polyester dyeing, scCO2 penetrates and 
swells the fibers, thereby making them accessible for dye molecules 
[5]. Upon depressurization, the dye molecules are trapped inside 

Surface and Interphase Modification
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the shrinking polyester fibers. In natural textiles, the dye molecules 
can be fixed by either physical (e.g., van der Waals) or chemical (e.g., 
covalent) bonds [6]. Since the dyes used in a scCO2-dyeing process 
are nonpolar and natural fibers are polar the affinity between dyes 
and textiles is low so physical bonds are weak. Therefore, dyeing 
processes are being developed for dyeing natural textiles in scCO2 
with reactive dyes that create covalent dye–textile bonds [7]. This 
technology is fully described in Chapter 17.

16.2 Supercritical CO2 Coating of Nanoparticles

The high-quality dispersion of discrete inorganic fillers in continuous 
organic phases is essential for the production of homogeneous 
hybrid composite materials used as paints, plastics, adhesives, 
restorative biomaterials, electronic, packages, etc. [8–10]. In these 
systems, the interfacial interactions between the inorganic particles 
and the organic matrix must be enhanced by particle surface 
modification on a controlled basis. The dispersibility, reactivity, 
bioefficacy, or flowability of micro- or nanoparticles is also often 
modified by surface treatment in applications such as cosmetics, 
pharmaceuticals, food and, in general, materials industries [11–13]. 
For nanomaterials applied in the single particle form, with important 
applications in electronics, optics, and optoelectronics, the energy 
needed for particle deagglomeration is reduced after coating. 
Surface coating has also been applied for metals protection against 
corrosive environments [14], water repellency [15], protection of 
labile biomolecules against denaturization [16], metal recovery 
[17], and the design of chromatographic stationary phases [18]. 

16.2.1 Coating Agents and Methods

Organic compounds (surfactants, fats, lipids, and waxes) and 
natural or synthetic polymers are among the most commonly used 
coating materials [9–24]. In addition, bifunctional silanes, a group 
of nontoxic and environmentally compliant chemicals, are widely 
used to form spontaneous self-assembled monolayer coatings on 
inorganic surfaces [25]. Numerous examples of functionalized 
fillers prepared through organic surface modification can be found 



391Supercritical CO2 Coating of Nanoparticles

in the literature [26, 27]. The coating of nanoparticles surface can 
be performed either by in situ deposition during synthesis (e.g., 
dispersion or microemulsion processes [28]) or by postsynthesis 
grafting (e.g., Langmuir–Blodgett, self-assembly, emulsion, spray 
drying, vapor deposition, or polymerization methods [29–31]). 
However, few publications have described efficient methods for 
the coating of fine powders, due to the intrinsic necessity of having 
the nanoparticles in a completely dispersed state [32–36]. The high 
surface energy of nanoparticles causes them to agglomerate in 
the synthesis or postsynthesis process (Fig. 16.2a). Upon contact, 
primary particles form bonds of different nature. As a baseline 
of bond energy, physical van der Waals forces are always present, 
leading to agglomerates.

Figure 16.2 Agglomeration of nanometric particles: (a) synthesis and 
postsynthesis scheme and (b) mesopore formation. 

 Most commercially available nanoparticulated systems are 
large agglomerates of about 1–100 µm composed of nanoparticles 
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with sizes ranging from 5 to 100 nm and/or strongly interacting 
aggregates of 100–500 nm. The strength of these interparticle 
bonds determines to a large extent the physical properties and 
applicability in materials processing [37]. The agglomeration of 
primary particles in the nanometric range leads to the formation 
of mesoporous networks with intricate internal geometries (Fig. 
16.2b). As a consequence, the coating mechanism of agglomerated 
nanoparticles has strong similarities to the impregnation of the 
internal surface of intrinsic mesoporous matter. scCO2 solutions can 
readily permeate and penetrate into the interparticle voids [38]. 
The superior kinetics of mass transfer from the supercritical fluid 
to the interior of the mesopores induces the coating agent to cover 
preferentially primary particles.

16.2.2 Supercritical CO2 Polymer Coating

The technologies currently used in the industry for polymer coating 
of particulate substrates, based on either mechanical movement 
(mixing by agitation) or solid fluidization (Würster process), involve 
organic solution chemistry and the use of high temperatures to 
eliminate the solvent [39, 40]. scCO2 has a limited solvent strength 
for many coating polymers. Thus, most of the work performed 
in polymer coating using scCO2 technology has been carried 
out by antisolvent methods [41, 42] and only a little by straight 
polymer precipitation from the solvent, as in the rapid expansion 
of supercritical solutions (RESS) process [43–46]. In a further 
evolution, the RESS and fluidized bed technologies have been 
combined using scCO2 as the fluidizing gas and as a solvent [47–51]. 
The PGSS® process and the co-injection route, in which the scCO2 is 
dissolved in the polymer to reduce its melting temperature, are used 
to coat thermally sensitive compounds [52]. However, individual 
coating is difficult to achieve using these processes, especially for 
small-size particles. In a different approach, particles have been 
coated by in situ dispersion polymerization in scCO2 [53, 54]. This 
coating method has shown excellent results for the encapsulation 
of fine particles. However, it is severely limited for pharmaceutical 
applications due to the possibility of significant residual monomer 
content. Surface-initiated polymerization has been used for the 
coating of aerogel discs with a hydrogel [55]. Antisolvent approaches 
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have been successfully applied to the coating of micrometric organic 
and inorganic particles [56–58], although only in some particular 
cases they are devoted to the coating of nanometric entities [59–61]. 
In Fig. 16.3, uncoated and scCO2 antisolvent coated silica micro- (Fig. 
16.3a) and nanoparticles (Fig. 16.3b) are shown, demonstrating the 
high ability of the supercritical antisolvent approach to perform a 
continuous and homogeneous coating of almost individual particles 
[62]. 

Figure 16.3 Micrographs of silica samples modified by batch scCO2 
antisolvent processing of slurries of SiO2/polymer/acetone 
(10 MPa and 309 K): (a) SEM of silica microparticles (2–3 
µm) modified with polymethylmethacrylate [62] and (b) TEM 
of silica nanoparticles (200–250 nm) coated with Eudragit 
RL100 [63].

16.2.3 Supercritical CO2 Anhydrous Silane Coating

The need for novel approaches for the fabrication of surface-
functionalized materials arises from the exponential increase of 
the domains of technological applications of small particles and 
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nanoporous products. In this view, a simple and cost-effective way 
of regularly organize functional entities on surfaces is represented 
by their self-assembly. One of the most successful self-assembly 
approach is the chemical grafting of long hydrocarbon chains (R) 
on hydrated surfaces via trifunctional silanes (RSiX3), forming 
a well-ordered monolayer [63]. Organofunctional silanes have 
been used in the filler industry for years to provide a stable bond 
between two otherwise poorly bonding surfaces (Fig. 16.4a). Silane 
coupling agents are silicon-based chemicals that contain two types 
of reactivity in the same molecule. The organic functional group 
R interacts to the organic phase or renders hydrophobicity to 
the surface. The X group hydrolyzes to silanol either through the 
addition of water or from residual water present on the inorganic 
surface (Fig. 16.4b). The formed silanols can condensate in the bulk 
and coordinate with metal hydroxyl groups on the inorganic surface, 
either by hydrogen bond (#-OH···HO-Si) or siloxane linkage (#-O-
Si). Hydrogen bridges are described as the predominant binding 
mode [64]. Bonds formed with neighboring silane molecules (Si-
O-Si) give a crosslinked horizontal structure. It has been reported 
that the deposition of trialkoxysilane from solutions can give rise to 
a number of possible surface structures, schematized in Fig. 16.4c: 
covalent, self-assembled, and polycondensate [65, 66]. The final 
configuration mainly depends on the curing temperature and water 
concentration in the bulk and adsorbed on the surface [67, 68].
 Deposition of a self-assembled monolayer of a great variety of 
silane molecules on flat, polished metallic and metal oxide surfaces 
has been extensively studied using either gaseous- or liquid-phase 
reactions [69–71] or even supercritical methods [72, 73]. The 
gas-phase treatment is limited to few monodentate organosilanes 
possessing a significant vapor pressure and thermal stability. 
Deposition from aqueous-alcohol solutions is the most facile 
and common method used for bidentate and tridentate silanes 
deposition. Given that most silanes have a relatively high solubility in 
scCO2, silane coating can be also performed through diffusion from 
a supercritical solution [74–76]. The high solubility in scCO2 is due 
to the interaction between CO2, a weak Lewis acid, and the strong 
electron-donating capacity of the siloxane group. In Fig. 16.5a, the 
curves obtained as a function of pressure and temperature for the 
octyltriethoxysilane–scCO2 system is shown as an example.
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Figure 16.4 Silane chemistry: (a) coupling behavior, (b) self-assembly 
in the bulk or on hydroxilated surfaces, (c) feasible surface 
configurations. 

 Solubility data was determined under the pressure range of 8–18 
MPa and at the operating temperatures of 318 and 348 K. The data 
can be correlated using the density-based equation proposed by 
Chrastil, eq. (16.1) [77]: 

 SC8 = rCO2
k·exp(a/T + b) (16.1)

where SC8 is the measured silane solubility (g·L–1), rCO2 is the 
supercritical fluid density (g·L–1), T is the temperature (K), and a, b, 
and k are empirical fitting parameters. The density of compressed 
CO2 was calculated using a cubic equation of state. Data correlation 
is shown in Fig. 16.5b. For the octylsilane, the solubility increased 
with increasing pressure for both studied temperatures [78]. A 
crossover phenomenon [79] was observed with the crossover 
pressure occurring at ca. 16 MPa. Below the crossover pressure, an 
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isobaric increase in temperature from 318 to 348 K decreased the 
silane solubility. Conversely, above the crossover pressure, a similar 
isobaric increase in temperature increased the silane solubility.

Figure 16.5 Experimental solubility data and correlation lines obtained 
with the Chrastil equation. The natural logarithmic form of 
experimental data in the Chrastil equation is adjusted by 
straight lines with a R2 of 0.994 and 0.993 for 348 and 318 K, 
respectively.

 The alternative and generic scCO2 method described to 
efficiently coat the surface of nanoparticulate is placed between the 
conventional gas deposition and liquid-phase adsorption methods. 
The alcohol conventional liquid-phase method is a wet method in 
which water molecules are added to the solution bulk (Fig. 16.6a). 
Instead, the supercritical procedure is an anhydrous method and only 
moisture adsorbed on the inorganic substrate surface is present in 
the medium (Fig. 16.6b). Since the solubility of water in scCO2 is low 
[80], water molecules are expected to be associated with the surface 
and not free in solution. Following this assumption, the hydrolysis 
step that initiate the silanization reaction (Fig. 16.4b) is only favored 
near the substrate surface and not in the solution bulk, promoting 
the formation of a self-assembled monolayer through horizontal 
polymerization. The kinetics of hydrolysis and condensation of 
alkoxysilanes in water has been reported to be strongly dependent 
on pH, being the optimum value for fast hydrolysis around 3–4 [81]. 
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Water in contact with carbon dioxide becomes acidic (pH ≈ 3) due 
to the formation and dissociation of carbonic acid. Therefore, the 
process at supercritical conditions is performed under acid catalysis. 
In the wet methods, a high-quality self-assembled monolayer is not 
easily obtained, mainly because of the difficulty in controlling the 
amount of water in the system. Alkoxysilane polycondensation prior 
to deposition onto the surface is promoted by the presence of excess 
of water in the medium, and therefore is favored in the alcoholic 
solution. 

Figure 16.6 Schematic representation of (a) conventional alcoholic and 
(b) supercritical procedures used for silane deposition and 
grafting.

Supercritical CO2 Coating of Nanoparticles
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 An additional difficulty in using the traditional solution-
phase silanization process for the coating of fine particles is that 
the solution containing the dispersed inorganic powder and the 
reactive silane turn out to be very viscous during reaction and 
solvent evaporation step. Therefore, kinetics became restricted 
by the mass transport of the silane to the inner mesopore surface 
of the agglomerates and, eventually, transport is hindered by 
channels blockage [82]. Covalent bonds (Fig. 16.4c) are promoted 
by increasing the curing temperature. Typical conventional thermal 
curing of silanes is performed at temperatures of ~373–393 K, 
whereas the complete scCO2 process is carried out at 313–333 K 
(Fig. 16.6). In consequence, silane covalent binding is expected to 
be favored in the conventional method, while hydrogen bonding 
is likely the predominant conformation formed by supercritical 
silanization. 
 Nanometric TiO2 (Fig. 16.7a) has been coated following the con-
ventional aqueous-alcohol solution [83] and the supercritical fluid 
methods [84]. Modified TiO2 is widely employed in the industry of 
photocatalysis and as a pigment or filler in the paper, plastic and 
cosmetic industries [85–87]. Nanoparticles are coated with octyltri-
ethoxysilane (C8Si(OEt)3, Fig. 16.7b), possessing a nonreactive or-
ganic functionality (hydrophobic alkyl chain). In Fig. 16.7c, the most 
important steps of the silanization process of TiO2 nanoparticles are 
schematized. In the conventional alcoholic process, the final amount 
of silane deposited on the surface depends on the initial amount of 
water and silane added to the medium that should be calculated very 
carefully during the experimental design. Excess of silane results in 
polymerization in the bulk and eventual deposition of polysiloxanes, 
resulting in poor coating control as well as incomplete and nonu-
niform individual particle coverage. TiO2 powder silanized by the 
supercritical approach reveals agglomerates similar to those corre-
sponding to nontreated powder (Fig. 16.8a,d), in which the primary 
particles are still evident (Fig. 16.8b,e). The mesoporous character 
of the aggregates is maintained. Conversely, alcoholic coating is per-
formed mainly in the external surface of the agglomerates, thus los-
ing the mesoporous character (Fig. 16.8c). Transmission electron 
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microscopy (TEM) characterization is also performed in the super-
critically silanized particles, employing a negative staining solution 
deposited around the electron transparent silane layer, with the ob-
jective of visualizing the silane-deposited layer. On the TEM images 
in Fig. 16.8f, the staining of the sample caused the silane layer to 
appear pale against the dark background and TiO2 nanoparticles. 

Figure 16.7 Sianization reagents: (a) TiO2 20 nm from Degussa P25, (b) 
silane reagent (A octyltriethoxysilane) and hydrolized molecule 
(B octysilicilic acid), and (c) schematic representation of the 
different steps (1–5) of the silanization reaction occurring on 
the surface of TiO2 nanoparticles with triethoxysilanes.
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Figure 16.8 Microscopy images of raw and silanized TiO2 nanoparticles: 
SEM (Hitachi S-570) images of (a) pristine powder, (b) 
supercritically silanized, and (c) conventionally silanized 
powder and TEM images of (d) pristine powder, (e) 
supercritically silanized, and (f) supercritically silanized 
powder treated with an electron opaque heavy metal salt 
(uranyl acetate).

 A value of grafting densities of ~3 molecules/nm2 is found 
for the supercritically silanized mesoporous aggregates of TiO2 
nanoparticles, suggesting the formation of a closely packed silane 
monolayer. A theoretical limit of 5 molecules/nm2 has been 
estimated as the maximum surface density for a close-packed silane 
monolayer deposited on a flat surface [88, 89]. Despite of the low 
curing temperature used in the supercritical experiments (313–333 
K vs. 293 K in the conventional method), the main portion of mass 
decay in the thermogravimetric analysis takes place at relatively 
high temperature (648–873 K), suggesting siloxane chemisorption 
on the surface and a high degree of horizontal crosslinking for 
coatings prepared under supercritical conditions (Fig. 16.9a,b) [90]. 
Static contact angles have been measured on a compressed disk of 
particles to provide qualitative information related to the surface 
properties of the powder before and after surface modification 
(Fig. 16.9c). 
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Figure 16.9 TGA (PerkinElmer 7) graphs in an inert atmosphere of TiO2 
nanoparticles reacted with silane under scCO2 and having 
different degrees of silane deposited: (a) weight loss vs. 
temperature and (b) derivative of the rescaled profiles to 
eliminate the effect of the weight decay in the 313–423 K 
(water) temperature range; hydrophobic character of the 
supercritically silanized particles verify in (c) compacted 
pellets in contact with a drop of water and (d) dispersed in 
polar water (W) and in apolar hexane (H); (e) TEM micrographs 
of scCO2 PGSS-precipitated composite particles involving 
solid lipid particles and dispersed silanized TiO2 (small 
black dots); and (f) SEM pictures of a composite involving 
polymethylmethacrylate/poly(ε-caprolactone) fibers loaded 
with silanized TiO2 nanoparticles, precipitated using a scCO2 
antisolvent procedure.

 Using water as the probe fluid, the disc constituted by untreated 
TiO2 nanoparticles exhibited a contact angle of ~30°, standard 
value observed for water deposited on hydrophilic surfaces [91]. On 
the contrary, for discs formed by compacting scCO2 silanized TiO2 
nanoparticles, the contact angle increased to a value of ~115–120°. 
This increase indicates a pronounced hydrophobic character of 
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the surface after supercritical silanization. The changes in powder 
wettability are also estimated by dispersibility analysis in polar 
water and apolar hexane, with dielectric constants of 80 and 2, 
respectively [92, 93]. The dispersion of coated nanoparticles gives 
a transparent suspension when added to the apolar solvent, while 
they are not dispersible at all in water (Fig. 16.9d).
 Finally, surface hydrophobization allows the dispersion of the 
silanized TiO2 powder into viscous solids. In a first example, TiO2 
is dispersed into solid lipid particles (Fig. 16.9e) using the PGSS® 
supercritical procedure [94–96]. For both pharmaceutical and cos-
metic applications, solid lipid particles have advantages over other 
carriers, such as liposomes or emulsions, in terms of stability and 
protection of the incorporated active compounds. The produc-
tion of particulate hybrid solid lipid particles containing silanized 
TiO2 is investigated with the aim of producing sunscreens with UV 
radiation protection properties. In a second example, a scCO2 an-
tisolvent technique is used to precipitate networks of fibers of the 
blend polymethylmethacrylate/poly(ε-caprolactone) (PMMA/PCL) 
loaded with supercritically silanized TiO2 nanopowder (Fig. 16.9f) 
[97]. Loadings of 20 wt% of TiO2 were achieved. Introduction of 
small quantities of nanosized inorganic particles can significantly 
improve mechanical and physical properties of the polymer matrix. 
These materials found applications in the area of tissue engineering 
as scaffolds.

16.3 Impregnation of Porous Matter

The deposition of materials in intrinsic porous substrates and 
swelled nonporous polymers (cellular materials or foams) using su-
percritical fluids was first proposed by McHugh and Krukonis [98]. 
Later, Debenedetti et al. [99] fabricated polymeric microspheres 
loaded with pharmaceuticals for drug delivery applications using 
the technique of rapid expansion of supercritical solutions. In gen-
eral, technology based on supercritical fluids is considered as an 
alternative to overcome some of the problems associated with the 
use of traditional organic solvents for the modification of materi-
als involving polymers, due to scCO2 plasticization capacity [100, 
101]. scCO2 can be used either as a medium for polymer synthesis 
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[102, 103] or for the postmodification of polymer morphology and/
or composition [104, 105]. For nonporous polymers, impregnation 
must be preceded of polymer swelling, which is responsible for the 
enhanced diffusion of solute molecules in such matrixes.

16.3.1 Intrinsic Porous Matter

Over the last two decades, significant interest has been devoted 
to the synthesis and applications of both nanoporous materials 
(2–100 nm) and hierarchically structural porous materials, which 
are defined as materials that contain a porous structure consisting 
of interconnected pores of different length scales from micro- (<2 
nm) to meso- (2–50 nm) to macropores (>50 nm) [106]. Micro- and 
mesopores provide size selectivity for guest molecules enhancing 
host–guest interactions. Besides, synthesis processes performed 
in restricted space, that is, inside micro- and small mesopores, in 
which the dimensions of the reaction vessel are comparable to those 
of solutes or reactants, provide a new access for the design of novel 
functional materials [107, 108]. 
 Some of the most important types of highly porous materials 
with diverse structures are those involving silicon, including zeolites 
and silicas. Zeolites are the hydrated aluminosilicate members of the 
family of the crystalline microporous solids known as molecular 
sieves. Aluminosilicate minerals are composed of aluminum, 
silicon, and oxygen, plus countercations. Molecular sieves with 
completely new framework compositions have been synthesized 
on the basis of aluminophosphates. Those materials are commonly 
used as commercial adsorbents and in separation processes, 
since they can easily incorporate guest molecules or ions in their 
open framework [109, 110], acting also as molecular sieves. The 
encapsulation of suitable molecular species in zeolite cavities by 
adsorption or reaction led to materials with specific functionalities 
and applications in chromotropism, size/shape selective catalysis, 
gas separation/purification, photocatalysis, or even drug delivery 
[111–114]. 
 Silica is one of the most complex and most abundant families 
of materials, existing both as several minerals and being produced 
synthetically. Notable examples include nonporous quartz, crystal 
or glass, and amorphous porous silica gel, xerogels, cryogels, and 
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aerogels. Mesoporous silica supports have a random pore size 
distribution and extremely high pore interconnectivity. Hydrophilic 
mesoporous silica gels are important commercial substances, while 
organically modified silica gel (ormosil) is a class of novel material 
designed to host a large variety of organic and inorganic guests 
for applications in chromatography, catalysis, photochemistry, 
etc. [115]. The choice of such amorphous silica materials relied 
on their low cost and adsorbent properties that are suitable for a 
large amount of bulk applications. Mesoporous amorphous silica 
gels are obtained by random aggregation of primary dense silica 
nanospheres dispersed in a colloidal suspension, following the sol–
gel process schematized in Fig. 16.10a. 

Figure 16.10 Schematic representation of the synthesis procedures for (a) 
amorphous silica with a random distribution of pores and (b) 
ordered mesoporous silica.

