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13.1 INtrODUCtION

Thermal processing is a widely used food preservation technique for pasteurization and ster-
ilization of foods. The treatment may be harmful for heat-sensitive food products and may also 
impart undesirable organoleptic changes along with detrimental effects to the nutritional value of the 
foods (Garcia-Gonzalez et al., 2007). Increasing consumer awareness for additive-free, shelf stable 
food products with natural flavors, and nutrients has led the food industry to venture into nonther-
mal preservation technologies (Mertens and Knorr, 1992) such as high hydrostatic pressure (HHP), 
high-pressure carbon dioxide (HPCD), pulsed electric field (PEF), ultrasonication, etc. Among these 
non-thermal approaches, high-pressure carbon dioxide is being given a lot of focus lately (Damar 
and Balaban, 2006). Compared to conventional heat pasteurization, HPCD avoids drawbacks such 
as loss of flavor, denaturation of nutrients, and production of toxic compounds as well as changes in 
physico-chemical and mechanical properties of the treated food. Fraser (1951) and Foster et al. (1962) 
first reported about the disruption of bacterial cells by the rapid release of CO2 gas from a pressure 
of about 34 atm to ambient pressure. After their experiments, Swift & Co. (Chicago, IL) obtained the 
US patent in 1969 for sterilization of food with CO2 (Kauffman et al., 1969).

HPCD, also known as dense phase carbon dioxide (DPCD), is a non-thermal pasteurization/
sterilization technique that utilizes carbon dioxide (CO2) under high pressures (<50 MPa) to eliminate 
spoilage and pathogenic microorganisms, inactivate enzymes, and protect the food from the detri-
mental effects of thermal treatment. Other possible applications of HPCD also include the improved 
functionality of beverages, extraction of bioactives, extruded snacks, polymer development, water 
disinfection, removal of storage pests, etc. The process involves use of gaseous CO2 under pressure, 
liquid CO2, and supercritical CO2 (Balaban and Duong, 2014) to either solid or liquid foods to achieve 
desirable changes. HPCD utilizes carbon dioxide (CO2), which is an inert, inexpensive, non-toxic gas 
that has been given the status of a “generally recognized as safe” (GRAS) solvent (Ferrentino and 
Spilimbergo, 2011). This chapter comprehensively details the role of the HPCD technique in various 
food applications for microbial inactivation, enzyme inactivation, extraction of bioactives, and other 
functions along with its regulatory concerns.

13.2 hIGh-prESSUrE CarBON DIOXIDE

Carbon dioxide has been used in the food industry for a long time as a constituent of gaseous 
atmosphere in carbonated beverages and in modified atmosphere packed products. It is considered to 
be inhibitory to microorganisms, with the effect being more pronounced when used under high pres-
sure (Haas et al., 1989). CO2 exists in all the three phases at its triple point of 517.77 kPa at −56.6°C 
(Figure 13.1). Liquid CO2 is formed only at pressures above its critical pressure. The critical point for 
CO2 is 7.38 × 103 kPa at 31.1°C, beyond which it can be used in supercritical applications. Its critical 
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temperature (31.1°C) is only slightly above room temperature, so detrimental effects of thermal 
degradation are eliminated when the process is operated around the critical temperature. The lethal 
effects of HPCD are found to be dependent on the pressure and temperature of operation (Lin et al., 
1993; Hong et al., 1997; Hong and Pyun, 1999) and water activity (aw) of the medium (Thakur et al., 
2013). Earlier, Haas et al. (1989) stated that a HPCD treatment would not be applicable to dry sub-
stances. In contrast to this, experiments conducted later by Dillow et al. (1999) concluded that E. coli 
could be totally inactivated in the presence as well as in the absence of free water at 14 MPa at 34°C. 
More recently, results of the study conducted by Calvo and Torres (2010) showed that microbial inac-
tivation during HPCD treatment was a strong function of the water activity.

13.3 MEChaNISM OF aCtION

Different theories have been put forth over the years regarding the mechanism of action of 
HPCD, as discussed in the following sections.

13.3.1 Displacement of Oxygen

Carbon dioxide can completely displace oxygen present in foods, creating an anaerobic environ-
ment that interferes with key synthetic processes in the cell and proves detrimental to the contami-
nating microflora.