 The sol–gel polymerization of silica alkoxides produces primary 
sol nanoparticles, which are further linked in a 3D solid network of 
gel, forming an alcogel with the pores filled with solvent (methanol/
acetone and water). A silica aerogel is obtained if a suitable drying 
technique able to eliminate the liquid solvent from the gel, while 
avoiding the collapse of the already existing nanoporous structure 
is picked up. To reach these processing requirements, supercritical 
drying of alcogels assisted by the use of supercritical fluids (usually 
scCO2) emerges as the ideal approach to get aerogels [116]. The 
supercritical drying process leads to the presence of supercritical 
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fluid mixtures in the gel pores without remnants of the liquid phase. 
The presence of any intermediate vapor–liquid transition and surface 
tensions in the gel pores is thus avoided, preventing the gel structure 
from the pore collapse phenomenon during solvent removal [117]. 
In contrast, traditional drying procedures, for example, air-drying, 
are not able to preserve the gel structure, leading to pore collapse 
and massive shrinkage (xerogels).
 In a different approach, a new family of large-pore molecular 
sieves generically called M41S consisting on ordered mesoporous 
silica materials were discovered in the early 1990s [118]. The most 
well-known and common mesoporous silica materials include the 
MCM-41, MCM-48, and SBA-15 families, which have pore sizes in the 
range of 2–10 nm and different structural characteristics from 2D 
hexagonal to 3D cubic [119–121]. These mesoporous silica materials 
are synthesized in the presence of cationic surfactants, which 
serve as structure-directing agents for polymerizing silica units by 
electrostatic interaction, as illustrated in Fig. 16.10b. The obtained 
mesoporous structure has a large surface area with an outstanding 
percentage of silanol groups, high pore volume, uniform and tunable 
pore size (easily realized by varying the surfactant used), low bulk 
density, nontoxic nature, easily modified surface properties, and 
good biocompatibility. Ordered mesoporous materials have been 
shown to be important candidates in sensors, catalysts, biomedicine, 
and environmental applications.
 Porous loaded matter is obtained via crystallization inclusion 
that involves the addition of the guest component to batches for 
the hydrothermal synthesis of the porous material. An alternative 
procedure involves impregnation after the matrix has been 
synthesized, for example, by ion exchange or diffusion of the guest 
compound from a liquid solution or a gas phase [122]. However, 
a deep homogeneous impregnation in micro- and mesopores is 
difficult to achieve using conventional solvent methods. When 
the loading of nanoporous materials is carried out from a liquid 
solution, the possibility of competition between solvent and 
solute molecules for the substrate adsorption sites often leads to 
the incorporation of both components into the cavities. scCO2 has 
important advantages as a solvent to carry out the impregnation 
process. First, the adsorption behavior of pure supercritical fluids 
has been reported to be different from that of gases at temperatures 
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lower than the critical, since condensation is impossible for a 
supercritical fluid [123]. Physical van der Waals adsorption is 
essentially only valid for vapors. Nonspecific physical adsorption 
of CO2 molecules on meso- and macroporous substrates is known 
to be rather weak at temperatures higher than the critical [124]. 
Only microporous materials are slightly effective on adsorbing 
scCO2, as physical adsorption is enhanced by the overlapping of the 
molecule–surface interaction potentials from opposite pore walls. 
Hence, under supercritical conditions, competition between the 
solvent and the solute for the substrate adsorption sites is basically 
eliminated. Second, enhanced values of transport coefficients are 
found in scCO2 [125]. Third, supercritical fluid gas-like viscosities 
allow rapid penetration of the fluid molecules into the cavities of 
the nanoporous material, while this process is highly hindered in 
normal liquids. 
 As an example, the adsorption of benzoic acid into the 
aluminophosphate VPI-5 channels by diffusion from saturated 
scCO2 solutions has been studied [126, 127]. The VPI-5 contains 1D 
circular channels with a free diameter of 1.2 nm and a surface area 
of 300–400 m2g–1 (Fig. 16.11a) [128]. 

Figure 16.11 (a) SEM of a VPI-5 crystal and a CERIUS-2 structure and (b) 
chemometric approach based on nonlinear partial least-
squares modeling applied to characterize the effect of the 
experimental variables on the supercritical impregnation of 
VPI-5 with benzoic acid. 
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 VPI-5 is frequently chosen as adsorbent because its pore opening 
is significantly larger than that of other zeolites, thus offering the 
possibility of incorporating larger molecules in its open framework. 
Obtained loadings under supercritical conditions are in the order 
of 1.5–3 wt% [129]. Solute uptake and adsorption kinetics can be 
controlled through the modification of different process parameters, 
such as time, pressure, and/or temperature of adsorption (Fig. 
16.11b) [130]. Most importantly, the structural transformation 
of VPI-5 to AlPO4-8, with only 0.8 nm pore size, described at 
temperatures higher than 333 K is avoided by using the supercritical 
procedure up to 393 K (Fig. 16.11a). 
 The supercritical silanization process previously described for 
nanoparticles coating has been extended to the modification of 
the internal surface of porous silica substrates (i.e., impregnation) 
of diverse pore size and architectures (Fig. 16.12) [131, 132]. The 
organic functionalization allows tuning surface properties, such 
as hydrophobicity and reactivity. The resulting class of hybrid 
solid porous sorbents has new uses in organic matter separation, 
with applications ranging from sorption of oil and hydrocarbon 
contaminants to CO2 capture. In the disordered silica gel substrates, 
loading of octytriethoxysilane (0.5–1.5 molecules/nm2) as a probe 
molecule, the hydrophobicity of the matrix, determined by Karl 
Fischer, increased considerably. 

Figure 16.12 Schematic representation of the experimental setup used 
for the scCO2 silanization (P = 90–20 MPa, T = 318–408 K, t 
= 30–90 min, octyltriethoxysilane) of several silica matrices 
with different structures.

 The water uptake of the mesoporous samples was reduced 
to ca. 50 wt% after silanization (Fig. 16.13a). In the SG sample, 
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the modification of the water adsorption capacity was evidenced 
qualitatively from the color change of an added moisture indicator 
from blue (dry) to pink (moisturized) (Fig. 16.13b).

Figure 16.13 Water uptake for two different mesoporous silica gels (CC 
and SG), pristine and supercritically silanized, after one 
week of hydration under ambient conditions (293–394 K and 
60%–65% relative humidity) and (b) optical pictures of the 
modification of the color (from blue to pink) of silica blue (SG) 
sample with a moisture indicator (0.5–1 wt% cobalt chloride) 
exposed to ambient conditions during 0 (dry samples at  
393 K), 30 and 60 min. 

 Chemical absorption using aqueous alkanolamines is considered 
a benchmark mature technology in CO2 capture for the separation of 
dilute combustion flue gases [133]. The use of solid porous sorbents 
modified with aminopolymers [134] or aminosilanes [135] is now 
being widely considered as an alternative separation technology to 
alkanolamines, potentially less energy intensive [136–138]. In this 
respect, the immobilization of aminosilanes on the internal surface 
of silica porous supports (aminosilica) has several advantages as 
reduced evaporation and degradation of amine. The preparation 
of the aminosilica can be carried out either by co-condensation of 
the aminosilane with the silica source during matrix synthesis or by 
grafting aminoalkoxysilane molecules to the previously synthesized 
silica support [139, 140]. Grafted compounds have an exceptional 
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high thermal stability and are used for a large variety of applications 
ranging from catalysis and adsorption to intermediates in advanced 
synthesis procedures [141]. Supercritical anhydrous silanization 
using scCO2 as a solvent has result in one of the most effective, 
simple and reproducible methods for producing homogeneous, 
covalently bonded, high-density silane films on the internal surface 
of porous materials. Then, the functionalization of similar silica 
supports via supercritical silanization with aminosilanes has 
also been prospected [142]. The process carried out for grafting 
aminosilanes to silica supports is complex, since it involves both 
the silane and the amine chemistry. In addition, in the presence of 
compressed CO2, primary and secondary alkylamines react with the 
solvent to give nonsoluble carbamates. Hence, an extensive study of 
process optimization in regard of working supercritical conditions 
is necessary prior to hybrid materials preparation. The use of the 
supercritical method for silanization requires an appreciable 
solubility of the solute molecules in scCO2 to get them into the 
pores of the substrate. For alkylsilanes, the operating pressure and 
temperature determined the solute mole fraction in the fluid phase. 
Similar behavior is expected for aminosilanes, although for primary 
and secondary aminoalkylsilanes, the formation of carbamate 
species with CO2 take places giving place to an insoluble waxy solid 
(Fig. 16.14a) [143, 144]. The reaction of CO2 with primary and 
secondary amines is usually described by the zwitterion mechanism 
(reaction A). For the monoamine in an anhydrous environment, the 
zwitterion undergoes deprotonation by another amine molecule 
(reaction B), thereby resulting in carbamate formation. For mono 
and diamines, initially, the addition of pressurized CO2 causes 
the formation of a white waxy solid corresponding to carbamate 
formation (Fig. 16.14b, species II at 333 K), though liquid amine 
is again visible when the temperature reached a value higher than 
373 K (Fig. 16.14b, species I at 393 K). Hence the supercritical 
procedure should be applied at a minimum temperature of 373 K. 
scCO2 3-(methylamino)propyltrimethoxysilane (MPA)-loaded MCM-
41 (Fig. 16.14c) and CC (Fig. 16.14d) supports (3–5 mmol·N·g–1) 
have high thermal stability.
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Figure 16.14 (a) Reactions of intermediates and carbamate formation 
between MAP and CO2; (b) images captured from the 
high-pressure reactor window of a MAP and CO2 mixture 
as a function of temperature: I at 393 K and II at 333 K; 
mesoporous supports loaded with MAP (c) MCM-41 and  
(d) CC; and (e) aziridine ring-opening polymerization in CO2 
and formation of the MCM-41/PEI hybrid product.

 The CO2 adsorption capacity of prepared products, together 
with the ability in the selective capture of CO2 from a mixture 
with other light gases, is an important factor to be considered for 
applications development. The MAP-grafted mesoporous supports 
produced by the supercritical procedure showed enhanced CO2 
adsorption selectivity in mixtures of gases, owing to the affinity 
of the functional group -NH-CH3 toward CO2. Adsorption runs are 
carried out at atmospheric pressure with a mixture of CO2 (10 
vol%) and N2 at 298 and 318 K to examine these parameters in 
the supercritically prepared hybrid products. The concentration 
of adsorbed CO2 for MCM-41 and CC aminosilanized samples is 
represented in Fig. 16.15a as a function of the amine loading In 
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the figure, the CO2 adsorption capacity of supercritically prepared 
monoamine materials is compared to adsorption literature data 
(best-performing material) of monoamine-modified silica products 
synthesized using the toluene approach [145–160]. 

Figure 16.15 Microbalance (IMS HP HT based on a magnetically coupled 
Rubotherm GmbH unit) results of CO2 adsorption: (a) first 
adsorption cycle of MAP aminosilane-loaded MCM-41 and 
CC hybrid products [142] compared to literature data [145–
160] and (b) 10–20 adsorption cycles of PEI-loaded MCM-41 
at two different concentrations ML (6 mmol·N·g–1) and HL  
(8 mmol·N·g–1). 
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 Most of the literature reported amine uptake values are within 
the range 1–4 mmol·g–1, corresponding to CO2 adsorption values 
between ca. 0.4 and 1 mmol·g–1. Under the assumption of carbamate 
formation at dry conditions, the CO2/monoamine loading ratio has 
a theoretical maximum value of 0.5 and it is represented by a solid 
line in Fig. 16.15a. It is clear from the comparison to literature data 
that high loading values can be attained by using the supercritical 
approach without sacrificing the CO2 capture capabilities. The 
CO2 adsorption value for the CC products is in line with the values 
obtained in the literature, while the MCM-41 samples show an 
extraordinary high adsorption capacity. The performance of the 
supercritically prepared hybrid products is fairly stable after 20 
adsorption/desorption cycles.
 Grafted hyperbranched aminopolymers are often preferred 
as modifiers instead of aminosilanes, as they have a higher amine 
density, which is considered advantageous in CO2 adsorption 
applications [161]. Current developed methods to prepare 
hyperbranched polyamine grafted into mesoporous silica need 
the use of organic solvents, catalysts, temperature, and/or long 
reaction times [12–164]. A further development of the supercritical 
technology applied to the surface modification of porous materials 
has focused on the design of a new eco-efficient method, based in the 
use of compressed CO2 as a solvent, reaction media and catalyst, for 
the in situ polymerization of aminomonomers inside mesoporous 
silica, obtaining a highly loaded material at low temperatures and 
short reaction times [165]. The three-membered ring ethyleneimine, 
also referred to as aziridine, is used to impregnate mesoporous 
MCM-41 (Fig. 16.14e). The aziridine gives polyethyleneimine (PEI) 
by ring-opening polymerization, containing primary, secondary, 
and tertiary amines, and forms covalent bonds with the silica 
[166]. Hyperbranched PEI loading efficiency in MCM-41 using 
the supercritical method was in the order of 5–9 mmol·N·g–1 at 
pressures of 2–10 MPa and temperatures of 318 K in only 10 min. 
Reported data of amine loading for similar materials is in the same 
range regardless of the used synthetic method. Temperature swing 
in CO2 adsorption/desorption cycles test using a microbalance 
under a flow of CO2 (10 vol%) and N2 gave CO2 adsorption values 
in the order of 1 mmol·g–1 at 298 K. The CO2 capture performance 
of the prepared materials was comparable with data for similar 
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products. The CO2 adsorption was easily reversed with temperature 
and no appreciable loss in efficiency was observed after 20 cycles 
(Fig. 16.15b), indicating high thermal stability, as required to any 
industrial solid adsorbent.

16.3.2 Polymer Bulk Modification by scCO2 
Impregnation

16.3.2.1 Semicrystalline polymers

ScCO2 induces depression in the glass transition (Tg), crystallization 
(Tc), and melting (Tm) temperatures of semicrystalline polymers, 
which has been reported to affect the crystallization kinetics [167, 
168] and the resulting mechanical properties (Fig. 16.16). For 
semicrystalline polymers, three different behaviors are described 
as a function of the working temperature (Fig. 16.16a) [169]: 
(i) by processing the polymer at temperatures near its glass 
transition temperature, a solvent-induced crystal growth process 
on the existing crystals is facilitated by the presence of scCO2 (Fig. 
16.16c); (ii) by handling the polymer at temperatures between 
the glass transition and the cold crystallization temperatures, 
isothermal annealing leading to a heterogeneous nucleation process 
of the polymer chains in the amorphous region is more likely to 
occur (Fig. 16.16d); and (iii) polymer treatment at temperatures 
between the cold crystallization and the melt of the raw polymer 
provokes nucleation and crystallization from the melt during 
system depressurization and simultaneous cooling (Fig. 16.16e). 
For semicrystalline polymers, the scCO2-induced nucleation and/
or crystallization effect in the amorphous fraction prevented the 
molecular dispersion of organic compounds in the matrix, which 
crystallizes segregated from the polymer (Fig. 16.16b). 

16.3.2.2 Amorphous polymers

ScCO2 can reversibly swell glassy and rubbery polymers and reduce 
the viscosity of the polymer melts up to an order of magnitude. For 
nonporous polymers, the impregnation process is based on polymer 
plasticization and swelling caused by CO2, which facilitates the 
diffusion of impurities (residual monomer or solvent, initiator, etc.) 
to the fluid phase, and active agent infusion or impregnation into 
the polymeric phase. Impregnation processes can be classified on 
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the criteria of solute affinity by the polymer matrix [170, 171]. A 
first scenario involves solutes with low affinity by the matrix but 
high solubility in scCO2, in which the deposition of the solute into the 
polymer matrix occurs upon depressurization. 

Figure 16.16 (a) Schematic description of the possible L-PLA annealing 
processes occurring under scCO2 as a function of temperature, 
(b) segregated drug crystals from semicrystalline L-PLA, 
(c) SEM micrographs of the morphological modifications 
produced by scCO2 solvent-induced crystallization, (d) 
schematic representation of the heterogeneous cold 
crystallization process, and (e) optical pictures of the 
transparent/opaque transition caused by fast melt 
crystallization [169].
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 The solute is trapped within the polymer matrix by a 
reprecipitation process, without a molecularly dispersed 
formulation. Crystallization of the solute in the polymer matrix 
could lead to a noncontrolled impact on the dissolution and 
diffusion rate in the polymer. A different scenario considers a high 
partition coefficient of solute between the polymer and fluid phases 
due to a high affinity of the solute for the polymer matrix [172, 173]. 
This mechanism has tremendous potential for the scCO2 molecular 
impregnation of active agents into polymers for pharmaceutical 
applications. For active agents with low water solubility, the 
objective is to enhance drug dissolution rate via dispersion of the 
drug within water-soluble polymer matrices. On the contrary, for 
water-soluble and short-half-life drugs, sustained release systems 
involving an insoluble hydrophobic polymer should be formulated. 
One of the main limitations that pharmaceutical industry encounters 
in the preparation of this kind of systems involves the use of organic 
solvents, since solvent residues get trapped in the polymer together 
with the drug and may be responsible of some toxic effects. 
 PMMA is an acrylic hydrophobic biostable polymer that is widely 
used in the biomedical field as an implant carrier for sustained local 
delivery of anti-inflammatory or antibiotic drugs. Generally, the 
polymeric matrixes used for drug delivery are in the form of beads of 
micro- or nanometric size. However, in some cases monolithic pieces 
are also loaded to be used as implants or in tissue engineering. 
Strong interactions between the PMMA and CO2 molecules have been 
described, which lead to a dramatic Tg depression (60 K or more 
at the relatively low pressures of 4–6 MPa) [174, 175]. Therefore, 
at standard supercritical working conditions (20 MPa and 308 
K), the PMMA adsorbed enough gas to lower its glass transition 
temperature below the processing temperature. The release of 
CO2 leads to bubble nucleation and pore growth. Depressurization 
causes polymer vitrification when the glass transition temperature 
is reached. At this point, the structure could not further grow and 
is locked in with a specific morphology. A uniform distribution of 
macropores throughout the polymer matrix has been described to 
be formed [176]. The microstructure can be controlled via the rate 
of pressure release. In general, a rapid depressurization leads to a 
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rapid formation of bubble nuclei and, therefore, a small pore size. 
A drawback noted with this processing strategy is the formation 
of a nonporous skin which results from rapid diffusion of the gas 
away from the surface during depressurization. For the PMMA 
polymer, scanning electron microscopy (SEM) pictures show 
reduced apparent external porosity in either beads (Fig. 16.17a) 
or monolithic bars (Fig. 16.17b) after depressurization [177]. For 
the PMMA beads, no significant modification in either the shape or 
the size of the beads is observed. On the contrary, for the monolithic 
pieces after swelling the rod during 24 h in scCO2, the diameter 
increases in ca. 25%. The exposure time was not enough to swell 
the entire rod homogeneously, as it was evident in the images of 
the rod cross section. An interface between the nonswelled (inner) 
and plasticized (exterior) regions is observed. The scCO2 foaming 
process leads to an integral foam structure with a microcellular core 
encased by a nonporous skin, which resulted from rapid diffusion of 
the gas away from the surface. The microstructure can be controlled 
via the rate of pressure release. In general, a rapid depressurization 
leads to a rapid formation of bubble nuclei and, therefore, a small 
pore size.

Figure 16.17 PMMA samples before and after treating with scCO2 (20 MPa, 
318 K): (a) SEM micrograph of beads with a diameter of 50–
100 µm and (b) optical and SEM pictures of monolithic pieces 
consisting of rods of 5 mm diameter [177].
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Dyeing textiles by traditional water-based methods demands large 
amounts of water. Roughly to dye 1 kg of textile 100 L of clean water 
are used; annually this requires 9 trillion liters of water or four 
times the water requirement of a country like Taiwan. At the end 
of the dyeing process, the same equivalent amount of wastewater is 
generated that needs to be treated before discharge. The dye bath 
effluents contain salts, bases, and hydrolyzed dye molecules, which 
make water purification expensive. For the last 25 years, scCO2 has 
been developed as an alternative to water as a dyeing medium to 
eliminate and reduce the usage of water and wastewater production 
in the conventional textile dyeing industry. The physical properties 
of scCO2 with regard to high diffusion rates and low mass transfer 
resistance facilitate the penetration of the dye into the textile, 
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decreasing dyeing times. Since no water is use, the drying of the 
textile is not necessary, saving a large amount of energy. Dyes are 
dissolved in the scCO2 and can be reused as is the CO2. Nowadays, 
supercritical dyeing of polyester is commercially available. Several 
years of equipment engineering and process development have 
been crystallized in industrial supercritical dyeing machines. This 
development has opened up a sustainable way of textile dyeing that 
will be followed soon by natural textiles such as wool and cotton on a 
commercial scale. In this chapter the state of the art and applications 
of supercritical textile dyeing are described.

17.1 Introduction

17.1.1 The Conventional Textile-Dyeing Process

In 2012 the textile industry produces 82 million tons of fibers, 
of which 61% are synthetic fibers and 39% are natural fibers. 
Approximately 70% of the synthetic fiber is polyester, while cotton 
dominates the natural fibers with approximately 80% (Fig. 17.1).

Figure 17.1 Global fiber market.
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 In the conventional textile dyeing process, it is estimated that 
100 to 150 L of water is required for dyeing 1 kg of textile, giving a 
total amount of up to 9 billion cubic meters of wastewater annually. 
Approximately 5% to 10% of the nonreactive dyes are lost with the 
wastewater; for reactive dyes this is even 50% that are commonly 
used in cotton dyeing. The excellent wet fastness, due to the 
fixation of the dye via covalent bonding with the substrate, and the 
brilliance and variety of hues are responsible for the extended used 
of reactive dyes to dye cotton [1]. Besides dyes, large amounts of 
salts, alkalis, and dispersing agents are demanded in the dyeing 
process. An electrolyte is required for overcoming the anionic dye–
fiber repulsion, so adsorption can take place. An alkali is needed for 
the fixation because cellulosic anions are generated, which easily 
react with the reactive dye. During the dyeing process up to 40% of 
the dye is hydrolyzed. This hydrolyzed dye is highly substantive for 
cotton, which needs to be removed via a wash-off step in order to 
achieve the characteristic wet fastness of reactive dyes. The wash-off 
step is a laborious operation, which is often longer than the dyeing 
step itself and requires large volumes of water. Dispersing agents are 
required to enable the solubilization of the disperse dyes, which are 
hydrophobic, in water for dyeing polyester. Nowadays, in the textile 
industry over 50% of the dyeing of cotton in water is carried out 
with reactive dyes [2]. At the end of the dyeing process high levels 
of polluted water are produced. The effluent contains up to 0.1 
million tons of hydrolyzed dye (when a dye concentration of 2% on 
weight of the fiber is applied), 16 million tons of salt and 5 million 
tons of alkali per year [3]. The treatment of the dyeing effluents is 
complicated and constitutes a major economic and environmental 
issue. As much as 50% of the total cost of the process is attributed 
to the washing-off stages and wastewater treatment of the effluent 
[4, 5]. Therefore, the conventional water-based process of dyeing 
textiles is an expensive, time-consuming process and a hazard for the 
environment. The development of a more ecological dyeing process 
without compromising the desirable attributes of the reactive dyes 
is greatly demanded.

Introduction
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17.1.2 Supercritical Dyeing: An Alternative Dyeing 
Process 

Dyeing textiles using supercritical carbon dioxide (scCO2) as a dye 
solvent instead of water has been developed during the last two 
decades as an alternative process to eliminate the water usage and 
water pollution [6–8]. From an environmental and safety point of 
view, scCO2 is the best solvent to replace water in textile dyeing. 
It is a waste product, is inexpensive, nontoxic, nonflammable, and 
environmentally friendly, and is chemically inert under many 
conditions. Simple flow schemes of the alternative supercritical 
dyeing and the current process are shown in Fig. 17.2. 

Dyeing step
(Textile + Dye)

Wash-off step

Drying step

Dyed Textile

Wastewater 
treatment

Water

Water

Heat

Water dyeing Supercritical dyeing

Dyeing
(Textile + Dye)

Separator

Dyed 
textile

CO2

CO2

Recycled CO2 + Dye

Dye

Figure 17.2 Flow schemes of dyeing steps involved in the water dyeing 
process and in supercritical dyeing process. 

17.1.3 Advantages of Supercritical CO2 for Textile 
Dyeing

The textile industry can greatly benefit from the use of scCO2 as dye 
solvent. The high diffusion rates and low mass transfer resistance 
observed in scCO2 compared to water facilitate dye penetration into 
the fibers, which allows a reduction on dyeing times. For polyester, 
the glass transition of the fibers is lowered by the CO2 that acts as 
a swelling agent, thus enhancing the diffusion of the dye into the 
fibers and accelerating the process by a factor of two. Since water 
is eliminated from the process, the textiles do not need to be dried, 
saving a great deal of energy. Furthermore, the reactive dye cannot 
be hydrolyzed; therefore essentially all dye molecules are available 
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for reaction with the fiber. The CO2 loaded with dyestuff penetrates 
deep into the pore and capillary structure of fibers, providing 
effective coloration of the textiles. Unlike water dyeing, the dye can 
be easily removed from the scCO2 by simply lowering the pressure. 
The reduction of chemicals and dyes, the lowers amount of energy 
and the speed of the dyeing process, makes the process economically 
feasible on top of the environmentally advantages [9–11]. A 
comparison of the conventional water dyeing and the supercritical 
dyeing processes is given in Table 17.1. 

Table 17.1 Comparison of the conventional water dyeing and the 
supercritical dyeing process

Conventional water textile 
dyeing

Alternative textile dyeing with 
scCO2

Large usage of water Elimination of water usage
High levels of salt, alkali, and 
disperse agents No additives

Hydrolysis of dye molecules No hydrolysis of dye molecules
Costly water purification No production of polluted water
Drying step of textile No drying step (energy saving)

Shorter process time due to high 
diffusion coefficients and low mass 
transfer resistance
Easy separation of the dye from scCO2 
with dye recovery
Carbon dioxide and dyes reusable

17.2 Challenges of Textile Dyeing in 
Supercritical CO2

scCO2 for dyeing synthetic fibers has been shown excellent results 
on a laboratory scale [12] and the dyeing mechanism has been fully 
unraveled [13]. Basically, for nonpolar textiles, such as polyester, 
nonpolar, nonreactive dyes are dissolved into the supercritical phase, 
transported to the fiber and adsorbed on the surface. Finally, the dye 
molecules diffuse into the CO2-swollen polymer matrix, where they 
are bound to the polyester molecules by physical attraction, mainly 
dispersion forces. Upon depressurization, the CO2 molecules exit 
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the shrinking fibers and the dye molecules are retained. Polyester 
is currently dyed on an industrial scale that allows the dyeing of 
180 kg of polyester per batch. The equipment developed by DyeCoo 
Textile Systems B.V. (the Netherlands) is commercially available and 
is already in use at different dye houses in Asia [14]. 
 Natural fibers, and especially cotton, have been more challenged 
to be dyed in scCO2. The dyeing mechanism is not as straight forward 
as with polyester or other nonpolar fibers, implying a deeper 
investigation and an understanding of the chemistry involved in the 
dyeing process in scCO2. Considering that 32% of the world market 
share is represented by cotton [15], the development of a method 
for dyeing cotton is essential. To understand the limitations of the 
dyeing process with cotton, it is necessary to examine the structure 
of cotton, the properties of CO2 as a dyeing medium and the dye 
itself. Cotton consists of an assembly of cellulose chains connected 
via interchain hydrogen bonding. The chemical structure of 
cellulose can be described as a condensation polymer of β-D-
glucopyranose with 1,4-glycosidic bonds. The intermediate units 
possess one primary and two secondary alcohols groups each, which 
are capable of reaction. However, it is generally accepted that the 
primary alcohol group is more reactive than the secondary groups. 
Figure 17.3 illustrates the cellulose structure.

Figure 17.3 Cellulose structure.

 The dyeing properties of cotton are determined by its structure, 
which contains crystalline as well as amorphous domains. The dye 
can only access the reactive site of cotton in the amorphous region, 
which represents only some 30% of the whole cotton structure. 
The dyeability of cotton can be improved, however, by swelling the 
fibers. The cotton structure is, then, partially disrupted, increasing 
the accessibility of the reactive sites of cotton. The major limitation 
of carbon dioxide as a dye medium is its inability to swell the 
cotton [16], which is a completely opposite effect for polyester 
or other hydrophobic fibers where scCO2 is an excellent swelling 
agent. scCO2 is unable to break hydrogen bonds between adjacent 
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molecule chains to partially disrupt the cotton structure and open 
ways for the dye. Consequently, the diffusion of the dye into the fiber 
is significantly reduced. In addition, scCO2 can extract the natural 
moisture present in the cotton fibers. Hence, the cotton loses its 
flexibility and its glass transition temperature (Tg) increases up to 
220°C [17], which is a prohibited operating temperature because it 
causes cotton damage.
 Considering the dyes, the commercial reactive dyes for cotton 
are salts, generally sulfonate groups introduced for water solubility, 
and, therefore, they are insoluble in carbon dioxide. The existing 
nonpolar disperse dyes applied in polyester dyeing are soluble in 
scCO2; however, they have very low affinity for cotton resulting in 
very low effective coloration and extremely low dye fixation. To 
overcome these limitations, disperse dyes are modified by attaching 
a reactive group that can react with cotton [18]. Reactive disperse 
dyes are up to now only developed for investigation purposes. 
Currently, and as part of the up-scaling of the dyeing process of 
cotton in scCO2 toward a commercial process as polyester, a palette 
of reactive disperse dyes is under development. An example of a 
reactive dye is given in Fig. 17.4.

Figure 17.4 Structure of a reactive disperse dye.

17.3 Advances in Textile Dyeing in Supercritical 
CO2

17.3.1 The Dyeing Process

As mentioned before, dyeing of hydrophobic fibers, such as 
polyester, is a well-known and developed process that has found 
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more the challenges in the engineering of the equipment than in the 
process itself. Equipment is discussed in the next section. On the 
contrary, dyeing of natural fibers, and especially cotton, in scCO2 
have required a more thorough study of the dyeing process and the 
chemistry involved. In this process development, many aspects are 
involved, such as the transportation of the dye dissolved in CO2 to 
the fiber, the overcoming of the limited swelling properties of CO2 
for natural fibers, the improvement of the affinity of the reactive 
disperse dyes for cotton, and the understanding of the kinetics of 
the reaction between the reactive disperse dye and the natural fiber 
once the dye has reached the reactive sites of cotton. The reaction 
kinetics of reactive dyes has been studied by different authors [19–
22], as an essential step for the development of the dyeing process 
of natural fibers, especially cotton. In these kinetic studies, the 
heterogeneous dye–textile system is replaced by the homogeneous 
reactive dye–alcohol system. Different alcohols have been proposed 
as models for cotton dyeing [23]; from all of them methanol has been 
demonstrated to be a satisfactory model [24]. The same approach 
has been used to investigate the kinetics of the reaction of a reactive 
disperse dye and methanol in sscCO2 as a solvent [25, 26] as part of 
the process development of cotton dyeing. From the kinetic studies 
in scCO2, it was possible to establish the most suitable dye structure 
and dyeing conditions for reaction with cotton, approaching the 
dyeing rates observed in the conventional dyeing process of cotton 
[27]. 
 The major limitation is the fact that scCO2 is a hydrophobic 
solvent, which does not swell the hydrophilic cotton fibers. It is 
unable to break hydrogen bonds between adjacent molecule chains 
to partially disrupt the cotton structure and open ways for the dye. 
Consequently, the diffusion of the dye into the fiber is significantly 
reduced. Several processes have been experimentally tested in the 
literature to improve the dyeability of cotton and other natural fibers 
in scCO2. A number of studies have been performed to chemically 
modify the cotton with hydrophobic groups in order to increase its 
affinity for the hydrophobic disperse dyes and the scCO2 medium as 
well. Özcan et al. modified the fiber using benzoylation [28]; Schmidt 
et al. [29] modified the fiber by reaction with small amounts of 
trichlorotriazine. Disperse dyes with an amine group are necessary 
to dye the trichlorotriazine-pretreated fiber, essentially forming a 
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reactive dye on the surface of the cotton. These pretreatments have 
the disadvantage that a structural modification due to a chemical 
reaction occurs and the properties of the cotton are altered. Other 
publications mentioned the use of auxiliary agents to facilitate the 
dissolution and transportation of the dye to the fiber. By adding 
this auxiliaries or bulking agent, the hydrogen bonds between the 
cellulosic fibers break, improving the accessibility of the cotton 
to the dye. The most common agent is polyethylene glycol [30]. 
Glyezin CD has been also experimented with, and thiodiglycols are 
mentioned as an option. Several problems arise using these auxiliary 
agents, however. When disperse dyes are used, low substantivity is 
found, the dye can be rinsed off the fabric after dyeing. A rinsing 
step to remove the swelling agent after dyeing is also necessary. It 
is suggested that dyes with high substantivity, such as reactive dyes, 
would be more effective with this kind of pretreatment [31].
 Another approach is to use polar dyes with a proven affinity for 
the cellulose fibers, and simply to adapt the dyeing medium for their 
solubility. Sicardi et al. [32] found a process in which the simple 
addition of alcohols or water will allow fibers to be sufficiently 
dyed with standard cellulosic dyes. However, no reports of exact 
dyeing results or what is understood under “good” dye strength 
is given. According to another article [33], water-soluble dyes 
are insufficiently soluble in the medium for it to be useable for a 
dyeing process. Sawada et al. [34, 35] and Jun et al. [36] enhanced 
the dyeability of cotton with direct dyes in CO2 by forming a reverse 
micellar system with water and a number of different surfactants, 
most of them fluorinated and not commercially available. Moreover, 
salts and other additives are necessary for a good dyeing. None 
of the aforementioned methods have been shown to improve the 
dyeability of cotton to commercially acceptable values. Often, the 
improvements made use of chemicals or extra process steps that 
made the process less commercially viable as well. 
 Fernandez et al. [37] developed a method to enhance the 
dyeability of cotton in scCO2 without chemical modification of the 
fabric, but through physical interactions with the cotton. Presoaking 
in methanol and addition of extra cosolvent were both found to be 
necessary to improve coloration and fixation. Reactive disperse 
dyes were used in this study, where coloration of the cotton was 
determined by K/S measurements. In this novel method, a rinse step 
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of the fabric was not required, after either the pretreatment or the 
dyeing for removing any trace of solvents. Hence, the pretreatment 
and dyeing of cotton can be performed in the same equipment in one 
batch process, which makes the pretreatment process economically 
attractive. Dyeing cotton with scCO2 was achieved by Fernandez et al. 
[38], yielding dye fixations of nearly 100% and evenly distribution of 
the dye. In this works, reactive disperse dyes with different reactive 
groups were tested in several reactor sizes, up to a 4 L dyeing vessel. 
These results have provided the basis for further development of 
dye palette for cotton and other natural fibers in scCO2, and are a 
valuable step forward toward the commercialization of a water-free 
dyeing process for natural fibers. Currently, the dyeing process for 
natural fibers, such as cotton, wool, silk, etc., in scCO2 is being scaled 
up to become commercially available, as polyester.

17.3.2 Equipment

A supercritical dyeing process should be operated, as is shown in 
Fig. 17.5. During the dyeing, the CO2 is circulated in the vessel in 
which the beam of fabric is placed. The dye is dissolved in the CO2 
and brought into the vessel, where the dye is delivered to the textile. 
When the desired coloration is attained, dye is still left in the CO2, 
which is removed by passing the CO2 through a pressure-reducing 
valve into a separator vessel. In the separator, the CO2 is gasified, 
so that the dye precipitates and the clean CO2 can be recycled by 
pumping it back to the dyeing vessel. 

Figure 17.5 Simplified flow diagram of a process to dye textiles in 
supercritical CO2.
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 Pilot plants have been constructed, but it was not until 2013 that 
a commercial-size machine was built. Currently, a commercial-size 
dyeing machine for polyester is a reality and in operation at different 
dye houses in Asia. This dye machine has been developed by DyeCoo 
Textile Systems B.V. (the Netherlands) and has a capacity of 180 
kg of textile per batch. Design and construction of a commercial 
size dyeing machine has, of course, not been a straightforward 
process. Years of development have been required to overcome 
several engineering issues. Pilot-scale machines were designed and 
constructed first, which have provided excellent information to make 
the final step toward the commercial size. Engineering solutions 
have been performed in many features of the dyeing machine; the 
pressure vessel containing the textile has been an important factor, 
next to the circulation of the CO2 to create evenness. Considering 
the operating pressure of 250 bar required in supercritical dyeing 
in order to dissolve the dyes, and that industrial dye baths have 
volumes in the order of 1000 L, the thick-walled supercritical dyeing 
vessels could consist of a large amount of steel compared to aqueous 
dyeing vessels. The impact on investment and operating costs 
could be enormous. Van der Kraan [39] discussed in his research 
the engineering advances performed with respect to the pressure 
vessel and other features as the circulation pump for the scCO2 and 
the heat exchanger for high-pressure CO2. A technical-scale, 100 L 
machine was designed and built to test polyester beam dyeing in 
scCO2, with respect to the performance of the equipment and the 
process. This technical-scale machine is a polyester beam-dyeing 
machine also used in aqueous dyeing; the knitted or woven polyester 
cloth is wound around a perforated pipe. The pipe is closed at one 
end and the water or, in this case, the scCO2, is pumped into the other 
end of the pipe. The flow is then forced through the polyester layers; 
the dye molecules simultaneously diffuse into the fibers. Figure 
17.6 gives a schematic impression of the dyeing principle. Both the 
process and the equipment were designed in close cooperation with 
FeyeCon D&I B.V. (the Netherlands). Thirteen kilograms of polyester 
were dyed in this technical-scale machine at 120°C and 300 bar in a 
dyeing cycle of two hours, taking into account loading, dyeing, and 
unloading.

Advances in Textile Dyeing in Supercritical CO2
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Figure 17.6 Schematic representation of a beam-dyeing process.

 The technical-scale beam-dyeing machine has been the 
fundament for the industrial-scale dyeing machine commercialized 
by DyeCoo Textile Systems B.V. (the Netherlands). The beam dye 
concept has been selected because it has the lowest pressure 
volume requirements. Over a period of 15 years the focus of the 
development by FeyeCon and later DyeCoo has been on the reduction 
of investment costs to decrease the hurdle of the larger investment 
costs (Fig. 17.7). Essential improvements on the engineering are 
related to the evenness of the dyeing process the dyestuff supply, 
pumps, cleaning, and utilities. Even more important has been the 
quality development of the fabrics. Today, the quality of supercritical 
dyed polyester fabrics is equal or better than for water dyeing. All 
industrial standards related on light fastness, rubbing, washing, and 
staining have been addressed. Another, quality advantages is related 
to the superior reproducibility of the dyeing results. This is due to 
the fact that the CO2 quality is far more consistent. It does not vary in 
pH or salt or mineral content. This enables a smooth transition from 
one site to another.
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Figure 17.7 Commercial supercritical dyeing machine DyeCoo Textile 
Systems B.V.

17.4 Economical Evaluation

Although the machines are substantially more expensive than water 
dyeing machines, the significant reduction of operational costs of 
the machine enables dyeing mills a return of investment of less than 
three years. Especially, the cost reduction on energy, water, dyes, 
and chemicals is substantial. Today, the economic evaluations do 
not yet include benefits related to the better quality. Particularly 
the reproducibility everywhere in the world will be a big advantage 
for the larger dye houses. The ability to extract dyes from the fabric 
will enable an important decrease of nonapproved quality grades. 
Probably, the largest economic benefit of supercritical dyeing is 
not even possible to evaluate and will become apparent at a later 
stage of the cycles. This concerns the use of green field sites. It will 
be possible have to dye fabrics independent of water, meaning less 
expensive land, reduction of utility, logistic advantages, and above 
all a shorter time to market. These advantages will become more 
apparent in the years to come. It is therefore not surprising that the 
rivals Nike and Adidas have embraced supercritical dyeing and are 
introducing marketing campaigns around the technology (Nike: 
NikeColorDye; Adidas: DryDye).
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The analytical characterization of different types of (nano)materials 
prepared by means of supercritical fluid technology is discussed in 
this section. The assessment of the performance of such materials 
may result in a great challenge that requires a thorough evaluation 
of physicochemical, morphological, and textural properties. The 
application of chemometrics to supercritical fluid technologies 
for both process optimization and data analysis is an important 
subject of this chapter. Hence, strategies for systematic design of 
experiments are applied to investigate the key factors affecting a 
given process. Besides, principal component analysis and related 
methods are frequently used to fish into the complex multivariate 
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nature of supercritical fluid processes. Representative examples 
dealing with factor evaluation, optimization of interrelated variables, 
classification of samples, and prediction of product properties are 
described. Specific examples are summarized in Chapters 19 and 20. 
In Chapter 19, vibrational spectroscopy is used to reveal valuable 
information about polymeric samples treated with scCO2, while 
methods based on the axisymmetric drop shape analysis for the 
evaluation of the interfacial and surface tension of fluid interfaces 
are reviewed in Chapter 20.

18.1 Introduction

Complex composites and hybrid materials and nanomaterials have 
a broad variety of applications in industrial, technological, chemical, 
pharmaceutical, and medical fields. In many cases, materials are 
produced using organic solvents for manufacturing and postprocess 
media (e.g., methanol, toluene, xylene, methyl ethyl ketone, or 
dichloromethane), with well-known unwanted properties like cost, 
toxicity, flammability, and environmental concerns [1]. Furthermore, 
the manipulation of micro- and nanoentities in organic solvents 
is extremely difficult due to undesired phenomena such as 
agglomeration, degradation, or contamination that may damage 
the delicate surfaces of materials. Although other conventional 
solvent-free approaches (e.g., high-pressure homogenization or 
freeze drying [2, 3]) have been proposed to try to minimize these 
drawbacks, additional problems for dealing with labile compounds 
have been encountered. As a result, new strategies for elaborating 
complex (nano)materials with high added value are welcome.
 A highly promising manufacturing alternative to the conventional 
approaches mentioned above relies on supercritical fluids as a type 
of benign solvent. Our society is increasingly interested in green 
production to avoid the use and generation of hazardous substances, 
while preventing environmental and health impacts [4]. Nowadays, 
the weight of supercritical technologies is growing dramatically in 
the context of industrial production to develop products, especially 
for human consumption (e.g., pharmaceuticals and cosmetics).
 Dimensions of the materials are important features to be 
taken into account when planning their evaluation. The study 
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of nanostructured materials certainly entails a higher degree of 
complexity in comparison with the macro- and microcounterparts. 
In general, phenomena at the nanosize scale seem to be more severe. 
The effects of nanomaterials on biological systems are related to some 
scale-dependent properties, such as capillary forces, magnetism, 
surface energy, and reactivity [5]. Indeed, nanostructured surfaces 
are extremely reactive in front of catalytic and oxidative processes, 
and thus, they can result in a source of unexpected phenomena. The 
continuous advances on nanoprodutcs are bringing an increasing 
interest in their potential harmful concerns [6]. 
 This chapter is organized in various sections as follows. First, 
chemometric methods, focused on characterization of materials, are 
briefly revised. Subsequently, the principal strategies for structural, 
physicochemical and textural assays are described. In the last 
section, examples illustrating representative applications are given.

18.2 Chemometrics for the Study of 
Supercritical Fluid Processes and Materials

Chemometrics can be defined as the branch of chemistry that uses 
mathematics, statistics and logic to design and select optimum 
experimental conditions, and to extract useful chemical information 
from a given system under study [7, 8]. It is an interdisciplinary 
approach that can be used in all experimental scientific fields 
including chemistry, biochemistry, and biology. The application of 
chemometrics to the study of supercritical processes and materials 
is gaining momentum, as demonstrated by the large number of 
papers recently published on this topic [9–11]. 

18.2.1 Design of Experiments for Screening and 
Optimization

In this section, design of experiments (DOE) is introduced to provide 
a better knowledge of the key variables (also referred to as factors) 
affecting a given process, as well as a more efficient optimization 
of operational conditions. The optimization of chemical processes 
is sometimes tackled by trial and error in which runs are carried 
out without a pre-established plan of experiments. Then, results 
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obtained from some previous assays are interpreted and used to 
perform further experiments. This approach is poorly systematic, 
expensive, and time consuming and does not reveal possible 
interdependences among factors. As a result, the experimental 
conditions finally chosen as optimal may be wrong. 
 The strategy towards a more feasible and comprehensive 
optimization of supercritical processes for manufacturing (nano)
materials is schematized in Fig. 18.1. 

Figure 18.1 Flowchart of the strategy for the study and optimization of 
supercritical processes.