13.3.2 Solubilization and acidification

Carbon dioxide on reaction with water leads to formation of carbonic acid (H2CO3), which fur-
ther disassociates to produce bicarbonate ion (HCO3

−) and hydrogen ion (H+), leading to reduction in 
the pH of the medium. This inhibits microbial growth (Valley and Rettger, 1927; Daniels et al., 1985; 
Hutkins and Nannen, 1993) and reduces the microbial resistance to inactivation because of increased 

Figure 13.1  Phase diagram of carbon dioxide.



238 non-tHerMAL ProCessinG oF FooDs

energy consumption to maintain pH homeostasis (Hong and Pyun, 1999). The low pH conditions 
alter the enzymatic processes and cellular metabolism by causing an imbalance in the intracellular 
electrolytes. In the supercritical state, CO2 has low viscosity and zero surface tension (McHugh and 
Krukonis, 1993), so it can quickly penetrate the cell membrane of the microbial cells and cause 
reduction in the intracellular pH leading to inhibition of enzymes and metabolic activities resulting 
in microbial cell death (Hutkins and Nannen, 1993).

13.3.3 Cell rupture

Another theory envisages the effect of HPCD because of the increased internal pressure resulting 
in cell rupture and the resultant release of vital constituents of the cell (Damar and Balaban, 2006).

13.4 aDVaNtaGES OF thE tEChNOLOGY

HPCD processing offers the following advantages: 

 1. Since CO2 is inexpensive and is readily available, it is easy to switch over to CO2-based pasteurization.
 2. CO2 requires no special handling or ventilation.
 3. CO2 can be easily removed by simple depressurization and degassing.
 4. It leaves no toxic residues.
 5. It is a good option for sterilization of heat-sensitive and/or porous biomaterials since operating tem-

peratures are not very high.
 6. CO2 has an inhibitory effect on microorganisms and enzymes in the product.
 7. Process time for extraction of compounds using super critical CO2 is reduced drastically in compari-

son to hydro-distillation.
 8. Supercritical extraction achieves a good recovery of aromas and therefore yields an organoleptically 

better tasting product.

Because of flexibility of operating conditions, CO2 has been proposed for use in biomaterial 
applications such as preservation of foods, incorporation of bioactive ingredients into biodegradable 
polymers (Cooper, 2001), and producing enzyme particles (Moshashaee et al., 2000).

13.5 EFFECt ON MICrOOrGaNISMS

Carbon dioxide gas has been shown to have bacteriostatic effect on microorganisms. Both 
Gram-positive and Gram-negative vegetative bacteria are susceptible to high-pressure CO2 treat-
ment, with Gram-positive being slightly more resistant to the pressurized CO2 owing to the 
thick peptidoglycan layer. Studies conducted by Tortora et al. (2002) and Dillow et al. (1999) 
have shown that over 90% of the vegetative bacteria can be completely inactivated by HPCD. 
However, for complete sterilization and inactivation of all microorganisms including the most 
resistant endospores, at least 106cfu/mL (6D reduction) spores must be completely deactivated 
in order to claim sterilization.

13.5.1 Factors affecting Microbial Inactivation

Temperature and pressure are the most important factors affecting growth of microorganisms. Each 
microorganism has a species-specific maximum temperature over which it is not able to survive. Above 
that temperature, proteins denature, cytoplasmic membranes collapse, and the cells lyse, resulting in their 
deactivation (Madigan et al., 2002). A wide range of temperatures have been employed for high-pressure 
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CO2 treatment, from 0°C (Nakamura et al., 1994) to 100°C (Roskey and Sikes, 1994; Sikes and Martin, 
1995). The inactivation rate of microorganisms can be increased by repeated release and recharge of pres-
surized CO2 during the treatment to improve transfer of intracellular materials out of the bacterial cells 
(Lin et al., 1992, 1993). HPCD is lethal to bacteria, yeast, and fungi at moderate pressure and low tem-
perature, thus preserving more quality attributes of the products than traditional treatments (Ferrentino 
et al., 2009; Spilimbergo and Ciola, 2010). Bacteria are more resistant to pressure than to temperature. A 
HHP between 100 and 1000 MPa is required to inactivate bacteria (Cheftel, 1995). However, in presence 
of high-pressure CO2, the pressure requirement can be lowered below 20 MPa. The highest pressure 
in HPCD reported is only 33 MPa to get similar inhibition (Arreola, 1991). As far as the mechanism is 
concerned, in HHP, pressure is applied to the food indirectly; however, during HPCD applications, the 
high-pressure CO2 is in direct contact with food. Process temperature for HPCD treatment ranges from 
20°C up to 60°C while process pressure ranges between 7.0 to 40.06 MPa. The treatment time can range 
from about 3 and 9 min to about 120 and 140 min depending on the food that is being processed and the 
mode of operation, i.e., continuous, semi-continuous, or batch-type (Thakur et al., 2013).