 Exhaustive revisions of optimization methods are given in 
Refs. [10, 11]. In the figure, the starting point is the definition of 
the optimization criterion and the potential variables affecting 
the process. A first concept to be considered is the response, in 
optimization also referred to as objective response. Response is a 
(numerical) result provided by a given run, and it can be a single 
value or a more complex multivariate data (see Section 18.2.2). For 
instance, the yield of product, the mean particle size, the surface area, 
the infrared (IR) or X-ray diffraction (XRD) spectra, etc., are typical 
responses commonly involved in the characterization of materials. 
Depending on our interests, one or several objective responses can 
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be utilized to establish a suitable criterion to try to find the best 
conditions. In supercritical processes, a single objective response 
may be insufficient to express the optimal situation. For instance, 
in drug delivery systems, the amount of drug loaded in the vehicle is 
important, of course, but other characteristics have to be taken into 
account as well. It should be noted that if the process is too fast or to 
slow the material will be deficient regardless of the loaded amount. 
Hence, the best product does not correspond necessarily to that 
with the higher percentage of the active agent, but release kinetics, 
particle homogeneity, and absence of degradation compounds may 
be equally important.
 The following step consists of screening all potential variables 
that may influence the process in order to identify those actually 
important. In supercritical technologies, these variables can be, for 
instance, pressure, temperature, time, reagent concentration, etc. 
Each factor can take one, two, or several levels, that is, values that 
we have previously defined. Hence, only those factors found relevant 
are considered for a more comprehensive optimization, while the 
irrelevant ones can be obviated. As the number of variables involved 
in supercritical processes is quite high, one general, preliminary 
screening is recommended. Screening methods like fractional or 
Plackett–Burman designs provide simple models with information 
about variables with noticeable influence on the behavior of the 
system. Besides, only a few experiments are required to be run. 
 Screening designs are usually a prelude to further evaluation 
of main effects and interactions, typically, by full factorial design. 
Two-level factorial designs are the most common ones for an 
exploratory evaluation of variables. Signs + and – are used as the 
nomenclature to refer the high and low level, respectively. As 
shown in Fig. 18.2a, experiment ++ corresponds to that assayed at 
the high level of A and B. When more levels are used (Fig. 18.2b,c), 
the behavior of such a factor is better defined, although, obviously, the 
experimental cost is higher. The nature of the variable is important 
in the definition of levels. For instance, temperature is continuous 
so any value compatible with the technological equipment can be 
adopted. Conversely, the nozzle type is intrinsically discrete since 
devices available are limited to a few shapes (e.g., conical, spherical, 
etc.). Focusing our attention on the number variables that can be 
simultaneously explored, experimental designs of two, three, four, 
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and more factors can be planned (see Fig. 18.2). The number of 
experiments to be performed is Lf, where L is the number of levels 
and f the number of variables. Hence, experimental efforts required 
increase dramatically with the number of factors under study.

Figure 18.2 Examples of experimental designs: (a) two-level two-factor, (b) 
three-level two-factor, (c) four-level two-factor, (d) two-level 
three-factor, (e) three-level three-factor, (f) four-level three-
factor, (g) two-factor central composite, and (h) three-factor 
central composite.

 The intensity of a main effect and the degree of interaction 
among variables can be estimated mathematically. The main effect is 
accounted from the difference of the responses of assays carried out 
at the high and low levels (keeping constant the rest of variables). In 
the example of Fig 18.2a, the main effect of A is estimated from the 
average of subtracted responses of runs 1 minus 3 and 2 minus 4. 
The concept of interaction between two or more variables indicates 
that the behavior of one of them is different depending on the level 
of the others. In our example, the intensity of interactions between 
A and B can be scored from the average of subtracted responses 
of runs 1 minus 4 and 2 minus 3. Statistic tests can be applied 
to identify factors and interactions that are actually important. 
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Then, contributions recognized as statistically significant will be 
investigated more deeply to find optimal conditions. 

18.2.1.1 Types of objective functions in optimization

When two or more objective responses are considered to be 
relevant in a given process, the simplest optimization criterion 
consists of an independent evaluation of each of these objectives. 
In many cases, the information is processed separately and, further, 
a suitable compromise satisfying all predefined objectives is 
attained. However, the way of reaching such a compromise is often 
arbitrary and some prejudices may occur. An excellent way to deal 
with multiple objectives while minimizing the arbitrariness of the 
previous approach is based on multicriteria decision making. It 
consists of the definition of a response function that measures the 
overall suitability or quality of the experimental results. Hence, single 
objectives such as yield, cost, size, homogeneity, etc., are combined 
in an objective response function. Multicriteria response functions 
have been implemented as mathematical expressions involving, 
for instance, the sum of weighted contributions of objectives 
according to the following generic equation: F = Σwi × ri, where F 
is the overall response, ri represents each individual response, and 
wi the corresponding weighting coefficient. In this case, certain 
arbitrariness still persists as wi values are assigned by the analyst. 
Objective functions can also be based on product expressions such 
as F = Pri

wi, where F, ri, and wi are as above. Again, if an ri term is 
considered to be more important than the others the exponent will 
take a higher value.
 A particular case of product functions is the Derringer 
desirability, one which has been widely used in diverse scientific 
fields. The overall desirability D is calculated from the individual 
desirability dj of each objective response as in a geometric mean: 
D = (d1 × d2 × d3 . . . dk)1/k, where k corresponds to the number of 
objectives considered. The desirability values dj range between 1 and 
0, with 1 indicating the best results and 0 the unacceptable ones. The 
maximum of D corresponds to the optimal experimental conditions 
reached from the combined objectives. It should be noted that if one 
of the individual objectives scores 0, D will be 0 independently on 
the suitability of the rest of objectives (for a practical example see 
Section 18.4 and Fig. 18.6).
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18.2.1.2 Univariate vs. multivariate optimization 

According to the scheme shown in Fig. 18.1, the presence or absence 
of interactions conditions marks the strategy to be followed. For 
instance, those variables independent from the rest can be studied 
in a univariate manner. In this case, a given variable is examined 
at two or several levels by measuring the corresponding objective 
responses, while the rest of variables are maintained constant. Once 
that variable has been tested we proceed with another one in a 
similar way. The procedure is finish when all variables have been 
explored. In contrast, the simultaneous optimization of interacting 
variables requires the use of methods such as central composite and 
grid designs. The resulting data can be fitted to a response surface. 
When dealing with three or more variables, 3D structures and 
higher-order structures can be built. Obviously, representing more 
than two dimensions is difficult, so slices of pairs of variables can be 
plotted at different levels. 

18.2.2 Chemometric Methods for Data Analysis 

The characterization of composites and hybrid (nano)materials 
prepared by supercritical fluid technologies entails several 
physicochemical, morphological and textural assays. The resulting 
data can be treated by statistic and mathematical tools to try to extract 
the maximum amount of relevant chemical information. Using the 
arsenal of analytical techniques available in the laboratories, data 
of different dimensionality, ranging from scalars to tensors, can be 
generated (see Fig. 18.3) [12, 13]. For instance, microscopy performs 
pore and particle size measurements, so the mean diameter is a 
discrete data to be used as a characteristic of materials. Similarly, 
the percentage of loaded drug, the residual solvent content or the 
concentration of an impurity can also be expressed numerically as 
a single data value. Data of higher dimensionality is easily obtained 
from other analytical measurements. For instance, in delivery studies, 
the drug dissolution can be monitored as a function of time resulting 
in concentration values taken over the release process. Similarly, 
spectroscopic measurements from X-ray, Raman, or IR techniques 
record data in the form of intensity values versus wavelength. Hence, 
kinetic or spectral profiles consist of lists of numbers arranged 
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as in a data vector. Imaging techniques, 2D spectroscopies (2D 
nuclear magnetic resonance [NMR], tandem mass spectrometry 
[MS/MS], excitation/emission fluorescence, . . .) and spectrokinetic 
measurements generate data of higher dimensionality. In sample 
imaging, for example, specimens are scanned regularly over two 
spatial dimensions by recording the property of interest in small 
square portions or pixels, thus resulting in a table of values, the 
so-called data matrix (see Fig. 18.3a). Furthermore, when a full 
spectrum is registered for each pixel the data structure corresponds 
to a cube (3D) matrix, a data tensor in mathematical jargon.

Figure 18.3 Types of data in the study of materials. (a) Data from a given 
sample according to dimensionality and (b) example of a data 
matrix to be used in principal component analysis.

 To summarize, following to the chemometric nomenclature, 
data is classified according to its dimensionality or domains of 
measurement as follows [13]: zero-way or scalar data, one-way data 
or data vector, two-way data or data matrix, and three-way data or 
data tensor (although unusual, data of higher dimensionality would 
be possible as well). The informative content and the analytical 
potentiality increase from zero- to multiway systems. 

18.2.2.1 Exploratory methods 

Principal component analysis (PCA) is a powerful multivariate 
modeling method widely used for exploratory studies, including 
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sample clustering and classification, evaluation of descriptive 
variables, study of correlations, etc. [14]. In PCA, experimental 
data obtained from the analysis of materials is arranged in a matrix 
(X) in which each row corresponds to a sample/process and each 
column to a variable (experimental, estimated or bibliographic 
data). All columns in the matrix can be of the same nature (e.g., 
spectral or kinetic profiles) or different (from different techniques 
or measurements) as represented in the scheme of Fig. 18.3b. 
 PCA concentrates the information (often referred to as variance) 
contained in the original variables into a few number of new and 
more informative variables called principal components (PCs). 
PCs are lineal combinations of the original variables obtained 
by decomposition of X into scores (T) and loadings (P) in the 
following manner: X = T × PT + E, where E corresponds to the 
matrix of nonmodeled residuals and the superindex T stands for 
the transposed matrix. T represents the coordinates of the samples 
in the space of PCs and P the eigenvectors that give the direction 
of PCs in the space of the original variables. Mathematically, PC1 is 
built to retain the maximum amount of information. PC2 captures 
the maximum amount of residual variance and is orthogonal to PC1. 
The rest of PCs are extracted under the same criteria so vectors are 
orthogonal to each other and maximize variance captured. In this 
way, representations of the first PCs display highly concentrated 
information from both samples and variables.
 The plot of scores shows the sample distribution map that 
sometimes reveals clusters and patterns that can be related to 
sample or process characteristics. Hence, samples with similar 
scores, that is, lying in the same zone, display analogous behaviors. 
In contrast, materials appearing far away are considered different. 
In general, the 2D scatter plot of PC1 versus PC2 describes quite 
efficiently the sample behavior as a high percentage of the variance 
is captured by these PCs. Other 2D and 3D scatter plots may 
deserve attention if further PCs are found to be relevant. The plot 
of loadings explains the behavior of variables. Typically, the most 
descriptive ones have the highest loadings, so they are located in the 
extreme positions (left, right, top, and bottom) in the corresponding 
scatter plot. Conversely, variables appearing in the central area are 
often scarcely important to describe behavior of the system. The 
correlation between variables is easily investigated by PCA from 
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the similarities of loadings. Visually, variables occurring in close 
positions are expected to be correlated so they contain the same 
kind of information. Variables found in opposite positions (e.g., left/
right or top/bottom) are negatively correlated, so high values of 
one correspond to low values of the other and vice versa. In these 
cases, we talk about redundancy since variables provide equivalent 
(nondiscriminative) information. On the contrary, uncorrelated 
variables contain complementary information of great interest for 
description and interpretation purposes. As in the case of scores, 
scatter plots of PC1 versus PC2 are typically studied, although 
other graphs can also be interpreted if necessary. The simultaneous 
analysis of scores and loadings from the so-called biplot allows 
materials and features to be related. From the comparison of the 
relative positions of samples and variables in overlapping spaces the 
characteristics of materials can be deduced (see examples 2 and 3 in 
Section 18.4).

18.2.2.2 Multivariate calibration methods

In this part, the principal multivariate calibration methods 
applied to characterize products and processes from supercritical 
fluid technologies are introduced. Due to the complex nature 
of supercritical processes, the final product properties are not 
dependent on a single experimental factor but they may be 
affected by multiple instrumental and experimental conditions. 
As a result, making predictions on product properties from 
univariate calibration methods may not be very reliable. Under 
these circumstances, multivariate calibration methods seem to 
be much more recommendable. The concept of calibration means 
the establishment of a relationship between the experimental 
response(s) and another sample property of interest such as the 
product yield, the analyte concentration, or others. The objective of 
the calibration is to assess a mathematical model to predict the value 
of the desired property in unknown samples. Hence, calibration 
comprises two stages. First, the relationship between instrumental 
response and the property of the interest is modeled using standard 
information, that is, data from well-known samples. Second, the 
property is estimated for the new test (unknown) samples using the 
corresponding experimental responses and the calibration model 
previously established.

Chemometrics for the Study of Supercritical Fluid Processes and Materials
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 Since the 1980s, principal component regression (PCR) and 
partial least-squares (PLS) regression are the most extensively 
used methods for multivariate calibration. PCR and PLS have 
essentially been developed for linear modeling of relationships 
between responses (independent variables, X matrix) and sample 
characteristics (dependent variables, Y matrix) [14, 15]. 
 Data contained in matrix X is analogous to that described above 
for PCA (see some matrix possibilities in Fig. 18.3b). For each sample, 
for instance, the spectrum recorded by a given instrumental technique, 
the chromatographic or kinetic profiles, or data collected from 
various sources including operational conditions (time, pressure, 
temperature) and product characteristics (e.g., surface area, pore 
volume, particle diameter, . . .) can be integrated in the X matrix. The 
dependent variable (or variables) to be estimated consists of one or 
various columns of data such as the product yield of the corresponding 
samples. As in PCA, PCR first decomposes the original variables X 
into scores (matrix T) and loadings (matrix P). Using appropriate 
standard samples, in the calibration step, multilinear regression is 
applied to model the relationship of T and Y, thus giving the matrix 
of the regression coefficients B follows: Y = T × B. In the prediction, 
the score matrix of the unknown sample Ttest is obtained and the 
property of interest (Ytest) is calculated according to the expression 
Ytest = Ttest × B. PLS determines latent variables, that are linear 
combinations of the original variables, but maximal covariance 
between responses and properties to predict is searched, that is, X 
and Y matrices. Thus, eigenvectors and scores calculated using PLS 
are not orthogonal so they are quite different from those of PCR. The 
algorithm is iterative and complex mathematically so its description 
is not pertinent here (for additional details see Refs. [14, 15]).

18.3 Analytical Techniques for the 
Characterization of Materials

Complex products, such as composites and hybrid (nano)materials, 
need to be evaluated according to a multidisciplinary approach 
involving physicochemical morphological, textural, and thermal 
assays. The composition and structure of such materials is often 
characterized by XRD, vibrational, and NMR spectroscopies on the 
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solid state. Chromatography is used for more accurate quantification 
of active compounds loaded, and detection of impurities and solvent 
residues. The morphology and size of particles can be checked by 
microscopy, sometimes combining spectroscopic measurements 
to gain complementary chemical information. In this case, the 
homogeneity and spatial distribution of active components 
throughout the sample can be studied by imaging techniques. The 
thermal transitions and stability of material can be assessed by 
calorimetric and thermogravimetric analysis (TGA). In the following 
subsections, a more detailed introduction to different analytical 
possibilities is given. 

18.3.1 Chemical Characterization

18.3.1.1 Solid-state assays

X-ray spectroscopy is used routinely in structural studies to 
determine the atomic arrangement of sample crystals and to 
identify unknown substances by comparing diffraction data against 
databases. Scattering and structure are related through the Bragg’s 
law, where the scattering angle θ is inversely proportional to the 
interplanar distance [16, 17]. X-ray powder diffraction (XRPD) is 
the most used technique to obtain the crystallographic structure, 
crystallite size, and preferred orientation in polycrystalline or 
powdered solid samples. 
 Fourier transform infrared (FTIR) spectroscopy in the midrange 
(4000–400 cm–1) is mainly focused on the identification of the 
molecules, since the pattern of absorption bands is often considered 
as a fingerprint of the composition. Attenuated total reflectance 
(ATR) accessories are of special interest for obtaining spectra of 
samples that cannot be examined by the normal transmission 
method [18]. IR imaging in ATR mode allows the spatial distribution 
of different components to be visualized, thus providing a 2D picture 
of chemicals. If full spectral resolution is not accomplished for the 
different species of interest, chemometric methods can be used to 
increase the resolution by mathematical means.
 Raman spectroscopy allows simple sample manipulation, since 
there is no need to dissolve solids, prepare pellets, or use any other 
physical or chemical treatment prior analysis. Raman spectra offer 
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acceptable sensitivities for molecules containing aromatic rings and 
carbon double bonds [19]. Confocal Raman represents a powerful 
tool to analyze morphological gradients, polymorphism of drugs, 
and diffusion in polymer systems in a nondestructive manner. 
This may be of great importance when mechanical sectioning 
would result in changes in the polymer morphology and/or 
distribution of components in the matrix. Applications concerning 
Raman spectroscopy are still scarce in comparison with the FTIR 
counterpart, especially for the assessment of dds prepared by green 
technologies. 
 Recent advances on NMR instrumentation have allowed 
measurements on the solid state to evaluate materials. NMR has 
the unique ability to simultaneously detect the chemical structure 
together with the lateral and rotational molecular mobility of every 
single component, thus differentiating between solids and liquids. 
Most of the studies involve 13C-NMR, since 1H-NMR measurements 
remain extremely difficult in the solid state due the small isotropic 
chemical shift of 1H. Despite this drawback, high resolution 1H-NMR 
spectra of solids can be obtained with the magic-angle spinning 
(MAS) technique [20]. 
 TGA is widely used to study the thermal stability of materials. 
Besides, the technique permits a rough estimation of contents of 
drugs and other active organic chemicals especially in inorganic 
matrices. In the case of hybrid or polymeric systems, the progressive 
decomposition of the organic matrix components may hinder the 
measurement of the drug decay and, thus, an accurate evaluation of 
the drug percentage is difficult. Quantification by TGA is based on 
the percentage of weight lost due to the volatilization of the sample 
components. Specimens are heated in the range of 40°C to 700°C 
at a constant rate (e.g., 10°C/min). The weight decays underwent 
by the product as a consequence of the thermal treatment can be 
associated to various processes. For example, water removal takes 
place at temperatures below 100°C and analyte decomposition/
volatilization up to 350°C. Other processes associated with 
the matrix decomposition may occur at higher temperatures. 
Additionally, the combination of TGA with gas-phase IR analysis 
provides complementary information about the identification of the 
volatile component associated to each weight loss process.
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18.3.1.2 Wet assays

Assays in dissolution are fundamental for the quantification of 
chemical compounds of interest including drugs, impurities, and 
decomposition species. In the case of organic polymeric matrices, 
for example, poly(lactic acid), polymethylmethacrylate, poly(e-
caprolactone-co-lactide), etc., organic solvents such as acetonitrile, 
methylene chloride, or acetone are often used to dissolve completely 
the polymer with the consequent release of the active compound 
[21]. Subsequently, the sample suspension can be filtered and/
or the organic solvent can be evaporated to dryness. The drug is 
then redissolved in a proper aqueous or hydro-organic solution 
to be further assessed with the proper analytical method. When 
dealing with inorganic matrices, the destruction of the carrier 
structure commonly entails a more aggressive treatment that 
might also damage the active agent [22]. In these circumstances, 
alternative approaches such as lixiviation seems to be a good 
choice when the release is fast and complete. The drug content in 
the solution recovered from either organic or inorganic matrices 
is often quantified by ultraviolet-visible (UV-Vis) spectroscopy 
or high-performance liquid chromatography (HPLC) [23]. UV-Vis 
methods are simple but they are, in general, inefficient to detect 
the occurrence of side components. In contrast, chromatographic 
methods are appropriate to monitor side processes such as drug 
degradation or release of unwanted components and impurities 
from the matrix. Despite the claimed null or reduced use of organic 
solvents in the supercritical manufacturing, small amounts of 
solvents are sometimes added to enhance the solubility of drugs. 
Gas chromatography (GC) equipped with a flame ionization detector 
(FID) is an excellent technique to deal with the detection and 
quantification of residual organic solvents.
 The elaboration of complex (nano)pharmaceuticals focused 
on controlled drug delivery results in one of the most important 
applications of supercritical fluid technologies. The performance of 
these products and their capacity to deliver the desired active agents 
in a controlled manner is monitored under appropriate experimental 
conditions. For intravenous and oral forms, for instance, delivery 
kinetics is often obtained from bulk experiments using devices such 
as those depicted in Fig. 18.4a. In general, the release solution medium 
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tries to simulate the conditions of the physiological environments. 
For instance, 0.01 M HCl (pH 2, 37°C) is used to reproduce the gastric 
conditions or 0.01 M H2PO4

– / HPO4
2– (pH 7.4, 37°C) plasmatic ones. 

Suitable volumes of solution can be withdrawn with a micropipette 
at the desired (preselected) times over the entire period of study to 
be further analyzed by chromatography or spectroscopy. The drug 
release from topic and transdermal pharmaceuticals (e.g., creams, 
lotions, patches, etc.) is often evaluated by using diffusion cells. 
Figure 18.4b shows a scheme of the so-called Franz cell consisting 
of a receptor chamber of 10–100 mL volume and a donor chamber, 
which are separated by a skin-like membrane supported on a glass 
frit. 

Figure 18.4 Experimental setups for the study of drug release: (a) off-
line batch release vessel and (b) Franz cell for diffusion and 
permeation processes through membranes of topical and 
transdermal formulations.

 As a representative model of skin conditions, the receptor 
chamber is filled with 0.1 M phosphate buffer solution at pH 7.4 and 
the temperature of the device is maintained at 32°C ± 0.5°C. Aliquots 
of 300 μL are withdrawn at preselected times to follow the process 
by the corresponding analytical processes.

18.3.2 Particle Characterization

Particle characteristics affect the physical and thermal stability, 
redispersability, the in vivo distribution and, in general, performance 
of (nano)particulate products. Advanced microscopic techniques 
including scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), and atomic force microscopy (AFM) are 
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currently used to evaluate the size, size distribution, morphology, 
and surface topography of (nano)particles [24, 25].
 SEM gives 3D morphological and surface information with a 
direct visualization of the product. Samples need to be converted 
first into a dry powder and then they are gold-coated before 
measurements in vacuum conditions. Hence, in general, SEM is not 
recommendable for labile samples. SEM instruments are sometimes 
equipped with an energy-dispersive X-ray spectrometer (EDX). An 
EDX records X-rays emitted from the sample when bombarded by 
the electron beam. A combination SEM-EDX performs an elemental 
analysis on different microscopic sections of the sample. In other 
cases, microscopes can be furnished with fluorescence probes 
to monitor the spatial distribution of fluorescent compounds. 
TEM gives a 2D image of the sample when a beam of electrons is 
transmitted through a specimen. The sample preparation results in 
a complex procedure as the thickness required for TEM specimens is 
in the order of magnitude of 100 nm. AFM offers 3D surface profiles 
with ultrahigh resolution of 1 nm, approximately. The microscope 
consists of a cantilever with a sharp tip (probe) at its end that is 
used to scan the specimen surface [25]. AFM records images of 
nonconducting samples so none special treatment such as coating 
is required. As a result, this microscopy provides real pictures of 
delicate biological and polymeric nanostructures. 
 Dynamic light scattering (DLS) is a well-established noninvasive 
technique for measuring the size distribution of (nano)particles, 
emulsions, lipids and proteins. DLS relies on the Doppler shift effect 
occurring when a monochromatic light (laser) hits particles with 
Brownian motion in a colloidal suspension, changing the wavelength 
of the incoming light and generating a wide spectrum of different 
frequencies. 
 Sample stability, melting, sublimation, glass and polymorphic 
transitions, or chemical degradation of (nano)materials can be 
studied by differential scanning calorimetry (DSC) [26]. In DSC, 
sample and reference are kept at the same temperature and the heat 
flow required to maintain the equality in temperature is measured 
so thermal events can be thus detected. For polymeric materials, 
DSC is applied to the study of properties as melting behavior, glass 
transitions, curing processes, and polymerizations. For crystalline 
materials, the melting point and its associated enthalpy are used to 
estimate purity, degree of crystallinity, and particle size. 