13.6 ENZYME INaCtIVatION

As highlighted in the previous section, HPCD is an effective non-thermal processing technique for 
inactivating deleterious enzymes in liquid as well as solid foods. Indigenous enzymes in food such as 
polyphenol oxidase (PPO), pectin methylesterase (PME), and lipoxygenase (LOX) may cause undesir-
able chemical changes in food attributes, manifested by the loss in color, texture, and flavor (Hu et al., 
2013). HPCD treatment by avoiding high temperatures exerts a minimal impact on the nutritional and 
sensory properties of foods, with simultaneous extension of shelf life by inhibiting or killing enzymes.

13.6.1 Mechanism of action

All enzymes are proteinaceous in nature, and therefore stable in certain pressure, temperature, 
and pH regimes. Invasion by CO2 can cause an imbalance of intra-molecular and solvent-protein 
interactions, leading to partial or complete denaturation of the enzyme depending on the severity 
of treatment (Ishikawa et al., 1996; Truong et al., 2002; Park et al., 2002; Kincal et al., 2006). The 
HPCD treatment may also affect the conformational (tertiary) structure of enzymes (Chen et al., 
1992; Gui et al., 2006a). Even though it is a nonthermal treatment, impact of HPCD on α-helix and 
β-sheet structure of protein is more severe than thermal treatment (Ishikawa et al., 1996; Zhou et al., 
2009). This shows that enzymes are more resistant to heat than to pressure. Studies have revealed 
conformational changes of tryptophan and tyrosine caused as a result of SC-CO2 application (Gui 
et al., 2006a; Zhou et al., 2009). Most of the commercial enzyme preparations express only 90% of 
their initial activity at 1 h exposure to 20.3 MPa at 35°C (Taniguchi et al., 1987). Presence of ethanol 
and high moisture content has proved to further enhance the severity of the treatment for enzyme 
inactivation. Possible mechanisms responsible for enzyme inhibition are discussed below.

13.6.1.1 Inhibitory Effects of Molecular CO2

Higher pressure results in decrease in intermolecular space resulting in simultaneous increase in 
density of CO2 molecules. Dense CO2 molecules act like a hydrophobic medium that interacts with 
the hydrophobic groups of the protein, compelling them to be exposed as per the theory of “Like 
Dissolves Like” (Yoshimura et al., 2001). Exposure to CO2 disintegrates the active site of enzymes 
making them non-functional (Clifford and Williams, 2000).

Temporary anaerobic environment generated by CO2 is also responsible for partial or total inacti-
vation of the enzyme. This temporary anaerobic environment gets totally vanished when atmospheric 
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pressure is retained. This may possibly be the reason behind the reactivation of enzymes when CO2 
leaves the matrix in most of the cases. This also explains the potential of CO2 at atmospheric pressure 
for inactivation of lipase up to 84% (Fadıloglu and Erkmen, 2002).

Reversibility has been observed in various enzymes such as PME and PPO just after treatment 
as well as during storage (Hu et al., 2013). The possible reason of reactivation may be as a result of 
restoration of the aerobic condition which was earlier dominated by temporarily generated anaero-
bic environment. However, synergistic effects have also been reported in case of HPCD like HHP 
for example, the effect of SC-CO2 extraction conditions (temperature, pressure, extraction time, 
and moisture content of the samples) on the myrosinase activity, and glucosinolate hydrolysis in 
flaked and whole canola seeds was studied. Combined effects of high temperature (75°C), pressure 
(62.1 MPa), and moisture (20% w/w) were necessary to achieve 90% enzyme inactivation in canola 
flakes within 3 h (Dunford and Temelli, 1996).

13.6.1.2 The pH Lowering Effect

As stated earlier, the HPCD-induced inactivation of enzymes is based on the hypothesis that 
CO2 can dissolve in water, causing a reduction in pH due to formation of carbonic acid that leads 
to  inactivation of the enzyme. Although carbonic acid is a weak acid (Ka = 4.5 × 10−7 at 25°C), 
reversibility and higher concentration of CO2 causes re-formulation of carbonic acid. This frequent 
formulation of carbonic acid causes unstable condition for the enzymes. The pH stability range is 
different for different enzymes (Balaban et al., 1991; Zhou et al., 2009). Many enzymes involved in 
carbohydrate and amino acid metabolism have pH optima in a neutral range (Hutkins and Nannen, 
1993) and their activity declines sharply on either side of that optimum. Phase diagram of carbon 
dioxide (Figure 13.1) shows that with increasing pressure and temperature, solubility of CO2 gets 
enhanced, leading to increased production of acid. This indicates that by increasing pressure, the 
deleterious effect of CO2 can be enhanced (without much increase in temperature).

13.6.1.3 Effects of Depressurization

Repeated cycles of increased pressure and depressurization bring about drastic explosion in 
the matrix causing the decomposition of the compact enzyme molecules into smaller particles 
(Zhou et al., 2009). When dissolved CO2 pressure releases, it loosens the non-covalent-bonded water 
molecules associated with enzymes and reduces their activity since total moiety structure of the 
enzyme gets disturbed (Fricks et al., 2006).

13.6.1.4 Possible Other Mechanisms

Certain inactivation mechanisms may be specific to enzymes or to food matrix. Oliveira et al. (2006) 
observed changes in the shape of lipase as observed under electron micrographs, from a nearly rounded 
form with a smooth surface to a somewhat deformed shape. The change in protein (enzyme) structure 
leads to deformation in active site and overall destruction in activity. They also reported enhanced 
porosity of enzyme particle by HPCD treatment. Aggregation of protein particles due to high pressure 
has also been reported as in case of mushroom tyrosinase, which leads to enzyme inhibition (Zhou 
et al., 2009). Aggregation along with acid-induced protein coagulation and homogenization effect may 
be the principle reasons behind the change in particle size of proteins or enzymes (Zhou et al., 2009).

13.6.2 Factors affecting Enzyme Inhibition

Enzyme inhibition is governed by several factors such as time of exposure, pressure level, tem-
perature, pH of food matrix, the food ingredients, HPCD processing system, processing cycle, etc. 
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Sensitivity of individual enzymes varies; for example, cysteine arylamidase, α-galactosidase, 
α and β-glucosidase, and N-acetyl-β-glucosaminidase were found to be significantly affected by 
HPCD, whereas lipase, leucinearylamidase, β-galactosidase, phosphatase (acid and alkaline), and 
naphthol-AS-BI-phosphohydrolase were only slightly affected (Hong and Pyun, 2001). A summary 
of literature has been detailed below.

13.6.2.1 Effects of Pressure Levels

Theoretically, pressure level and degree of enzyme inhibition are directly related to each other. 
For example, inactivation of PPO and PME can be subsequently enhanced as pressure level is 
increased (Park et al., 2002). Both enzymes are major problems of fruit processing industries, with 
the former associated with browning while the latter associated with decrease in firmness of the 
plant cell. Inactivation of both the enzymes in fruits is required to retain firmness, freshness, and 
appeal of the fruit for extended period. Gui et  al. (2007) concluded that by increasing pressure 
from 8 to 30 MPa, PPO activity reduced by 20% in apple juice. In horseradish, red beet, apple 
and orange juice, A. niger, and B. subtilis, the respective enzymes such as POD, PPO, PME, acid 
protease, and α-amylase follow first-order degradation kinetics in response to differential pressure 
(Hu et al., 2013). Ishikawa et al. (1995) observed that alkaline protease and lipase can be completely 
inactivated at a pressure above 15 MPa. LOX, which is responsible for beany flavor in soybean, can 
be inactivated one fourth of its initial activity by a 15 min exposure at 10.3 MPa at 35°C (Tedjo et al., 
2000). Complete inactivation of the enzyme was observed at 62.1 MPa. This demonstrated a direct 
effect of pressure on enzyme activity.