Analytical Techniques for the Characterization of Materials
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 Surface and textural features of materials are often evaluated by 
physical gas adsorption. In this method, an inert gas, mostly nitrogen, 
is adsorbed on the surface of a solid material at low temperature 
and then desorbed at room temperature. Sorption occurs on the 
outer surface and, in case of porous materials, also on the surface 
of pores. The adsorption/desorption isotherms can be interpreted 
using the equations of the Brunauer–Emmett–Teller (BET) method. 
For a more accurate evaluation of materials with small micropores 
argon adsorption assays are more efficient. As an alternative, 
mercury porosimetry is very successful technique for the evaluation 
of materials showing broad distributions of pore sizes. The pore size 
distribution can be obtained as a function of pressure conditions, 
starting from 4 nm (400 MPa) up to 800 µm (vacuum). 

18.4 Examples of Application of Chemometrics 
to Product Characterization

This section describes representative examples of chemometric 
studies of evaluation of effects and interactions, assessment of 
multicriteria response functions, fitting data to response surfaces, 
comparison of sample/process characteristics, and prediction of 
product properties. 

18.4.1  Example 1: Screening of Factors Influencing the 
Supercritical Silanization of TiO2

The surface modification of nanometric titanium dioxide (TiO2) 
with octyltriethoxysilane using supercritical carbon dioxide (scCO2) 
as a solvent was investigated by experimental design [27]. Pressure 
(P), temperature (T), and processing time (t) have been chosen 
as variables of the process. Their effects on the properties of the 
silanized TiO2 nanoparticles are preliminarily evaluated by means 
of a three-factor two-level factorial design involving 23 experiments 
(see Table 18.1). The specific surface area (as) determined by the BET 
method is used as an objective response. The magnitude of effects 
and interactions is estimated according to the Yates’s method [28]. 
Results depicted in Fig. 18.5 show that P is an influencing variables 
with a positive sign, so that increasing pressure leads to increasing as. 
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The interaction PT results in the most significant contribution to the 
process. Such interaction is attributed to changes in compressibility 
of scCO2 at the different pressures and temperatures used during 
silanization. 

Figure 18.5 Factorial design for the study of the influence of experimental 
variables on the surface area. (a) Scheme of the design, (b) 
estimation of the magnitude of effects and interactions, (c) 
statistic evaluation of significant factors, and (d) response 
surface of the simultaneous influence of P and T on the surface 
area.

 In this design, process time is not important, since within the 
experimental domain of the study (from 15 to 50 min) the kinetics 
of the silanization reached a steady state. Figure 18.5c shows the 
statistic evaluation of significant contributions to the response. P 
and PT exceed the threshold of Fcal and they are relevant statistically. 
From the point of view of process optimization, this finding indicates 
that pressure and temperature should be assessed more deeply and 
simultaneously to find the best operational conditions. 
 Data of Table 18.1 is exploited to construct a multilinear model 
for describing the relationship of response as as a function of the 
experimental factors P, T, and t. A general equation to be fitted can 
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be written as: Response(as) = b0 + b1P + b2T + b3t + b12PT + b13Pt + 
. . . + b123 PTt, b0, b1, b2, . . . being the corresponding coefficients. In 
this case, however, the model can be simplified neglecting irrelevant 
contributions so the expression is R(as) = b1P + b2T + b12PT. For 
this model, coefficients b1, b2, and b12 are 4.68, 0.131, and –0.013, 
respectively. The expression is used to estimate the as behavior, as 
depicted in Fig. 18.5d. It can be seen that the effect of P is important 
in the whole experimental domain, while T influences the process 
only at high levels. The interdependence of P and T is also evidenced.

Table 18.1 Factorial design (23) for the study of silanized TiO2 
nanoparticles. High (+) and low (–) levels of variables: 
pressure (MPa), 22.5 and 10.0; temperature (K), 348 and 318; 
processing time (min); 50 and 15

Sample Pressure Temperature Time as, m2g–1

Ti1 + + + 46
Ti2 + – + 56
Ti3 + + – 49
Ti4 + – – 57
Ti5 – – + 42
Ti6 – + + 55
Ti7 – + – 49
Ti8 – – – 43

18.4.1.1 Multiobjective responses

For a more comprehensive evaluation of silanized materials, apart 
from as, other responses are considered to be of interest. In the 
example reported by García-González et al. [27], the optimum is 
reached from the combination of the following objectives: A, surface 
area as; B, percentile of 95 of the particle size distribution (dp(0.95)) 
giving information on particle homogeneity; C, silane weight loss 
in the temperature range 525–850 K (∆m) by TGA, as an index of 
overall silane impregnation; and D, the ratio between the weight 
losses in the ranges of 650–850 K and 525–650 K (∆m2/∆m1) 
as a way of expressing the coating stability. The experimental 
measurements corresponding to each sample are shown in Table 
18.2. Since the nature and magnitude of these objective responses 
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are different, normalization is recommendable. From normalized 
values a summatory function can be built as follows: F = w1A + 
w2B + w3C + w4D, w1 to w4 being the weighting coefficients, taking 
values between 1 and 5 to rank the importance of each response 
depending on the intended applications. For instance, in the field 
of cosmetics, for manufacturing sun creams, wi values assigned to 
terms A, B, C, and D are 5, 5,1 and 2, respectively. The criterion for 
choosing these values is as follows: w1 = 5, because the effectiveness 
of micrometerized TiO2 as a UV filter mainly depends on having 
a high surface area; w2 = 5, since the consumer acceptance of 
sun creams is higher if its whitening effect on the skin caused by 
TiO2 agglomerates is minimized; w3 = 1, as silane consumption in 
this application is not crucial due to the high-added value of the 
resulting sun cream; w4 = 2, because coating stability is not critical in 
cosmetic products supposedly not exposed to high temperature or to 
aggressive chemical conditions. Conversely, for the plastics industry 
the assigned values of wi are 3, 5, 4, and 4. In this application, the 
priority is focused on the homogeneity (w2 = 5), coating efficiency 
(w3 = 4) and stability (w4 = 4). As shown in the table, sample Ti2 is 
the best option for cosmetics, as this product displayed high surface 
area and homogeneity. In contrast, in plastic paints the best options 
seems to be Ti5, because of high coating percentage and stability.
 as, surface area; dp(0.95), percentile of 95 of the particle size 
distribution; ∆m, silane weight loss in the temperature range 525–
850 K; ∆m2/∆m1, ratio between the weight losses in the ranges of 
650–850 K and 525–650 K; Norm., normalized data corresponding 
to each objective; OoC: overall objective cosmetics; OoP: overall 
objective painting.
 A similar study can be carried out using desirability functions. 
In this case, original responses given in Table 18.2 are transformed 
into desirability values, according to considerations of optimal or 
unacceptable (see Fig. 18.6). As an example, in the case of silane 
impregnation by ∆m > 2% is considered as a poor coverage (d = 0), 
while <5% is considered excellent (d = 1). Between 2% and 5%, the 
desirability function d∆m take values according to a linear model. 
Analogous methods are used for the other desirability objectives. 
Once individual desirabilities are calculated (see Table 18.3) 
the overall function is as follows: D = (das

w1 × ddp
w2 × d∆m

w3 × 
d∆m2/∆m1

w4)1/Σwi, where di corresponds to desirabilities and wi to 
the weighting coefficients adjustable depending on the application 
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(see above). According to this function, best samples for cosmetics 
and plastic painting applications are Ti2 and Ti5, respectively. In 
this case, conclusions reached are the same as those extracted from 
summatory functions.

Figure 18.6 Estimation of individual desirability: (a) das, desirability 
of surface area; (b) ddp, desirability of the particle size 
distribution; (c) d∆m, desirability of coating coverage; and (d) 
d∆m2/∆m1, desirability of coating.

Table 18.3 Desirability values from experimental data given in Table 
18.2 and overall desirability results for cosmetics and plastic 
painting applications. Bold numbers represent the best 
choice of cosmetics and painting samples. das, desirability of 
surface area; ddp, desirability of the particle size distribution; 
d∆m, desirability of coating coverage; d∆m2/∆m1, desirability 
of coating; OdC: Overall desirability Cosmetics; OdP: Overall 
desirability Painting

Sample das ddp(0.95) d∆m d∆m2/∆m1 OdC OdP

Ti1 0.15 0.72 0.34 0.52 0.35 0.41
Ti2 0.85 0.83 0.27 0.50 0.71 0.55
Ti3 0.45 0.86 0.47 0.58 0.60 0.59
Ti4 0.45 0.71 0.40 0.36 0.51 0.48
Ti5 0.10 0.71 0.90 1.08 0.36 0.58

Ti6 0.80 0.55 0.34 0.52 0.61 0.52
Ti7 0.75 0.88 0.10 0.54 0.65 0.44
Ti8 0.30 0.35 0.03 0.23 0.26 0.17

Examples of Application of Chemometrics to Product Characterization
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18.4.2 Example 2: Principal Component Analysis 
Applied to the Study of TiO2 Silanization

This example describes the application of PCA to characterize the 
thermal stability and decomposition processes regarding silanized 
TiO2 materials obtained by supercritical technology [29]. Different 
reaction conditions were used to prepare the silanized samples 
in order to study the influence of experimental factors on their 
properties. TGA profiles consisting of weight loss values taken as a 
function of temperature in the range of 40°C to 700°C are recorded 
for each sample. The corresponding data are treated by PCA to gain 
information on the linkage between silane and TiO2, as well as on 
the thermal stability of these materials. 
 The quality of data can be improved using some pretreatment 
procedures. For instance, mean centering and autoscaling are 
commonly used to equalize the influence of all variables on the model. 
In this particular example, as shown in Fig. 18.7a, weight decays 
corresponding to the different processes are quite overlapped, so 
sample discrimination based on this type of measurements might 
be difficult. Here, instead of working with the original data sets, 
derivative ones are used to enhance the discrimination capacity 
by providing more resolved peaks of each different process (Fig. 
18.7b). The resulting derivative TGA profiles from 150°C to 700°C 
showed two main peak ranges corresponding to weight decays 
at the temperature ranges of 250°C–350°C and 350°C–550°C, 
approximately. 
 PCA results using derivative TGA profiles from 150°C to 700°C 
indicated that PC1 retained 88% of variance, while PC2 and PC3 
captured 8.5% and 2% of the remaining information, respectively. 
The representation of scores on PC1 and PC2 is given in Fig. 18.7c. 
Most of the samples are in the cluster of the center of the graph. 
Other samples with more different TGA profiles are segregated from 
this main group. The percentage of silanization of TiO2 increased 
from right to left. For instance, samples 1 (raw TiO2), 58, 59, and 
60 (processed under subcritical conditions) result in negligible 
silanization. PC2 explained the differences among materials as 
a function of loss percentage in the ranges of 150°C–350°C and 
350°C–600°C separately. For instance, samples with high PC2 
scores underwent a low decay in the range of 150°C–350°C. On 
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the contrary, samples displaying high weight losses in the range of 
350°C–600°C were mainly located to the bottom of Fig. 18.7c. The 
variance retained by PC3 cannot be underestimated as it modeled 
subtle differences in stability of the silanization. It is concluded that 
samples lying on the bottom part present superior thermal stability 
than those at the top. From these results, the corresponding chemical 
interpretation is as follows. The weight loss in the 250°C–350°C 
region is related to silane adsorbed on the TiO2 surface via hydrogen 
bonding. Above 350°C and up to 550°C the mass decay is related to 
the decomposition of the chemically bonded octyl phase.

18.4.2.1 Comparison of prepared products with a commercial 
material

This study aimed at finding a potential substitute of a commercial 
TiO2 silanized sample from the set of materials prepared by 
supercritical fluid technologies. TGA profiles of homemade and 
purchased samples are analyzed by PCA for a more comprehensive 
comparison. From the map of scores, samples appearing closely to 
the position of the commercial material present similar properties 
(see Fig. 18.7c). On the contrary, samples located on distant positions 
with respect to the reference display markedly different properties 
either regarding the amount of silane immobilized or the thermal 
stability.

18.4.3 Example 3: Multivariate Calibration Applied to 
the Study of Drug Impregnation on Absorbing 
Matrices

This example describes the characterization of the supercritical 
impregnation of model drugs (benzoic, salicylic, and acetylsalicylic 
acid) in various adsorbing matrices such as florisil, zeolite, 
silica gel, and amberlite [30]. Although a thorough evaluation of 
impregnation processes according to a conventional exploratory 
approach would require a large number of runs covering all possible 
sources of variance, here, assays were carried out without a suitable 
experimental design. In these circumstances, extracting information 
from such a poorly structured set of assays became much more 
difficult. This example is focused on showing how chemometics 
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contributed to gain knowledge on the system under study in a 
very attractive way, even when dealing with a deficient plan of 
experiments [31].

Figure 18.7 Application of principal component analysis to study the 
thermogravimetric data of TiO2 silanization. (a) Example 
of thermogravimetric prolife, (b) example of derivative 
thermogravimetric profile, (c) scores plot, and (d) loadings 
plot. Specimen 9 (in red) indicates the commercial sample.

18.4.3.1 Study of impregnation processes by PCA

Pressure (P), temperature (T), and time of adsorption (t) are expected 
to have a significant effect on adsorption. As an example, in the case 
of salicylic acid adsorbed on zeolite, a set of 17 experiments was run 
at different working conditions as depicted in Fig. 18.8a. Despite the 
fact that assays are not distributed according to a systematic design, 
PCA could still be used to model the behavior of drug adsorption 
as a function of the experimental variables. Multivariate data to be 
treated consisted of impregnation percentages measured for six 
absorbing matrices materials obtained for each triad of P, T, and t. 
Dimensions of the corresponding data matrix were 17 objects by 6 
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variables (see Fig. 18.8b). Variance captured by PC1 is 98%, by PC2 
is 1%, and less than 1% is retained by further PCs. The scatter plot of 
loading vectors of PC1 versus PC2 (Fig. 18.8c) indicated that PC1 is 
correlated to the adsorption capacity. Sorbents presenting the higher 
adsorption of solute are, then, to the right, while matrices resulting 
in a lower adsorption capacity are to the left. Besides, within the 
experimental domain of the study, the processing time is the most 
relevant descriptor of the absorption yield. Hence, impregnation 
increased with the increase of t. Regarding loadings, matrices are 
clearly discriminated depending on their chemical nature. The 
hydrophilic macroporous inorganic materials are at the top, while 
the organic materials are at the bottom (Fig. 18.8d).

Figure 18.8 Application of principal component analysis to study salicylic 
acid adsorption. (a) Set of experiments, (b) scheme of the data 
matrix, (c) scores plot, and (d) loadings plot. 

18.4.3.2 Prediction of drug impregnation by using 
multivariate calibration

Impregnation values obtained experimentally for several of 
adsorbing materials can be used to estimate the adsorption 
properties in other materials using multivariate calibration methods. 
PLS is applied to predict benzoic, salicylic, and acetylsalicylic acid 

Examples of Application of Chemometrics to Product Characterization



476 Introduction to the Analytical Characterization of Materials

amounts impregnated supercritically for a series of common 
adsorbent materials (silica gel, florisil, amberlite and zeolite). As an 
example, Fig. 18.9a shows the 3D plot of the benzoic acid adsorption 
on zelolite versus pressure and temperature for a constant running 
time of 30 min. From this figure, a remarkable increase in the 
adsorption with pressure is observed in the range of 6 to 12 MPa, 
and remained almost constant from 12 to 24 MPa. The influence 
of temperature is less noticeable. In addition, a slightly interaction 
between P and T is found for this particular sorbent material. In 
a similar way, other 3D plots of P and t, and T and t can be built 
from PLS results (Fig. 18.9b,c). The influence of P is rather similar 
to that evidenced in Fig. 18.9a. With respect to the time domain, 
increasing this variable produced a slight increase in the amount of 
solute adsorbed. A certain degree of interaction between T and t is 
observed as adsorption decreases with time at low temperatures 
but increases at high temperatures.

Figure 18.9 Estimation of benzoic acid adsorption on zeolite by PLS: (a) 
effect of P and T, (b) effect of P and t, and (c) effect of T and t.

18.5 Conclusions

This chapter introduces the application of chemometric methods 
to facilitate the optimization of supercritical processes and the 
comprehensive evaluation of product features. The complexity of 
analytical characterizations dealing with a broad variety of assays 
often requires multifactorial interpretations of experimental 
results. Hence, strategies based on experimental design may 
be exploited to perform these studies in a more elegant and 
efficient way. Otherwise, some subtle but important details and 
information regarding samples and processes may be missed. In 
this way, approaches based on multicriteria responses, multifactor 
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optimization, and multivariate calibration may be of great interest. 
Once the key factors affecting a given process have been found out, 
the performance of samples produced can thoroughly be assessed. 
PCA and related methods have demonstrated excellent possibilities 
for a better knowledge of global characteristics, and analogies 
and differences among samples. As a final consideration, it is 
expected that the impact of chemometrics to carry out the analytical 
characterization of materials will increase in the next years.
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High-pressure and supercritical CO2 (scCO2) have the potential to 
be employed as viable alternatives to the harmful volatile organic 
solvents (VOCs) currently used for industrial processes. Developments 
using this technology are driven by our society continuing to move 
towards environmentally friendly processes. As well as conforming 
to the modern industrial environmental requirements, high-pressure 
and scCO2 offer fundamental advantages for polymer processing 
that include the reduction of polymer melting temperatures (Tm) 
and glass transition temperatures (Tg) and can induce polymer 
swelling. These effects are crucial to the modification of polymeric 
samples. Thus, the importance of processing polymeric materials 
with CO2 can lead to the production of novel resources that have 
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unique characteristics and properties. This book chapter will review 
developments discovered by the use of vibrational spectroscopic 
approaches, specifically infrared and Raman spectroscopy. 
Vibrational spectroscopy can reveal valuable information about the 
polymeric samples, as well as highlighting interactions between CO2 
and the functional groups present within the polymeric materials. 
Understanding the behaviour of these systems is integral as a means 
to develop more efficient processing routes. Finally, the most recent 
advancements in this field will be summarized with an outlook to 
future opportunities using this “green” processing technology.

19.1 Introduction

In this chapter we review some of the most important discoveries 
associated with the use of supercritical fluids (SCFs) for polymer 
processing. The unique physical properties that SCFs possess give 
great potential to study a range of different systems, not only in 
polymer science, but in areas such as organic synthesis, catalysis and 
coordination chemistry [1, 2]. Applications using SCFs, specifically 
supercritical carbon dioxide (scCO2), is a growing area for industrial 
processes, which has been motivated by the need for “greener” 
solvent alternatives arising from environmental concerns. The most 
widely employed SCF is scCO2 because it is readily available, relatively 
inexpensive and has low toxicity, flammability and zero ozone 
depletion levels. One of the key industrially significant properties 
that scCO2 possesses is that it is a gas under ambient temperature 
and pressure conditions. This means that removal from a sample 
after processing is facile, saving both cost and time by preventing 
the need for solvent removal and drying stages postprocessing. As a 
result, scCO2 has much potential to be an alternative for the harmful 
volatile organic solvents (VOCs) currently used in such industrial 
processes.
 The first section of this chapter will summarize some of the effects 
that high-pressure and scCO2 have on polymeric materials. The 
ability of CO2 to interact with different functional groups in polymers 
has profound effects on the mechanical and physical properties 
of the polymers. The sorption of CO2 into polymers can lead to 
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swelling and plasticization. An understanding of the phase behavior 
of such systems and the interactions between the polymer and CO2 
is integral as a means to develop more efficient processing routes. 
This section will focus on scCO2-induced plasticization, diffusion, 
crystallization and foaming of polymers. These are important 
factors determined by the behavior and interactions of CO2 with 
polymers, which is a key factor in the outcome of materials produced 
with this method. Next, the principles of vibrational spectroscopy, 
namely Fourier transform infrared (FTIR) and Raman spectroscopy, 
will be described. This section will include a description about a 
powerful and versatile FTIR spectroscopic imaging approach which 
has been used to study high-pressure and scCO2 processing with 
polymers, developed in the author’s laboratory over last decade. 
Finally, examples and applications where vibrational spectroscopy 
has significantly advanced the understanding of high-pressure and 
scCO2 systems have been reviewed. This includes both pioneering 
developments using spectroscopy, as well as recent applications 
where supercritical technology is being utilized today.

19.2 Effect of High-Pressure and Supercritical 
CO2 on Polymers

19.2.1 Solubility of CO2 in Polymers

The physical and chemical properties of CO2 mean that it is a de-
sirable solvent to use on a range of industrially relevant systems as 
an alternative to VOCs. High-pressure and scCO2 have proven their 
applicability for polymer processing because they can act as a “tem-
porary” plasticizer [3]. The solubility of high-pressure CO2 into poly-
meric species is integral to the subsequent processing procedures 
that can be applied and is fundamental to all the processing tech-
niques that will be described throughout this chapter. Solubility of 
a polymer occurs based on the weak interactions between CO2 and 
basic sites in the sample (Fig. 19.1). Due to the interactions affect-
ing the solubility of CO2 into the polymer, many trends in the be-
havior of different polymers under CO2 environments have been 
recognized, for example, looking at the equilibrium fraction of CO2 
in different polymers. Higher-molecular-weight polymers, such as 
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poly(dimethylsiloxane) (PDMS), reach higher levels, 21% at 50°C. 
Whereas for polymers such as poly(methylmethacrylate) (PMMA), 
that have lower molecular weights, the maximum equilibrium frac-
tion is ~10% at 35°C [4].
 Much research has been carried out to broaden the understanding 
of the significance of polar functional groups within the polymeric 
materials which are subjected to high-pressure CO2 [5]. Substantial 
attention has been paid to the positions of the polar groups, number 
of electron-donating groups and morphology of the bulk matrix 
within a given polymer [6–8]. For example, the steric hindrance of 
the main carbonyl functional group in the polymer has an influence 
on the solubility of CO2 because the access and interaction with 
these functionalities is difficult. As a result, CO2 solubility is greater 
in PMMA than in poly(ethylene terephthalate) glycol (PETG) which 
contains an ester side chain [9, 10]. Another example is polymers 
that are glassy in nature exhibit higher CO2 sorption than those that 
are in a crystalline or semicrystalline state [9].
 Although many experimental [6, 9–15] and theoretical [16–19] 
methods have been applied to such systems, one of the most well 
established spectroscopic methods for determining the solubility of 
CO2 into polymer is using FTIR spectroscopy [20, 21]. The general 
principals of this technique will be described in detail further in this 
chapter, but initial research that has developed and established this 
approach will be briefly summarized. 
 The interaction between CO2 and functional groups in polymers 
can be identified using this approach. This has impacted on the 
modification of polymers and consequently had implications on the 
synthesis, membrane technology and the processing of such samples. 
Kazarian et al. applied FTIR spectroscopy to study PMMA and the 
intermolecular interactions with CO2 [20]. A splitting phenomenon 
was observed of the two degenerate CO2 (ν2) bending modes at ~660 
cm-1 (Fig. 19.1). It has been proposed that this is caused by a Lewis 
acid-base interaction between the polar groups in the polymer, i.e., 
carbonyl groups, and CO2. This work was further complimented by 
Nelson and Borkman where molecular orbital simulations were 
calculated to study the interaction of poly(ethylene terephthalate) 
(PET) with CO2 [16]. 
 Another condition to be discussed that has an effect on the 
solubility of CO2 is temperature [22]. Adjusting and controlling 
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the temperature has significant influence on the state of the bulk 
polymer matrix. CO2-induced foaming is an example of a physical 
process that occurs to a polymer when there is a substantial 
temperature increase in a saturated CO2 environment. At lower 
temperatures the solubility of CO2 into the matrix is higher and 
hence as the temperature is increased the solubility becomes lower. 
The significance of this for polymeric processing is that even slight 
deviations from the desired temperature can affect the solubility of 
CO2 into polymer. A comprehensive understanding of the solubility of 
CO2 into polymers is essential to improve applications and optimize 
such processes. There are many reviews summarizing CO2 solubility 
data and experimental approaches which explain this process in 
greater detail [23–26].

Figure 19.1 Right: Schematic representation of CO2 with a polymer 
containing carbonyl functional groups. Left: Infrared spectra 
of the CO2 (ν2) bending mode region of (A) pure gaseous CO2, 
(B) in a PMMA film immediately after CO2 decompression, and 
(C) in the PMMA after removal of gaseous CO2. Adapted with 
permission from Kazarian et al. Copyright (1996) American 
Chemical Society [20].

19.2.2 CO2-Induced Plasticization of Polymers

The sorption of CO2 into polymers can lead to swelling of the materials 
(Fig. 19.2), as well as initiating other physical and mechanical 
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changes in the polymers. The pressure of CO2 subjected to the 
system determines the extent of which these properties will change, 
where the most important effect to the systems is the reduction of 
the glass transition temperature (Tg), also known as plasticization. 
The phenomenon of plasticization occurs as a result of the Lewis 
acid–base-type interactions between the acidic sites from the CO2 
molecules and basic functional groups within the molecules [20]. 
As a result, both the mobility and the interchain distance between 
two polymeric chains will increase in the sample. This has been 
shown experimentally by Kazarian et al. in 1997, where increased 
mobility of carbonyl bands from ester functional groups in PMMA 
films was observed at 40°C and 100 bar in a CO2 environment [27]. 
It was concluded that the CO2 conditions give comparable polymer 
mobilities to those observed when the polymer is heated above its 
Tg indicating that the high-pressure conditions can mimic the effect 
of heating.
 FTIR spectroscopy has been widely applied to confirm the 
presence of the intricate interactions between CO2 and polymeric 
functional groups. The advantage of using spectroscopic approaches 
is that it can support previous suggestions about CO2-induced 
plasticization with evidence on the molecular level and thus can 
broaden overall knowledge in this field. 

Figure 19.2 Diagram showing the effect of a high-pressure CO2 atmosphere 
to induce swelling of a polymer.

19.2.3 Crystallization Induced by CO2

Crystallization of certain materials can be induced as a result of 
the plasticization properties that CO2 has on polymers. The greater 
mobility of amorphous and semicrystalline polymeric chains means 
that structural arrangement can occur in such a way that favors 
the kinetics and crystallites can form. A well-reported example 
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of scCO2-induced crystallization is for PET which has industrial 
significance because of its use for synthetic fibers and drinks bottles, 
accounting for >60% and ~30% of all of the globally synthesized 
PET, respectively [28]. Gas permeability through PET materials is 
important when considering the properties needed for bottles that 
will contain carbonated soft drinks since zero loss of CO2 is desired 
[23]. Consideration also has to be taken when designing synthetic 
fibers for materials such as clothing. PET is a colorless polymer and 
thus dyeing is required to produce color in the materials. Hence, the 
degree of crystallinity in the PET fibers can affect the ability of the 
materials to be dyed. Many analytical approaches have been used 
to understand the effect of polymer morphology on PET materials 
processed with scCO2, which includes X-ray scattering [28, 29], 
differential scanning calorimetry (DSC) [29], mid-infrared (IR) [28, 
30–32] and Raman spectroscopy [32, 33]. 
 CO2-induced crystallization of polymers such as syndiotactic 
polystyrene (sPS) [34], polypropylene [35], tert-butyl poly(ether 
ether ketone) [36], and bisphenol A polycarbonate [37] have also 
been studied. The enhanced crystallization rate of polymers by 
CO2 at increasing pressures can be explained by the relationship 
between the Tg and melting temperature (Tm). When under high (or 
increasing) pressures of CO2 the depression of the Tg is far greater 
than the depression of the Tm. However, for some polymers, such as 
poly(ι-lactide) [38] and isotactic propylene [35], CO2 is actually seen 
to suppress the rate of crystallization. This is due to prevention of 
nucleation sites since the Tg and Tm have similar rates of depression.
 The interest in polymers for processing with CO2 largely stems 
from their industrial relevance. sPS, for example, is typically affected 
by three factors: temperature; choice of solvent and physical strain. 
Handa et al. used DSC and X-ray diffraction to investigate the effects of 
CO2 on the morphology of this polymer [34]. The authors report that 
the crystallization of the polymer was too fast to record any kinetic 
measurements at a temperature of 122°C. The DSC stabilization time 
is too long to measure the polymer before maximum crystallinity is 
achieved because at high temperatures and pressures in CO2 the rate 
of crystallinity is increased. On the other hand, FTIR spectroscopy 
allows one to monitor very fast changes in polymer morphology. 
Kazarian and co-workers have been at the forefront of using IR 
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and Raman spectroscopy to study these processes for many years. 
One of their reported articles reports an in-situ study of sPS using 
conventional FTIR spectroscopy [39]. Morphological changes were 
shown in the recorded infrared spectrum of sPS that was subjected 
to scCO2. This demonstrated the power of FTIR spectroscopy to 
reveal information about polymer/CO2 systems. A dynamic study of 
these systems, i.e., taking measurements as a function of time, allows 
one to learn about the kinetics of crystallization.
 CO2-induced crystallization is another example where FTIR 
spectroscopy can be used as a unique approach for the processing 
of polymeric materials. The ability to control the amount of 
crystallization, and the diffusion of CO2 into these materials, can 
benefit a vast range of industrially relevant processes. Understanding 
and predicting the degree of crystallization has implications on 
the synthesis of novel polymers and offers the ability to tune such 
materials for specific use.

19.2.4 CO2-Induced Extraction and Separation

For many years now the use of high-pressure and scCO2 has been 
reported as an extremely useful method for the extraction and 
separation of polymers [23, 40]. One of the most well-known 
extraction applications used industrially is the scCO2 extraction of 
caffeine from coffee beans. More than one hundred thousand tonnes 
of decaffeinated coffee are consumed every year globally. Although 
caffeine is not a polymer, it is an example of how powerful SCF 
technology can be used from an industrial point of view.
 Applying such an approach to polymeric processing has 
advantages, for example by extracting residual solvents, unreacted 
species and side-products from the matrices. Plasticization of 
polymers under high-pressure CO2 atmospheres can considerably 
enhance the extraction process of these materials. There are a 
number of different reviews [41–45] and book chapters [46] that 
have been published describing the role of SCFs for extraction 
applications. Typical examples of where this processing technique 
has been applied includes: degassing in the leather industry [47], 
developing the quantitative analysis of additives in polypropylene 
[48], and the extraction of copper ion into chelating agents [49].
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19.2.5 Foaming 

Polymeric foams are materials that have superior properties 
to unfoamed samples of the same polymer. They are defined 
as closed-shell structures with a diameter of ~10 µm and cell 
densities ranging between that of 109 to 1015 cells per cm3 [50]. 
The preparation of foamed materials using high-pressure CO2 can 
be done so using continuous [51–53] and discontinuous methods 
[54–56]. The approach works in three stages: (1) the high-pressure 
chamber containing the polymer sample is saturated with CO2, at a 
temperature below that of the Tg, which plasticizes the bulk polymer 
matrix; (2) is a transfer stage and (3) is to rapidly increase the 
temperature above the Tg and/or quickly depressurize the chamber 
which means CO2 leaves the matrix. As the gaseous CO2 escapes the 
Tg rises and the new foamed structure is “frozen” in this form.
 Modeling approaches have been applied to predict the conditions 
that are required to induce open-microcellular foamed polymers in 
batch processes [57]. Learning and understanding the relationship 
between the depression of the Tg and pressure is integral in the 
application of foaming as it dictates the degree to which the sample 
will nucleate and grow.
 As mentioned above there are two methods of preparing the 
polymer foams. A characteristic of the discontinuous method is 
that there is a dense “skin” of unfoamed polymer on the outermost 
layer of the bulk matrix. This “skin” forms as a result of desorption 
of CO2 during the transfer stage of processing. Controlling the 
thickness of this layer can be done so by varying the transfer time 
of the polymer and the morphology of the starting material. Krause 
et al. have studied the discontinuous foaming of thin polymer films 
including polysulfone (PSU), poly(ether sulfone) and cyclic olefin 
copolymer using scanning electron microscopy (SEM) [55]. The size 
of the foamed cell was controlled and influenced by the pressure 
of saturated CO2 on the system. It was observed in this study that 
higher pressures of CO2 resulted in a reduction of cell size diameter 
but an increase in cell distribution. Further to this, it was seen that 
a maximum cell density was observed within a finite-temperature 
window. The relevance of temperature influences can be understood 
when considering two competing processes in the polymer, cell 
growth and nucleation and the sorption of CO2 into the matrix. SEM 
was also employed to image the foaming of PSU as a function of 
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transfer time (Fig. 19.3). It is visible in the SEM micrographs shown 
in Fig. 19.3 that an increase in transfer time led to an increase in cell 
size. It was proposed that this was caused by a reduction of the CO2 
content in the film.
 Finally, foaming architecture can be manipulated by the amount 
of CO2 sorbed into the polymer as shown in PSU/polyimide 
bends [54]. Closed-microcellular materials were produced when 
low concentrations of CO2 were in the film whereas at higher 
concentrations open-porous foams were formed with smaller 
cell sizes. Krause et al. confirmed this where gas permeation 
measurements were used to study such changes to conditions [54]. 

Figure 19.3 SEM micrographs (magnification 1000x) of a foamed PSU film 
as a function of transfer time. (A) 1 min;, (B) 5 min, (C) 10 min, 
and (D) 20 min. Reprinted with permission from Krause et al. 
Copyright (2001) American Chemical Society [55].

19.2.6 Rheology of Polymers

The rheology, or the flow, of viscous polymers under high-pressure 
CO2 can be divided into four categories: pressure driven; falling 
body; rotational devices; and vibrating wire. These have implications 
for other processing techniques, such as extrusion which have been 
described in a previous book chapter [26] and thus will not be 
discussed in any more detail in this review.
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 To briefly summarize, pressure driven devices include capillary 
and slit-dye viscometers, where the flow is governed by pressure. 
In such cases, monitoring the flow rate and the pressure changes is 
used to determine the viscosity. It should be noted that problems may 
arise in phase separation. Capillary viscometers have a simple flow 
pathway, give reproducible data and only require a small amount of 
sample for measurements. Drawbacks for using these devices can be 
encountered where a pressure drop across the capillary can affect 
the viscosity. Nevertheless, these devices have been widely applied 
to study polymer/CO2 systems [58–61]. Falling body viscometers 
share a common feature where the known volume of sample passes 
through a fluid under the influence of gravity. The viscosity can be 
determined by the time required for this to occur. To date these 
viscometers have been limited to the use of low-viscosity polymer 
systems [62, 63], including that of a PDMS/CO2 (10 bar to 30 bar) 
system [64].
 However, it is rotational viscometers that are most widely 
employed for determining the rheology of polymeric materials. 
Continuous measurements are made at a given shear rate or shear 
stress to perform subsequent measurements on the sample under 
differing conditions. One of the main advantages to using rotational 
viscometers is the fact that the shear rate can be distributed in a 
uniform manner across the sample allowing one to have more 
control. Yet, there were limitations with some rheometer designs 
when it came to use with high-pressure systems. Flichy et al. 
developed an approach that was capable of measuring pressures 
up to 150 bar and temperatures of 300°C [65]. This solved specific 
problems that had been a shortcoming of alternative rheometers 
such as a seal around the spinning shaft as well as a way to determine 
the torque. Since then, other operational devices for measuring the 
viscosity of polymers have been developed such as the magnetically 
levitated sphere rheometer where measurements are conducted 
under constant pressures by Royer et al. [66].

19.3 Vibrational Spectroscopy

The motivation to use SCFs for polymer processing does not just 
originate from the environmental impetus for their use as benign 
solvents but the fact that CO2 has a number of effects on the polymer 
being processed. Vibrational spectroscopy, specifically FTIR and 

Vibrational Spectroscopy
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Raman spectroscopy, are versatile and powerful approaches to 
study such interactions. The following section will summarize the 
fundamental principles of these analytical methods as a means to 
learn about the interactions of scCO2 with polymeric materials [3]. 
 The ability to probe characteristic vibrations of specific 
functional groups is possible because of the quantized nature of the 
vibrational energy levels. FTIR and Raman spectroscopic methods 
measure transitions between vibrational energy levels induced 
when the sample is interacting with incident light. Despite being 
complementary techniques, FTIR and Raman spectroscopy differ 
both in terms of the instrumentation used, and by the mechanisms 
in which the population of vibrational energy levels change.
 The differences between the two spectroscopic approaches 
can be described by considering the mid-IR and the Stokes Raman 
transitions represented in Fig. 19.4. The overall result is to excite 
a molecular bond from the ground vibrational state (V = 0) to the 
first excited state (V = 1), governed by the selection rule of ΔV±1. 
However, mechanistic differences occur about the excitation to the 
V = 1 vibrational level. The FTIR transition is directly excited from 
V = 0 to V = 1. In contrast, this excitation occurs via a transitional 
(or “virtual”) state in Raman spectroscopy (Fig. 19.4). The energy 
required for the IR transition is the same as the difference in energy 
that occurs between the incident and scattered light in Raman 
spectroscopy. It follows that FTIR spectroscopy measures the 
absorption of a specific quantized amount of energy while Raman 
measure the “shift” in energy between the incident and scattered 
light to give the same difference between the quantized energy 
levels.

Figure 19.4 Schematic representation of the potential energy of a molecular 
bond showing typical infrared and Raman transitions.
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19.3.1 FTIR Spectroscopy

19.3.1.1 Sampling methodologies

Transmission mode is one of the most commonly used methods to 
record an IR spectrum. This sampling mode works by passing infrared 
light directly through the whole sample measuring the frequencies 
which are absorbed. The popularity of transmission mode stems 
from the fact that the apparatus used is relatively inexpensive and 
straightforward to operate. However, particularly for high-pressure 
CO2 research, this mode can prove challenging. Typically, the sample 
has to be prepared so that it is thin enough for the IR radiation to 
pass through (between 5–50 μm). Solid samples are commonly cast 
as thin films onto a non-mid-IR absorbing material such as silicon 
or potassium bromide. However, transmission measurements of 
polymeric samples can be performed as demonstrated by Fleming et 
al. where this sampling mode was used to study the cross-sections of 
PET film under exposure to scCO2 [31].
 Alternative sampling methodologies are those of reflection 
modes, such as attenuated total reflection (ATR). These differ from 
that of transmission mode because it is the reflected IR light from 
the surface layer of the sample that is measured. ATR mode is based 
on the phenomenon that total internal reflection will occur at the 
interface between the ATR crystal (high-refractive-index material) 
and the sample (low-refractive-index material). At this interface an 
evanescent wave of IR light penetrates into the surface layer of the 
sample. The distance by which this wave enters into the sample is 
assigned as the depth of penetration (dp), which can be defined as 
the distance the electric field of the evanescent wave travels into the 
sample before its amplitude falls to e–1 of its original surface value 
(Eq. 19.1), where λ is the wavelength of radiation, n1 and n2 are the 
refractive indices of the ATR crystal and sample respectively and θ is 
the angle of incidence.
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 The dp is wavelength dependent, where radiation of shorter 
wavelengths will have a shorter penetration into the sample. 
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Furthermore, Eq. 19.1 states that the angle of incidence must be 
greater than that of the critical angle in order for internal reflection 
to occur. 
 Several different materials have been used as suitable ATR 
crystals, each with differing physical properties, these commonly 
include diamond, germanium (Ge) and zinc selenide (ZnSe). Since 
high-pressure experiments can cause damage to fragile and brittle 
materials, ZnSe has not been used in such studies but diamond and 
Ge ATR crystals have been reported for these applications [21]. One 
of the main advantages of studying the interactions of CO2 with 
polymeric samples in ATR mode is that little sample preparation 
is required and the measurement is independent of the sample 
thickness. This means the polymer can be placed to cover the ATR 
crystal within a high-pressure cell, allowing different pressures to 
be applied in-situ (Fig. 19.5) [21, 67].

Figure 19.5 Diagram showing a typical high-pressure CO2 setup for 
use with a diamond or Ge ATR sampling accessory for FTIR 
measurements. 

19.3.1.2 FTIR spectroscopic imaging

FTIR spectroscopic imaging has recently emerged as an important 
tool to study a range of different systems such as polymers [31, 68, 
69], pharmaceutical tablets [70–72], proteins [73, 74] and biological 
materials [75]. This approach combines an FTIR spectrometer with 
a focal plane array (FPA) detector enabling thousands of spectra 
to be measured from different regions within the imaging area 
simultaneously. Spectroscopic images can be obtained by selecting 
unique absorption bands for the material of interest and integrating 
the area under this band as a function of all pixels. A typical example 
of an imaging setup has been demonstrated by Kazarian and Chan 
where an array size of 64 × 64 pixels was used, thus 4096 individual 
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spectra can be obtained from the sample simultaneously [68]. This 
approach means that both chemical and spatial information can be 
obtained from the polymer blend and this was the first application 
using FTIR spectroscopic imaging to study the behavior of polymers 
under high-pressure and scCO2. The in-situ imaging approach 
studied the phase separation of a lower critical solution temperature 
(LCST) blend of polystyrene (PS) and poly(vinyl methyl ether) 
(PVME). The polymer blend was cast onto the diamond accessory 
and after subjecting the blend to scCO2 for different periods of 
time, spectroscopic images showing the spatial distribution of both 
components were recorded [68].

19.3.2 Raman Spectroscopy

The interaction of electromagnetic radiation with a molecule can 
be viewed as the electric field of the incident energy perturbing the 
molecular system. The oscillating electric field in the incident light 
induces an oscillating dipole moment in the molecule and hence the 
electron distribution in a specific chemical bond is distorted from 
the original equilibrium position. The ease by which this distortion 
occurs, producing an induced electric dipole moment under the 
influence of an external electric field, is determined by the molecule’s 
polarisability, which is modulated by molecular vibrations. When 
a molecule is subjected to an external electric field, polarisation 
occurs in a time-dependent manner which raises the energy of the 
system into a “virtual” state. This “virtual” state induces a dipole 
and upon relaxation emits a photon resulting in scattering. Rayleigh 
scattering, or elastically scattered light, occurs when there is zero 
energy exchange between the incident radiation and the molecule. 
On the other hand, the Raman effect describes situations when there 
is a difference in energy between the incident and emitted radiation, 
producing inelastically scattered light. The inelastically scattered 
radiation can be defined as Stokes or anti-Stokes, depending on the 
mechanism of excitation. These lines are displayed in the spectrum 
as pairs that are symmetrically distributed around the Rayleigh line. 
Photons that lose energy appear at a higher wavenumber (lower 
frequency) than the Rayleigh line and are known as Stokes lines. 
Whereas, anti-Stokes lines are cause by photons that gain energy 
and thus appear at a lower wavenumber (higher frequency) to the 
Rayleigh line.

Vibrational Spectroscopy
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 The relative intensity of the Stokes peak is greater than that of 
the anti-Stokes peak, which can be understood by considering the 
population distributions of the first excited and ground vibrational 
state (Boltzmann distribution). In Raman spectroscopy it is standard 
practice to study the Stokes response because of the higher intensity 
of the corresponding Raman bands.

19.4 Advancing CO2 Technologies Using 
Vibrational Spectroscopy

19.4.1 Diffusion of Materials into Polymeric Species

Firstly, the diffusion of materials into polymeric matrices will be 
described. The use of supercritical technologies for dyeing PET is a 
commercially viable alternative to the traditional aqueous methods. 
Tuning the polymer’s properties by adjusting the pressures and 
temperatures of the system allows the mass transfer within the 
polymer to be controlled. Subsequently, polymers can be doped 
with materials in a “green” and essentially solvent-free manner. In 
circumstances where the intended doping materials, such as a fabric 
dye, have low solubility in CO2, phase separation can occur thus 
impregnation into the polymer is possible (Fig. 19.6).