Researchers have shown that HHP treatments below 400 MPa have little effect on the activity of 
PME in orange juice (Cano et al., 1997; Basak and Ramaswamy, 1998; Nienaber and Shellhammer, 
2001). Since HHP is based on Pascal’s isostatic principle stating that pressure applied to a sam-
ple is transmitted in a uniform and instantaneous manner and Le Chatelier’s principle stating the 
phenomena of phase transition, chemical changes which are accompanied by the decrease in volume 
are favored by the pressure, so that reactions leading to an increase in volume will tend to be inhibited 
by pressure and vice versa (Venugopal et al., 2001). Therefore, in comparison with HPCD treatment, 
HHP is ineffective against detrimental enzymes since the applied pressure in HPP is uniformly dis-
tributed. However, in HPCD treatment targeted action leads to change in structure of these enzymes 
through one or the other mode of action such as denaturation, aggregation, acid-induced coagulation, 
homogenization, particle porosity development, etc. Thus, HPCD and HHP have different influence 
on enzyme activity and would appear to operate through different mechanisms. Though pressure 
level in HHP is many fold higher then HPCD, but due to different mode of action, more inhibition is 
achieved by HPCD. Many enzymes have been reported in literature to be severely affected by HPCD 
treatment, but HHP always requires temperature, pH, CO2 treatments (Boff et al., 2003) in the form 
of an additional hurdle.

13.6.2.2 Effect of Temperature

As per the concept of temperature coefficient (Q10), severity of any treatment which involves 
enzymatic reaction and physiological processes is significantly influenced by temperature; there-
fore, rate of enzyme inhibition gets enhanced by increasing temperature. This may be due to fast 
diffusion and more collisions between the applied CO2 and target enzymes (Ishikawa et al., 1995; 
Tedjo et al., 2000; Gui et al., 2006a, 2007; Niu et al., 2009). Being a non-thermal treatment, tem-
perature during HPCD treatment needs to be maintained below safe range (~60°C).

Tedjo et al. (2000) have reported 100% reduction in activity of peroxidases and LOX at pres-
sure of 10.3 MPa within a temperature range of 35°C to 55°C. Similar effect of temperature rise has 
been observed for PPO and POD inactivation in apple and horseradish (Gui et al., 2006b, 2007). 
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Pectin methylesterase activity, which is responsible for cloudiness in apple juice, was reduced by 
36% with an increase in temperature from 25°C to 55°C (Niu et al., 2009).

13.6.2.3 Effect of Treatment Time

In general, extension of HPCD process time has been shown to decrease the activity of enzymes 
(Balaban et al., 1991; Chen et al., 1992; Yoshimura et al., 2002; Gui et al., 2006a; Zhi et al., 2008). 
This may be due to induced irreversibility of the treatment. When treatment time increases, enzymes 
do not get chance to recover and ultimately get inactivated.

13.6.2.4 Effect of pH, Food Ingredients, and Processing Media

Each enzyme has its specific pH maxima where it exhibits maximal activity as well as pH 
minima having opposite impact. If the supercritical stage is supported by pH minima of the food 
matrix or similar range of pH, HPCD would have maximum effectiveness for enzyme inhibition.

Sugars, salts, polyvalent ions, and alcohols have shielding effect on protein and protect them 
from denaturation, thus, reducing severity of the treatment (Lakshmi and Nandi, 1976; Van den 
Broeck et al., 1999). This may be due to colligative effect of some of the previously mentioned com-
ponents which reduce the thermal severity of HPCD. Colligative effect may become more severe 
with increase in viscosity as is the case of sucrose above 50% concentration (Tedjo et al., 2000). 
In the presence of salt and sugar, water activity of food matrix also gets reduced, which further 
decreases the solubility of CO2 and protects enzymes from deterioration.