Figure 19.6 Schematic representation of the impregnation of a molecule 
into a polymer before, during and after depressurization. (A) 
Represents a highly-CO2-soluble molecule and (B) a poorly-
CO2-soluble molecule. Adapted from Kazarian (2004) [76].
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 Optimizing this dyeing process requires further knowledge of the 
mass transport of the materials when dissolved in CO2 through the 
polymer. In 2005, Fleming et al. used confocal Raman microscopy 
(CRM) to probe the concentration and distribution of the dyes within 
polymeric fibers in a nondestructive manner [33]. Depth profiling 
through the sample was measured which allowed the researchers 
to collect spectral information from different areas within the 
material; hence the diffusion of the dye was evaluated (Fig. 19.7). 
An obvious concentration gradient was detected through the sample 
and shown to be coincident with the exposure time. Based on the 
ability to obtain diffusion coefficients directly from the CRM data 
of CO2-induced dyeing of PET, the study was extended to include 
mathematical modelling of the diffusion process [77].
 Prior to this work the feasibility of CRM to investigate polymeric 
dyeing was reported by Chan and Kazarian in 2003 where the 
distribution of dye in a CO2 processed PET film was studied [78]. This 
approach has also been combined with IR spectroscopic imaging 
where a gradient of differing morphology was induced by exposure 
to high-pressure CO2 [31].

Figure 19.7 Confocal Raman depth profiles of PET fibers dyed for 3 hours 
(A) collected using a 50x dry objective and (B) collected using 
a 50x oil objective. All Raman spectra were recorded at 1 µm 
increments along the line normal to the fiber surface. Reprinted 
with permission from Fleming et al. Copyright (2005) Elsevier 
[33]. 

Advancing CO2 Technologies Using Vibrational Spectroscopy
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19.4.2 Polymeric Blending 

Pioneering research by Watkins and McCarthy described in-situ 
polymerization to prepare immiscible blends [79]. Since then, much 
research has been applied based upon this methodology to prepare 
novel polymer blends useful for a range of applications [80–82], 
including conducting electricity [83].
 The diffusion of the monomer and initiator within a swollen 
polymer matrix at high pressures determines the extent to which 
polymerization will occur. This can be related to the blending of 
polymers, since, at very short exposure times only the surface 
of the swollen polymers will be modified, whereas the bulk will 
remain unchanged [26]. The fact that CO2 has been shown to induce 
morphological changes in polymers means that more information 
about the behavior of these changes is needed as a way to produce 
more efficient polymer blends. A range of approaches have been 
applied to research the morphological changes for the blending of 
polymers: which includes FTIR spectroscopy and spectroscopic 
imaging [68], DSC [84, 85], and atomic force microscopy (AFM) 
[86, 87]. More information about these techniques can be found 
within the referenced articles but for the purpose and topic of this 
book chapter, research using FTIR spectroscopy and spectroscopic 
imaging will be focused on. 
 In 2003, Busby et al. reported a study that combined three ana-
lytical techniques, including FTIR spectroscopy, to characterize nov-
el nanostructured polymer blends [88]. The research demonstrated 
that blends of ultrahigh-molecular-weight polyethylene (UHMWPE) 
and polymethacrylate (PMA) could be made using supercritical fluid 
technology. PMA was dissolved in CO2 and the loading, or blending, 
of the polymers could be controlled by a number of factors i.e. by 
adjusting the temperature and pressure and the PMA concentration 
in the CO2. It was reported here, that processing with traditional 
VOCs did not produce great incorporation of the two polymers due 
to the low penetration of the solvents into the bulk of the matrix. The 
swelling of UHMWPE under a high-pressure environment meant 
there was much better incorporation of the two species and thus the 
article demonstrates that this technology has much potential in the 
field of characterizing molecular blends. The benefit to using a com-
bination of FTIR spectroscopy, DSC analysis and AFM means much 
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more information about the morphology in the UHMWPE matrix can 
be collected. As a result, it helped to realize other factors, such as 
size of the polymer phases, which may need to be controlled to tune 
the properties of the blended polymeric materials.
 Kazarian and Chan presented a novel application to study 
polymers subjected to high-pressure and scCO2 environments using 
FTIR spectroscopic imaging in ATR mode [68]. In-situ experiments 
allowed the researchers to obtain spatially resolved images (~15 µm) 
of the LCST phase separation of PS/PVME polymer blends. The same 
analytical methodology was applied to study the sorption of CO2 
into PMMA and poly(ethylene glycol) (PEO), subjected to identical 
conditions. The two polymers were cast to cover half of the diamond 
ATR crystal, allowing the two species to be measured simultaneously 
and thus their behaviors compared. Quantitative information can be 
obtained about the system using FTIR spectroscopy by considering 
the relative absorbance of the polymeric bands. Kazarian and Chan 
calculated the extent of polymer swelling and CO2 sorption within 
the first few micrometers of the surface of the sample under high-
pressure CO2 conditions [68]. The spectroscopic images showed that 
swelling at 50 bar was greater in PMMA, as shown by the decreasing 
absorbance of PMMA bands compared to PEO. However, the degree 
of swelling of PMMA was seen to decrease as temperature was 
increased (from 30 to 50 °C). PEO was affected by the CO2 by the fact 
that the Tm was reduced. This was characterized by spectral features 
that were characteristic of molten PEO. 
 The above articles have demonstrated the versatility of FTIR 
spectroscopy and spectroscopic imaging to simultaneously measure 
different components under high-pressure conditions. The ability 
to reveal chemical information and spatial information about the 
components within the imaged area has opened up new areas for 
developing supercritical fluid technologies using these approaches.

19.4.3 CO2-Enhanced Polymer Interdiffusion and 
Dissolution Studies

Plasticisation of polymeric materials can cause a reduction in both 
the viscosity and interfacial tension in the polymers thus enhancing 
the miscibility and blending [61, 89]. Therefore, subjecting 
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polymeric systems to a CO2 environment can be predicted to 
accelerate the interdiffusion of miscible polymers. The importance 
of understanding the interdiffusion of two or more polymers to 
produce homogenous blends and possible phase separation is 
important for optimizing the design of materials. It should be noted 
that there are many experimental challenges involved with studying 
polymer interdiffusion facilitated by CO2. 
 Investigations utilizing scCO2 in this area include the study 
of reactive coupling at polymer–polymer interfaces at low-
temperatures [90], as well as investigating density fluctuations 
in thin polymer films [91, 92]. A thorough understanding of this 
novel processing route is important as the enhanced interdiffusion 
of polymer blends has the potential to open up new areas in this 
processing technology.
 In 2006, Fleming et al. applied ATR-FTIR spectroscopic imaging 
to study interdiffusion and dissolution of miscible polymers under 
high pressure and supercritical CO2 [69]. The spectroscopic imaging 
approach allowed a model system of polyvinylpyrrolidone (PVP) 
and PEO with different molecular weights to be studied in-situ. The 
significance of using these two polymers is due to the attention they 
receive from the pharmaceutical industry as polymer excipients 
used in tablet formulations [7]. One of the main advantages of using 
this approach is that all components in the ternary system could be 
simultaneously monitored as a function of time. Three different ATR-
FTIR spectroscopic imaging results were presented in the article 
(shown in Fig. 19.8) that represent time-dependent interdiffusion 
of PVP and PEO 600 in the absence of CO2 and when subjected to 
pressures of 40 and 80 bar [69]. The results show that when the 
system was under high-pressure conditions the interdiffusion of 
PEO into PVP was more rapid. As a result, controlling the pressure 
can be used as a way to control and “tune” the speed and mechanism 
of the interdiffusion process.
 To explain further this phenomenon, Fleming et al. studied the role 
of CO2 on the interdiffusion profiles. Spectroscopic imaging allowed 
for the spatial distribution of CO2 to be observed within the system 
[69]. It was proposed that the presence of CO2 molecules dissolved 
in the polymer system significantly enhances the interdiffusion 
process under isothermal conditions. This was studied both as a 
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function of pressure and molecular weight of PEO. Similar studies 
have been carried out by Bairamov et al. where the effect of different 
molecular weight polymers on the diffusion characteristics during 
heating were studied using optical wedge microinterferometry [93].

Figure 19.8 FTIR spectroscopic images, based on the distribution of the 
integrated absorbance of PVP carbonyl band, showing PVP (red 
regions) in contact with PEO (blue regions). The images show 
the interdiffusion of the two polymer species as a function of 
time. Reprinted with permission from Fleming et al. Copyright 
(2006) Elsevier [69].

 Overall, such studies demonstrated that ATR-FTIR spectroscopic 
imaging can be a powerful approach to understand the interdiffusion 
and dissolution of miscible polymeric systems in-situ. The chemical 
specificity offered by FTIR spectroscopic imaging enables the 
behavior of the systems to be characterized and understood at a 
molecular level. Regulating the pressure allows one to control the 
diffusion characteristics. The combinations of all the parameters in 
this study meant that a comprehensive understanding of a dynamic 
system could be learned. Further work from the group probed 
H-bonding interactions between PVP and PEO using ATR-FTIR 
spectroscopy [94]. Overall, it was found that the extent of H-bonding 
was greatest in blends comprised of low-molecular-weight polymers 
and CO2-induced shielding of the H-bonded interactions is reversible 
upon depressurization. 

Advancing CO2 Technologies Using Vibrational Spectroscopy



502 Interaction of Supercritical Carbon Dioxide with Polymers Studied

19.4.4 Drug-Loaded Polymers

Polymers that are soluble in biological fluids, give nontoxic products 
from degradation and are biodegradable are useful when it comes 
to drug delivery. Active pharmaceutical ingredients (APIs) are 
commonly dispersed within these polymeric materials as a means 
to increase their bioavailability and control the release rate. 
Molecularly dispersed formulations are important for APIs that have 
both high and low solubility in aqueous media. For example, APIs 
that are readily soluble can be dispersed within a polymer which 
will slow down their dissolution rate in a biological system and 
hence control their release. Dispersing a poorly water soluble drug 
within a polymer can prevent crystallization and thus improve the 
therapeutic value of the APIs [7, 95]. Solid dispersions are widely 
used in the pharmaceutical industry and common preparation 
techniques include solvent evaporation, hot melt extrusion and 
mechanical mixing [96].
 Opportunities exist to utilize scCO2 technologies which are 
desirable based on the fact that no VOCs are used when processing 
materials and thus the “green” process has an environmentally benign 
nature [76, 97]. The preparation of solid dispersions can be done 
so by supercritical impregnation into a polymeric material which 
works on the same principle as the incorporation of dye molecules. 
Impregnation by scCO2 works by doping a solute, in this case an 
API, into a bulk polymeric material. One of the major concerns with 
API impregnation into the polymers is the effect that the processing 
stage has upon the bioactivity of the components i.e. degradation of 
the species. The ability of scCO2 to mimic heat and lower the Tg of 
polymers means that thermally labile compounds can be processed. 
Additionally, the lower viscosity of polymers under the influence of a 
high-pressure CO2 environment facilitates the mixing of the polymer 
with the API resulting in a homogenous material as the end product.
 Kazarian and Martirosyan carried out a detailed vibrational 
spectroscopic investigation of the impregnation of ibuprofen into 
a PVP matrix [7]. The results concluded that molecular dispersion 
of the API was achieved within the polymer and no evidence of 
crystallization was observed by analysis of both the Raman and 
IR spectra. Although the results from this study were consistent 
with those obtained from conventionally prepared samples, there 
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was no evidence of the crystalline peaks in the spectra, indicating 
molecular dispersion. Conversely, in the samples prepared by 
conventional methods the absorption bands associated with the 
crystalline form of ibuprofen were observed. Overall, this research 
demonstrates the importance of scCO2 impregnation of drug into 
polymers and vibrational spectroscopy in terms of achieving more 
efficient processing and gaining a more thorough understand 
pharmaceutical systems. Nevertheless, despite the advantages of 
using this technology, scCO2 processing still has room for further 
development in the future particularly for applications on industrial 
scales where it is still in the initial stages [45, 97–100]. 

19.4.5 CO2 Adsorption into Porous Materials

Potential applications for gas storage and CO2 capture mean that 
much can be learnt about studying the adsorption of high-pressure 
CO2 into micropouros materials [101–104]. Hasell et al. have 
recently applied conventional ATR-FTIR spectroscopy to determine 
the concentration of sorbed CO2 into porous polymers, porous 
crystalline frameworks and molecular organic cage materials in-situ 
[105]. The significance of applying this spectroscopic approach is 
that gas sorption isotherms can be measured at pressures up to 140 
bar which is relevant for applications such as precombustion CO2 
capture. The concentration of the species can be quantified based on 
the absorbance of the chemically specific vibrational bands related 
to the molecule. Different organic imine cage materials were studied, 
where the CO2 adsorption was measured at different pressure 
values. The ATR-FTIR spectral data was compared to manometric 
techniques and molecular simulations as a means to validate the 
feasibility of this spectroscopic approach for such applications. 
 The spectra showed that for imine samples subjected to differing 
pressures of CO2 at a constant temperature (35°C), the band 
assigned for the asymmetric stretching mode of CO2 (ν3) at 2333 
cm-1 increased in absorbance as the pressure increased (Fig. 19.9). 
In contrast, Fig. 19.9 also shows that the absorbance band assigned 
to the organic imine cage material (1647 cm-1) remained relatively 
constant throughout the experiment. The uptake of CO2 into the imine 
cage complexes was quantified from the absorbance of the bands in 
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the spectra and was compared to manometric crystallographic data 
from the same complexes. It was shown that for pressures up to 1 
bar there was very close correlation between the two approaches. 
Thus, using ATR-FTIR spectroscopy to measure CO2 adsorption into 
these complexes at higher pressures, up to 120 bar, was valid as an 
approach to learn about such systems.
 The results presented by Hasell et al. have shown an application 
where vibrational spectroscopy is validated as a means to measure 
the CO2 adsorption into complex organic cage molecules [105]. 
The advantage of using ATR-FTIR spectroscopy for this study is 
significant because it allows measurements to be recorded at 
pressures that are above the critical temperature of CO2, which can 
be challenging to achieve using other techniques. Validation of the 
vibrational spectroscopic approach has been shown by comparing 
the results with both manometric data and molecular simulations. 
This gives ATR-FTIR spectroscopy scope to be used to study CO2 
sorption, not only into organic cage molecules, but into a range of 
different microporous systems.
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Figure 19.9 ATR-FTIR spectra of the organic imine film subjected to a 
range increasing high-pressure CO2 conditions. The spectra 
show the ν3 band of CO2 (2335 cm-1) and the imine stretching 
vibration (1647 cm-1). Reproduced from Hasell et al. (2013) 
with permission from The Royal Society of Chemistry [105].
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19.4.6 CO2 Functionalization of Natural Biomaterials

The final research area to be discussed in this book chapter where 
vibrational spectroscopy has aided the development of supercritical 
technologies is for the functionalization of natural biomatrices. In 
this field, the use of SCFs as a cleaner alternative for particle design 
and drug impregnation is one emerging example of improving 
the properties of biomatrices [17, 106, 107]. Most biocompatible 
polymeric materials are swellable under high-pressure CO2 
conditions, which allows both the extraction and impregnation of 
other components into the systems. 
 Tissue engineering is an area where processing natural polymers 
using CO2 has been advanced in recent years [108, 109]. The swelling 
of biomaterials with CO2 is a proven method of producing 3D 
scaffolds. Desired scaffolds require an environment that facilitates 
cell attachment and growth, allows transport of the materials in 
and out of the scaffolds and can be mechanically tuned for specific 
use. Applications of these materials have been demonstrated for 
the delivery of chondrocytes [110], providing a local environment 
able to promote osteogenesis [111] and the ability to deliver a 
range of growth factors [112]. It should be noted that one of the 
main drawbacks using CO2 to swell such natural polymers can 
result in closed 3D scaffolds which is not favorable for the transport 
of materials. However, this limitation can be overcome with the 
addition of particle leaching step as reported by Sheradin et al. in 
2000 [113].
 A recent research paper by Silva et al. has reported the 
modification of chitin (found in shells of crustaceans) using green 
chemistry principles [114]. FTIR spectroscopy was applied to 
study the behavior of dexamethasone impregnated into chitin 
aggregated 3D scaffolds using SCF conditions. The release of the 
drug incorporated into the scaffolds was investigated with the aim 
to control the release of the systems. The researchers used SCF 
technology to improve the flexibility of these biomaterials for use as 
drug delivery systems. The shape of the scaffold and osteo-inductive 
behavior was also modified due to the presence of certain functional 
groups in the system. The topic of using SCFs to impregnate and 
process natural biomaterials (such as chitosan derivatives) have 
been discussed in more detail in a number of reviews [106, 107, 115, 
116]. 
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19.5 Conclusions and Future Outlook

The main aim of this chapter was not only to provide a summary 
of polymeric processing using high-pressure and scCO2 but to give 
an overview of how vibrational spectroscopy can be used to aid 
development of this emerging technology. Considering the costs 
associated with high-pressure processing, the benefits for using 
this method must be significant. As mentioned in the above sections 
the key, and thus major, advantage to using high-pressure CO2 is its 
ability to act as a temporary plasticizer due to the weak interactions 
it has with certain functional groups in the polymers. Hence, the 
following physical changes occur within the materials: lowering of 
Tg, swelling or foaming, reduction in Tm and more facile solute mass 
transfer in the bulk for the sample.
 The applications for CO2 processing is by no means exhausted 
and, as shown in the chapter, there are many more emerging research 
areas and fields where this technology can be utilized. It is intended 
that this chapter will summarize some of the key research which 
has been carried out over the last few decades and demonstrate 
where vibrational spectroscopy can help as a development tool in 
both academia and industry. There has been much advancement in 
this field over recent years, the extent by which has even exceeded 
expectations that were predicted in an earlier review paper [23]. 
One of the most powerful and innovative approaches used for such 
applications is that of FTIR spectroscopic imaging. This allows one 
to collect spatially resolved “chemical images” of high-pressure CO2 
interacting with polymeric materials. The technique has shown 
great potential to contribute and add valuable information about 
systems that was not previously possible and offers improved 
knowledge about the reliability of analysis and data. Emerging 
developments include the functionalization of natural biomaterials 
and the impregnation of materials into porous substrates, including 
drug loaded polymers. It comes as no surprise that this processing 
technology has extended to both biomedical and pharmaceutical 
applications because of the drive towards “greener” processing 
routes in industry. Finally, the authors hope this review further 
stimulates research ideas for polymer processing with supercritical 
fluids by highlighting some of the most recent developments of this 
technology.
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The methods based on the axisymmetric drop shape analysis 
(ADSA) for the evaluation of the interfacial and surface tension of 
fluid interfaces are reviewed in this chapter. Interfacial and surface 
tensions are fundamental to a wide range of scientific disciplines 
and technologies, and several experimental methods have been 
developed for their measurement. Among all of these methods, 
those based on the ADSA are the most used due to their versatility. 
Actually, they consist in analyzing the profile of axisymmetric drops, 
such as pendant or sessile drop, and rely on the equilibrium between 
capillary and gravity forces. In particular, the use of the pendant 
drop method has gained enormous ground in the fields of polymer 
science and supercritical fluid nanotechnology. In this chapter, 
the theoretical background of the pendant drop method is firstly 
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discussed and details on the experimental apparatus are described. 
Furthermore, some examples of the use of pendant drop method in 
supercritical fluid technology are reviewed.

20.1 Introduction

The science of interfaces is fundamental to a broad range of scientific 
disciplines and technologies. Actually, the measurement of surface 
and interfacial tensions of fluid interfaces and the measurement of 
the contact angle represent an essential issue for a large number of 
applications embracing the fields of adhesion, coatings, dispersions, 
foaming, polymer blending and membranes [1]. Surface and inter-
facial tension are the most accessible experimental parameter de-
scribing the thermodynamic state and the structure of an interface: 
in particular, the surface tension is a measure of the free energy of 
an interface between a liquid and a gas or vapor, while interfacial 
tension is referred to a phase boundary between two incompletely 
miscible liquids [2]. Due to the scientific and technological impor-
tance of these parameters, a great deal of effort has been focused 
on the development of methods for their measurement [3–5]. Table 
20.1 reports the classification of the techniques which have been 
developed in the last century and which are widely used in both 
surface chemistry laboratories and industrial R&D facilities [6]. The 
accuracy of most of these techniques for pure liquid–gas systems 
has been found to be about 0.1 mN/m; however, the suitability of 
the methods for a specific system depends upon the nature of the 
liquid under investigation, the conditions under which the surface 
tension has to be measured, and the stability of the surface under 
deformation [6]. 
 Of all the methods which have been developed, those based on 
the axisymmetric drop shape analysis (ADSA) are the most used and 
versatile techniques. ADSA methods consist in analyzing the profile 
of axisymmetric drops, such as pendant or sessile drops (Fig. 20.1), 
and rely on the equilibrium between capillary and gravity forces 
[7–11], assuming that inertial forces are negligible. In the pendant 
drop configuration (Fig. 20.1a), a drop of liquid is suspended from 
the end of a support, which can be a cylinder or a syringe: surface (or 
interfacial) tension and gravity are the only forces shaping the drop. 



519Introduction

Table 20.1 Classification of techniques for the measurement of interfacial/
surface tension

Direct measurement 
using a 
microbalance

Wilhelmy plate The microbalance measures 
the forces exerted in lifting a 
vertical plate placed in a liquid 
surface.

Du Noüya ring The microbalance measures 
the forces exerted in lifting a 
ring from a liquid surface.

Measurement of 
capillary pressure

Maximum 
bubble pressure

A tensiometer measures the 
maximum pressure to force a 
gas bubble out of a capillary 
into the liquid sample.

Growing drop The pressure and the size of a 
drop growing and detaching 
from a capillary are monitored.

Analysis of capillary 
and gravity forces

Capillary rise The height of the meniscus in a 
capillary semi-immersed into 
the liquid is measured.

Drop volume The weight or volume of a 
drop falling from a capillary is 
measured.

Analysis of drop 
profile

Pendant drop The profile of a pendant drop 
hanging from a capillary or a 
rod is fitted to the force balance 
described by the Bashforth–
Adams equation.

Sessile drop A drop is placed on a substrate. 
Profile is fitted and contact 
angle is measured.

Reinforced 
distortion of drop
(ultralow interfacial 
tension measuring 
methods)

Spinning drop The shape of a drop deformed 
in a horizontal rotating tube is 
used to derive surface tension.

Micropipette Droplets are captured at the 
tip of a micropipette and then 
sucked into it. Pressure is 
recorded and related to surface 
tension.
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In this configuration, the surface (or interfacial) tension is calculated 
by fitting the shape of the drop as detected from the picture to the 
theoretical drop profile according to the force balance equation 
governing the mechanical equilibrium of the interface. In the sessile 
drop configuration, a small amount of liquid is disposed on a solid 
support and the shape of the drop is governed by the balance of 
surface tensions at the solid–liquid, liquid–gas, solid–gas interfaces. 
In the sessile drop configuration (Fig. 20.1b), the intersection of the 
liquid/solid interface and the liquid/air interface defines the contact 
angle: a high contact angle indicates a low solid surface energy or 
chemical affinity (also referred to as a low degree of wetting); a 
low contact angle indicates a high solid surface energy or chemical 
affinity, and a high or sometimes complete degree of wetting. Besides 
surface/interfacial tension, ADSA methods provide simultaneously 
contact angle (for sessile drop), surface area and drop volume. 
The pendant drop and the sessile drop methods are particularly 
suitable for researchers as they do not require large amount of the 
liquid sample, they are easy to handle and can be adopted at high 
pressure–temperature conditions, combined with a very simple 
instrumentation [12]. Furthermore, modern advances in image 
and computational analysis significantly improved the precision 
of the ADSA techniques and reduced the time of the measurement, 
providing a very reliable opportunity for online analyses. All of these 
advantages have made ADSA suitable for numerous systems, ranging 
from organic liquids to molten metals, and for different areas such as 
experimentation with biological systems and application to systems 
which show aging effects [12, 13]. In the following, a review of the 
pendant drop method will be developed as, in the last years, this 
configuration has been widely used in the fields of polymer science 
and supercritical fluid nanotechnology, revealing the high potential 
and the reliability of this method.

(a) (b)
Figure 20.1 Pendant (a) and the sessile drops (b).
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20.2 Theoretical Aspects of the ADSA–Pendant 
Drop Method

The shape of a drop is determined by a combination of surface and 
gravity effects. In fact, surface forces tends to make a drop spherical 
whereas gravity force tends to elongate a pendant drop or to flatten 
a sessile drop. Thus, in principle, surface tension can be measured 
by analyzing the shape of the drop, when gravitational and surface 
tension effects are comparable. The mathematical treatment consists 
in fitting the shape of an experimental drop to the theoretical drop 
profile according to the Young–Laplace equation of capillarity [14, 
15]. In general, this equation describes the hydrodynamic and 
mechanical equilibrium condition for two homogeneous fluids 
separated by a curved interface, relating the pressure difference 
across an interface to the surface tension and the curvature of the 
interface:

 g
1 1

1 2R R
P+

Ê
ËÁ

ˆ
¯̃

= D  (20.1)

where R1 and R2 are the two principal radii of curvature of the 
interface, and ΔP is the pressure difference across the interface. 
In case gravity is the only external force acting on the system, the 
pressure difference can be expressed as a linear function of the 
elevation:

 DP = DP0 + (Dr) gz (20.2) 

where ΔP0 is the pressure difference at a reference plane and z is the 
vertical coordinate of the drop measured from the reference plane. 
The integration of the Young–Laplace equation is not straightforward 
for general irregular menisci. Fortunately, specific numerical 
procedures have been developed for the case of axisymmetric drops, 
as detailed reviewed in the work by Hoorfar and Neumann [12]. In 
fact, for axisymmetric interfaces, i.e., assuming that the interface is 
symmetric about the z axis, some geometrical considerations are 
used to solve the problem.
 Referring to Fig. 20.2, the two principal radii of curvature, R1 and 
R2, can be related to the arc length, s, and to the angle of inclination 
of the interface to the horizontal, f. Furthermore, the pressure 
difference at the apex is equal to:
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 DP0 = 2ag	 (20.3)

where a is the radius of curvature at the apex of the drop. Hence, the 
Young–Laplace equation can be written as the following system of 
ordinary differential equations:

 dx
ds

= cosj

 dz
ds

= sinj  (20.4)

 d
ds

a cz
x

j j
= + -2

sin

where c is the capillary constant, defined as:

 c
g

=
D

g
 (20.5)

 The system Eq. 20.4 is solved with the following boundary 
conditions:

 x(0) = z(0) = φ(0) = 0 (20.6)

Figure 20.2 Geometry and notation of symbols of a pendant drop profile.
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 There is no analytical solution to the described problem and a 
numerical integration scheme is required. The first attempt was 
performed by Bashforth and Adams [16], before digital computers 
appeared. They generated sessile drop profiles for different values 
of surface tension and radius of curvature at the apex of the drop and 
the results were organized in tables. On the bases of Bashforth and 
Adams’s tables, until the beginning of the 1980s, most of the methods 
were based on the determination of empirical relations between 
the capillary constant and dimensionless geometrical parameters 
of the pendant drop profile [9, 17–21]. In the last decades, several 
numerical methods—based on the Runge–Kutta, on the Burlisch–
Stoer extrapolation and on predictor-corrector methods—have been 
proposed [22–25]. For a very detailed description of the numerical 
optimization methods, the reader is suggested to refer to the review 
by Hoorfar and Neumann [12].

20.3 Description of the Apparatus and of the 
Procedure

The general procedure of ADSA method is schematically reported in 
Fig. 20.3 and consists in: (1) drop image acquisition, (2) drop profile 
detection, and (3) numerical optimization [12].

Figure 20.3 Scheme of the general procedure of axisymmetric drop shape 
analysis (ADSA).
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 The apparatus adopted for the whole process in made up of a 
device for forming and holding the drop (e.g., a syringe), a measuring 
chamber in which the pendant drop is set, optical components (i.e., 
light source, microscope lens, a CCD camera), a frame grabber used 
to generate a digital image of the sample into a PC and a commercial 
or custom-made software for drop profile fitting (Fig. 20.4). In 
the following, description of the components and details of image 
analysis will be given.

Figure 20.4 ADSA apparatus: (1) feeding/holding rod, (2) view cell, (3) 
light diffuser, (4) light source, (5) XYZ stage, (6) CCD with 
microscope, and (7) computer.

 Measuring chamber and drop formation. A syringe is the most 
commonly used tool to form a pendant drop from low viscosity 
liquids. In order to automate the measurement and to create 
repeatable drops, the syringe can be actuated by a pump system. The 
formation of more viscous liquid drops (such as molten polymers) 
is not straightforward and several approaches have been proposed 
in order to ease the operation, without using heated syringes. For 
instance, in case of molten polymers, the proposed methods [26, 27] 
consist in fixing a small amount of solid polymer (such as a filament 
or a pellet) to the base of a special sample holders (such as capillaries 
or cylinder rods) and then heating in order to melt the polymer and 
to create the pendant drop. The liquid must not adhere the lateral 
surface of the holder, resulting in lack of the axisymmetry of the drop, 
thus compromising the reliability of the measurement (Fig. 20.5a). 
Also non perfectly vertical holders (rod or syringe) compromise 
the assumption of drop axisymmetry (Fig. 20.5b). Another critical 
aspect in drop preparation is the drop size (Fig. 20.5c–d) because it 
has been found that surface/interfacial tension value evaluated by 
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using the pendant drop method might be drop volume dependent 
[28]. In particular, if the drop is larger than a critical value, it will neck 
and detach (“necking effect” [29]); conversely, if the drop is too small 
and close to spherical shape, numerical problems may arise in the 
fitting procedure [12]. In view of this limitation of ADSA for nearly 
spherical drop shapes, it is necessary to identify the range of drop 
sizes for which surface tension values are evaluated with a certain 
accuracy. As well described by Hoorfar et al. [12], the difference in 
shape between a given experimental drop and a spherical shape 
can be quantified by defining the shape parameter, which can be 
expressed as the difference between the drop volume and the volume 
of a sphere with radius a, i.e., the radius of curvature at the apex of 
the drop (Fig. 20.6a). Thus, a critical value of the shape parameter 
can be experimentally found to identify the range of drop sizes that 
guarantees a minimized error on the measurement. The drop shapes 
for which the shape parameter is larger than the critical value are 
thus acceptable for surface tension measurement. Another critical 
aspect in drop formation is sample contamination; in fact, impurities 
deposited on the surface of the drop compromise the results: it has 
been found that the presence of a dust layer on the drop act as a 
surfactant, thus reducing drastically the measured value of surface 
tension [30] (Fig. 20.5e). In order to avoid contamination, pure 
liquids, disposable needles and carefully cleaned holder should be 
adopted. Special measuring chamber equipped with view cells can 
be adopted for testing liquids at high temperatures, in special vapor 
atmospheres and at gas high pressures. The two optical quality 
windows mounted perpendicular to the axis of the cell allow for 
the acquisition of the drop image through the optical components. 
For the measurement of liquid–liquid interfacial tension, pendant 
drop of one liquid are formed at the tip of a stainless steel needle 
immersed in another liquid contained in a glass cuvette. 

Optical components. The optical components are a light source, 
microscope lens and a charged couple device (CCD) camera. The 
light source provides a bright (preferably uniform) background, 
helping in the achievement of an optimal threshold for digitizing 
the drop image. A heavily frosted diffuser is commonly use to 
achieve the uniform bright background. A CCD camera equipped 
with microscope lens acquire the images or the video of the sample, 
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with a large magnification. Spherical aberration and geometrical 
distortions are the most common problems of a lens system. The 
former can be minimized by using apochromatic lens; the latter can 
be avoided by correcting the digitalized image through the use of 
calibration grid pattern engraved on an optical glass slide.

Figure 20.5 Common errors in pendant drop preparation: (a) drop sticking 
to the rod, (b) nonperfectly vertical rod, (c) drop smaller and 
(d) larger than a critical size, and (e) contaminated fluid.

Frame grabber. Image digitization consists in the acquisition of drop 
profile coordinates. Before digital image processing era, coordinates 
acquisition was performed manually: the 35 mm negatives were 
either projected onto a translucent (rear projection) manual 
digitization tablet or developed into photographic prints and 
digitized directly. The process was time consuming and the negatives 
or the photographic prints could shrink, warp, or the contrast could 
fade after a period of time [13]. Nowadays, thanks to considerable 
progresses in the field of digital image processing, image capture 
and digitization are automatic. In fact, the video source produces 
an analog video signal containing image data and this signal is 
transmitted to the image processor. The images are digitized by a 
frame grabber resident in the computer. This is a device that captures 
a single frame from the analog video signal and stores it as a digital 
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image under computer control. The effect of frame grabber on the 
results of ADSA measurements have been investigated and has been 
found that, despite using a higher quality leads to more consistent 
and reliable results, the surface tension values obtained by using 
different frame grabbers differ by no more than 0.2 mJ/m2 [12]. 

Figure 20.6 Effect of drop size: (a) sketches of nearly spherical drop and 
elongated drop (the hatched area between the drop profile and 
an inscribed circle with a radius of a corresponds represents 
the shape parameter), and (b) experimental results of a 
sequence of static experiments conducted for a pendant drop 
of cyclohexane: for a certain range of drop sizes, the difference 
between the surface tension values obtained from ADSA and 
the true surface tension of cyclohexane is less than ±0.1 mJ/m2 
[12]. This material is reproduced with permission of Elsevier.

ADSA software and image analysis. Having digitized the image in the 
computer, the image of the drop is analyzed in order to infer the value 
of surface/interfacial tension. The whole process of digitalization 
and analysis of the drop can be performed by using a commercial or 
a custom-made software and lasts less than 30 seconds. It consists 
of five steps:

Description of the Apparatus and of the Procedure
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 1. Capture and digitalization of the image of the pendant drop 
(as described in the previous section). 

 2. Extraction of the drop profile: the Canny or the Sobel edge 
detector are adopted for searching for the pixels with 
maximum gradient along the drop profile.

 3. Smoothing of the extracted contour of the drop using 
polynomial regression, to improve the precision of the 
detected edge [31, 32].

 4. Correction and magnification: a calibration grid is adopted 
to convert the coordinates of the experimental profile in 
centimeters. The grid is also used to correct possible optical 
distortion due to the lenses [32].

 5. Shape comparison between the theoretical and experimental 
drop: a numerical code fits a series of Laplacian, theoretical 
curves to the experimental profile. Details on the adopted 
numerical schemes can be found in Ref. 12.

20.4 Applications of Pendant Drop Method in 
Supercritical Fluid Technology

Supercritical fluid technology has made a giant step in the past 
decades in terms of fundamental understanding of solution behavior 
and commercial applications. In particular, a significant incentive 
has come from the environmental pressures on industry to move 
away from the use of volatile organic compounds (VOCs) and ozone-
depleting substances (ODSs) as processing solvents. Supercritical 
fluids have shown their full potential as: (a) alternative solvents 
for classical separation processes (i.e., extraction, fractionation, 
adsorption, chromatography, and crystallization), (b) reaction 
media in polymerization or depolymerization processes, and (c) 
processing fluid for the production of particles, fibers, or foams. 
As summarized by Eggers and Jaeger [33], interfacial phenomena 
play a major role in a wide range of supercritical fluid-assisted 
processes. For instance, among the main factors determining the 
efficiency of the mass transfer in extraction processes is drop size 
which is strongly dependent on the interfacial tension value. Also, 
bubble nucleation rate is a strong function of interfacial tension thus 
playing a key role in polymer foaming processes. In the following, we 
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present a review of papers focused on the application of the pendant 
drop method for the evaluation of the surface/interfacial tension in 
the fields of polymer science and particle formation. Table 20.2 lists 
some relevant examples of processes involving supercritical fluids 
and the role of interfacial properties of the polymer/supercritical 
fluids solutions.

Table 20.2 Interfacial phenomena in supercritical fluid processing [33]

Phenomenon Process Interfacial property to measure

Drop formation Spray (RESS, 
GAS, etc.)

Interfacial tension, drop size, drop 
velocity

Bubble Bubble column Interfacial tension, bubble size/
shape

Wetting Packed column Contact angle, wetting
Foam Bubble column Foam stability, interfacial tension

Nucleation Polymer 
processing

Critical pressure difference, 
interfacial tension

Emulsion Reverse 
micelles Phase behavior

Interfacial 
convection

Mass transfer 
operations Schlieren method

Coalescence Mixer-Settler Coalescence rate

Polymer science. The surface tension of a molten polymer/gas solution 
or the interfacial tension between two immiscible polymer melts 
govern several processes in polymer technology, such as blending 
and foaming [34], extraction and fractionation [35, 36]. After the 
earliest works by Asakura [37] and Roe [38, 39], several researchers 
investigated the interfacial phenomena of molten polymers at high 
temperatures (polymer melts with ambient pressure gases [40], at 
high pressure (gases with oligomers or polymer solutions) [41, 42], 
and at simultaneous high-pressure and high-temperature (HP-HT) 
conditions [43, 44]. The pendant drop is the most commonly used 
method to measure the interfacial tension for polymer melts and its 
large potential has been revealed in the combined HP-HT applications, 
also in the supercritical regime. However, as previously stated, ADSA 
procedure requires the density of the molten polymer drop and the 
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density of the fluid surrounding it. Very few experimental data on 
the density of polymer/gas solutions are available in literature [45]; 
hence, the application of ADSA at HP-HT conditions is generally 
based on a trial and error analysis of experimental data relying on 
theoretical prediction of the equilibrium mixture density obtained 
from solution theories grounded on statistical thermodynamics) 
[43, 44]. Some attempts to circumvent this hybrid approach are 
represented by the pioneering works by Dimitrov et al. [46], Jaeger 
et al. [26] and Pastore Carbone et al. [27]. In the approach proposed 
by Dimitrov [46], the observation of the polymer drop placed in CO2 
atmosphere is combined with a mass balance for the evaluation 
of the mass of dissolved CO2 and, in turn, of the density of the gas-
saturated polymer. Results by Dimitrov are reported in Fig. 20.7.
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Figure 20.7 Effect of pressure on the interfacial tension in the system 
supercritical carbon dioxide/PEG–NPE. Data from Ref. [46].

 The approaches proposed by Jaeger et al. [27] and Pastore 
Carbone et al. [28] are based on a simultaneous coupling of 
gravimetric gas sorption and ADSA measurements. The experimental 
setup consists of a magnetic suspension balance equipped with a 
high pressure and temperature view cell where both gravimetric 
and optical observation of the pendant drop are performed at the 
same time, at the same temperature and pressure (see Fig. 20.8). 
In the configuration proposed by Jaeger et al., sorption and ADSA 
tests are performed on the same sample as the pendant drop is 
directly mounted under the magnetic coupled balance. However, 
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several practical reasons make gravimetric measurements difficult 
when carried out directly on the pendant drop: (1) pendant drops 
are very small in size and weight, thus reducing the accuracy of the 
gravimetric measurement, and (2) the positional lability of the rod-
hook-balance coupling is responsible for continuous oscillation of 
the hanging sample, especially at high gas pressures, thus impeding 
a reliable optical monitoring of the drop profile and compromising 
the force balance due to the associated inertial forces. Furthermore, 
in the approach proposed by Jaeger et al., ADSA is adopted only 
for drop volume evaluation, which is needed for the appropriate 
correction of sorption data with the buoyancy effect; no surface 
tension data was provided in his work as it was focused on mass 
transport. In the light of the limits of Jaeger et al.’s approach, 
Pastore Carbone et al. have proposed the use of a double sample 
and extended it to the evaluation of surface tension of polymer–gas 
solutions. In this experimental configuration, while the magnetic 
suspension balance is measuring the weight change during sorption 
of the sample placed in a crucible, a high-resolution camera records 
the profile of a pendant drop hanging from a rod fixed to the typical 
metallic cage protecting the hook-balance coupling, thus minimizing 
oscillations and associated inertial forces. By adopting this approach, 
solubility, diffusivity, specific volume and surface tension of molten 
poly (ε-caprolactone)/CO2 solutions were evaluated, in a single 
experiment, at several temperatures and CO2 pressures (Fig. 20.9) 
[47].

Figure 20.8 Experimental setup for simultaneous ADSA and gravimetric 
measurement as proposed by: (a) Jaeger et al. [27], and (b) 
Pastore Carbone et al. [28, 47].

Applications of Pendant Drop Method in Supercritical Fluid Technology
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Figure 20.9 Solubility, mutual diffusivity, specific volume and surface 
tension of molten PCL/CO2 solutions at different temperatures 
(80°C ●; 90°C ∆; 100°C ) as obtained by Pastore Carbone et al. 
by using a coupled gravimetric-ADSA technique [47].

 Figure 20.10 exhibits the comparison between the surface tension 
as evaluated by semi-empirical approach and the one determined by 
using the fully-experimental method proposed by Pastore Carbone 
et al. [47]. This comparison highlights the differences among the 
fully experimental based calculations and the properties derived on 
the basis of theoretical assumptions, thus evidencing the importance 
of the adopted coupled measurement to obtain a reliable estimation 
of the surface tension of the solution.
 Regarding the interfacial tension between immiscible polymers, 
very few data are reported in literature so far, despite they would 
be very useful for investigation of polymer blending. By using the 
pendant drop method, Arashiro and Demarquette [48, 49] studied 
the influence of temperature, molecular weight, and polydispersity 
of polystyrene on interfacial tension between low-density 
polyethylene (LDPE) and polystyrene (PS) (see Fig. 20.11). The effect 
of supercritical carbon dioxide (scCO2) on the interfacial tension 
between molten polystyrene (PS) and low density polyethylene 
(LDPE) was studied by Xue et al. [50], by using the pendant drop 
method. By using a special high pressure syringe, the PS pendant 
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drop was injected into the LDPE melt placed in high pressure optical 
cell. Values of interfacial tension of the PS/LDPE interface are shown 
as a function of CO2 pressure in Fig. 20.12.

Figure 20.10 Comparison of the fully experimental approach (full symbols) 
with the semi-empirical one (open symbols): surface tension 
of the PCL/CO2 solution as function of gas concentration at 
90°C. Data from Ref. [47].

Figure 20.11 Pendant drop of molten polystyrene in low-density 
polyethylene at 202°C and interfacial tension values as 
a function of time [48]. This material is reproduced with 
permission of the publisher.

Particle formation. The use of supercritical fluids has gained ground 
in the production of particle with nanometer size, especially 
in pharmaceutical and food industries. The rapid expansion of 
supercritical solutions (RESS), the gas antisolvent process (GAS), 
the supercritical antisolvent process (SAS), and the particles 
from gas-saturated solution (PGSS) processes are the most used 

Applications of Pendant Drop Method in Supercritical Fluid Technology
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processes, which use different nucleation and growth mechanisms 
of precipitating particles. The supercritical fluid extraction of 
emulsions (SFEE) is a new promising technology that is based on the 
combination of nanoemulsions with supercritical fluids, allowing 
for the production of nanoparticles from natural substances [51]. 
It consists in extracting the organic solvent from the droplets of an 
oil-in-water emulsion by using supercritical carbon dioxide. SFEE 
offers the possibility of tailoring final particle size by changing the 
droplet size of the emulsion. Jaeger et al. [52] have investigated 
the phenomena occurring during the precipitation process of SFEE 
by using ADSA technique. Both pendant drop and sessile drop 
methods were adopted to elucidate what happens within a drop 
of dichloromethane in water in contact with CO2 at high pressure 
dispersed phase while the precipitation process is being carried out. 
Experiments were performed with and without a solute (β-carotene) 
and a surfactant dissolved in the drop, and the evolution of the drop 
volume as well as of the interfacial tension between the drop and the 
aqueous phase was measured (Figs. 20.13 and 20.14). Interesting 
results were found: interfacial tension of the system was found to 
increases due to the diffusion of dichloromethane out of the drop, 
leading to a destabilizing effect on the emulsion that can have 
important implications for applications that involve long contact of 
the emulsion with the supercritical fluid.

Figure 20.12 Effects of scCO2 on the interfacial tension between PS and 
LDPE. Data from Ref. [50].
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Figure 20.13 β-carotene particle precipitation during an experiment at 
pressure of 10 MPa and temperature of 308 K: (a) beginning of 
particle formation, (b, c) particle agglomeration, and (d) final 
condition after the drop detachment from the cell’s surface 
[52]. This material is reproduced with permission of John 
Wiley & Sons, Inc.

Figure 20.14 Drop volume evolution vs. drop age in an experiment at 
pressure of 10 MPa and temperature of 308 K, experimental 
and model results. Interfacial tension evolution curve of the 
system DCM–H2O–CO2 at 308 K at 5 and 10 MPa [52]. This 
material is reproduced with permission of John Wiley & Sons, 
Inc.

Applications of Pendant Drop Method in Supercritical Fluid Technology
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of the main discoveries in the development of this new green technology.”
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nanoproducts. Recovering and using CO2, otherwise released into the atmosphere, is a means 
of recycling emissions resulting from other users. The use of supercritical CO2 is a complex 
option from a conceptual point of view requiring enhanced technical preparation.
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