13.6.2.5 Effect of Microbubbled CO2

Microbubbles (MBs) are very tiny bubbles in liquids, with diameters of the order of micrometres 
(Parmar et al., 2013). In HPCD, microbubbling is associated with the large surface area given to 
CO2. Microbubbling provides more advantages over conventional HPCD as surface area increases 
the chances of collision of CO2 with enzymes or adsorption of CO2 by the enzymes, which results 
in overall decrease in activity of enzymes (Ishikawa et al., 1995; Yoshimura et al., 2001). At lower 
concentration, temperature, and pressure, more inactivation can be achieved by microbubbled CO2, 
which may be due to increase in the surface area.

13.6.2.6 Pressure Cycle

Number of pressure cycles may enhance severity of inhibition of enzymes in certain cases—for 
example, the proteinase from Carica papaya and lipase enzyme. However, if the initial optimized 
process conditions are adequate for enzyme inhibition, there would be no effect of increasing pres-
sure cycles as in case of stearase and lipase from Aspergillus niger (Oliveira et al., 2006; Steinberger 
et al., 1999).

13.7 appLICatION OF hpCD IN BEVEraGE INDUStrY

HPCD has been successfully applied to various beverages, with the studies reporting different  
affects due to variation in temperature and pressure of treatment. In particular, the technology is 
beneficial for beverages rich in anthocyanins and ascorbic acid that get destroyed during thermal 
treatments and thus results in loss of color and functional properties of the food. Table 13.1 gives a 
brief on studies conducted on beverages for achieving desired effects.
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table 13.1 Studies on the Effect of high-pressure CO2 on Beverage Quality

S. No Beverage processing Conditions Effect references

1. Citrus juice 3000–6000 psi at 
30°C–60°C

Debittering; 25% reduction 
in limonin content.

Kimball (1987)

2. Cider 250 bar at 40°C with 6, 
8 and 10 kg/h Co2

Dealcoholisation Medina and 
Martinez (1997)

3. Mandarin juice 41.1 MPa for 9 min at 35°C Cloud enhanced by 38%, 
pectin esterase activity 
reduced by 7%–51%, 
3.47 log reduction in total 
aerobic count.

Lim et al. (2006)

4. Muscadine grape 
juice

48.3 MPa at 0% or 15% Co2 Partial PPo inactivation 
(40%); greater 
polyphenolics and 
antioxidant capacity 
retention.

Pozo-insfran et al. 
(2007)

5. red beet juice 37.5 MPa for peroxidase 
(PoD) and 22.5 MPa for 
PPo at 55°C for 60 min 

reduction in PoD and 
PPo activities by ~86% 
and 95%, respectively. 
HPCD reduced the 
decimal reduction time of 
PoD and PPo from 
555.56 to 74.63 min and 
161.29 to 38.31 min, 
respectively.

Liu et al. (2008)

6. Carrot juice 10–30 MPa for 15–60 min 
at 25°C

browning degree and pH of 
HPCD-treated carrot 
juices decreased, the 
cloud and the titratable 
acidity increased 
significantly.

Zhou et al. (2009)

7. Apple juice 20 MPa with Co2 
concentration of 4.5%–5.3% 
at 52°C

Aerobic bacteria, yeasts, 
and moulds were totally 
inactivated, the microbial 
counts were <10 CFu/mL.

Liao et al. (2010)

8. Litchi juice 10 MPa at 32°C–52°C for 
5–30 min with mild heat 
(MH) and nisin

reduction of 4.19 log 
cycles by HPCD + MH at 
52°C for 15 min; complete 
inactivation of aerobic 
bacteria by combined 
treatment of HPCD, MH 
and nisin.

Li et al. (2012)

9. Hibiscus 
sabdariffa 
beverage

34.5 MPa, 8% Co2, 6.5 min 
and 40°C

5 and 0.85 log reductions 
for yeasts and moulds and 
aerobic plate count; no 
effect on °brix and pH.

ramirez-rodrigues 
(2013)

10. Watermelon 
juice

30 MPa for 15 min at 50°C the activity of PPo, PoD, 
and PMe decreased; pH 
value and lycopene 
content of treated juice 
slightly decreased.

Liu et al. (2013)

11. Coconut water 120 bar, 40°C, 30 min 5 log reduction of 
mesophiles, LAb, yeasts 
and moulds and a 7 log 
reduction of the total 
coliforms; reductions in 
volatile fractions.

Cappelletti et al. 
(2015)
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A method for simultaneously carbonating and cooling for the production of beverages such as 
soft drinks has been patented by Karr (1978). The method involves the injection of liquid CO2 into 
the bottom of a carbonating column of liquid. The liquid flows upwardly through the column, 
resulting in simultaneous cooling and carbonation.

13.8 EXtraCtION OF NUtraCEUtICaLS

Nutraceuticals are the food components which provide proven health benefits apart from 
basic nutrition. They are interchangeably used with functional foods but functional foods gen-
erally do not include dietary supplements. Also, nutraceuticals are more refined and isolated 
forms of bioactive compounds. One may understand that foods having nutraceuticals can be 
categorized as functional foods. In present days, there is a huge scope of functional foods and 
nutraceuticals and people are willing to pay high cost for them. In this direction, isolation, 
extraction, characterization, and functional food product development are the research areas 
which are now catching huge attention of the researchers. Presently, carotenoids, flavonoids, 
and other phenolic compounds, fatty acids and lipids, and other phytochemicals are the major 
nutraceuticals gaining attention.

In this context, application of supercritical fluid extraction (SCFE) for the isolation and frac-
tionation of the high-value components is on the rise due to their organic nature and requirement 
of high feed-to-solvent extraction ratio. SCFE is a separation process where solid or liquid matter 
is treated with a supercritical fluid in order to obtain diffusible compounds from miscella. A super-
critical fluid is above its critical temperature and possesses gas-like viscosity, liquid-like density 
and its diffusion ability. SCFE offers a variety of applications due to easily adjustable solubilizing 
properties by changing pressure and temperature. In general, temperature and pressure have shown 
the biggest influence on the solubility of compounds in supercritical fluids. As per the theory of 
“Like Dissolves Like”, pure CO2 can be a solvent of nonpolar molecule, but it cannot dissolve the 
polar or water-soluble molecule; therefore, some polar modifier such as methanol, ethanol, etc. 
needs to be added to dissolve water-soluble pigments in it. A polar modifier or co-solvent is gen-
erally added with SC-CO2 to enhance solubility. Selection of modifiers requires much attention 
as not all modifier may give similar efforts like in case of xanthophyll extraction from Japanese 
persimmon, addition of ethanol decreases the overall yield (Takahashi et al., 2006). Sometimes, 
even some vegetable oils can act as better modifiers than alcohols like in the case of xanthophylls 
extraction from marigold (Gao et al., 2009). Residual effect of polar modifier is also of major con-
cern. Additional setup/reaction/unit operation may be required to keep them separate from major 
compounds of interest. Sometimes, as a cost-effective approach under subcritical conditions, a 
water system has also proved to be a successful polar modifier like in the case of phenolic com-
pound extraction from rosemary (Crego et al., 2004). Selection of co-solvent also depends on the 
solubility of the desired component. The extraction of bioactives is dependent on a number of 
variables as discussed in the next section.

13.8.1 Effect of temperature

Temperature has two competing effects on solubility. Increasing the temperature at constant 
pressure decreases the density of the solvent. Thus, solubility of the solute is decreased. On the other 
hand, by increasing the temperature at constant density, the vapor pressure of the solute is increased 
and the solute becomes more soluble in a supercritical fluid. Which of these effects will prevail is 
dependent on the properties of the solute.
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13.8.2 Effect of pressure

With increasing pressure of a supercritical medium, higher densities are achieved; the higher the 
density of the medium, the higher the solubility of the solute (Vazquez et al., 2006). By differentiating 
the pressure, various bioactive compounds can be fractionated from the same biological material. 
By varying the solubility, different components can be fractionated like at elevated pressures. For 
example, water is poorly soluble with SC-CO2, while ethanol is completely soluble. Therefore, two 
phases can be made when pressurized CO2 is introduced into a water-ethanol mixture (Nunes et al., 
2007). A scientific database of solvents has been generated by Nunes et al. (2007) on the basis of 
solubility which can be referred for selection of solvent systems.

Last but not the least, the extraction rates depend on the morphology of the material and the 
location of the solute in plant material since mass transfer depends on particle shape, size, and the 
porosity of the solid material. In general, one should reduce the diffusion path and diffusion resis-
tance to get higher yield. Each process parameter is required to be examined and controlled very 
precisely. Theoretically, reduction in particle size enhances the extraction rate but simultaneously 
chances of agglomeration increase, which reduces the extraction yield (Liu et al., 2011).

13.8.3 Extraction of Carotenoids

Carotenes and xanthophylls are the two major categories of carotenoids. Carotenoids are 
well-documented nutraceuticals as well as natural pigments (Britton, 1995). They possess antioxi-
dative potential. To date, carotenoid extraction from various food commodities has been exercised 
using SCFE using CO2 as a solvent or chief solvent. As per the results compiled by Oman et al. 
(2013), members of carotenoids family that have been extracted from different biological materi-
als such as microalgae, tomatoes, pumpkin, lotus, marigold, palm oil, etc. include astaxanthin, 
canthaxanthin, lutein, lycopene, zeaxanthin, β-carotene, β-cryptoxanthin, etc. Freeze drying is rec-
ommended before extraction of carotenoids from the biological material keeping thermo-stability 
of nutraceuticals in view. Particle size, solventization power, co-solvent (having different polarity), 
flow rates, and flow direction affect the overall yield of carotenoids or other bioactives (Subra et al., 
1998). Extraction of β-carotene and lycopene has been studied from tomato waste by Baysal et al. 
(2000) at pressure level of 30 MPa.

13.8.4 Extraction of Flavonoids

Since flavanoids are polar compounds, their separation without polar modifiers is not possible 
(Scalia et al., 1999; Antolovich et al., 2000; Bergeron et al., 2005; Chang et al., 2007; Araujo et al., 
2007). To date, anthocyanins, apigenin, artepillin C, baicalin, camellianin A, catechin, cinnamic 
acid, gallic acid, ellagic acid, genistein, glabridin, quercetin, resveratol, stilbenes, γ-oryzanol, etc. are 
few of the major flavanoids that have been extracted from different biological materials such as 
olives, tea, soybean, pigeon pea, rice, grape, black currant, marigold, hops, etc. using SC-CO2 with 
ethanol, methanol, water, hexane as co-solvent/polar modifier.

Semenova et al. (1992) conducted one of the first studies related to the use of SC-CO2 coupled 
with membrane technology. The first operational supercritical fluid extraction unit was patented 
by Robinson and Sims (1996), that involved coupling of SCF and hollow fibre membranes which 
is now commercially referred to as “PoroCrit” or as membrane-based dense gas extraction. In the 
“PoroCrit” process, an aqueous liquid solution is circulated on one side and on the other side 
the  extraction solvent, i.e., near-critical or supercritical CO2 is flowing co-directionally. When 
the membrane used is hydrophobic, the aqueous solution does not penetrate into the membrane pores. 
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A meniscus is formed at the mouth of the pores stabilizing a dense gas-liquid interface. The mem-
brane does not play a fundamental separation role; instead, the solute extraction is determined by 
the chemical potentials (i.e., equilibrium between the phases) and the membrane allows a controlled 
contact among the phases. Hollow fibre membranes (which are used in the “PoroCrit” process) 
present contact areas considerably greater than conventional contact systems, making them ideal 
for this type of process. The “PoroCrit” process has proved effective in orange aroma extraction 
(Sims et al., 1998), vanillin and methyl tert-butyl ether extraction (Sims, 1998; Sims et al., 1998), 
caffeine extraction (Shirazian, and Ashrafizadeh, 2010) and as a continuous pasteurization assem-
bly for liquid foods (Sims and Estigarribia, 2002).

13.8.5 Extraction of Flavoring Compounds

Since flavor compounds are thermolabile, their retention can be enhanced when non-thermally 
isolated. Being a non-thermal technique, SCFE has huge potential to extract flavor compounds from 
substrate. It is a potential alternative to the conventional steam distillation and microwave-assisted 
extractions.

Essential oils contain monoterpene and sesquiterpene hydrocarbons and oxygenated com-
pounds (alcohols, aldehydes, ketones, acids, phenols, oxides, lactones, ethers, esters), which are 
responsible for the characteristic odors (Capuzzo et al., 2013). They are volatile and often non-polar 
in nature. As already discussed, for extraction of polar compounds, it is suggested to use polar 
modifier or cosolvent system. Selection of polar modifier should be based on the critical pressure 
and temperature. It should be in the range of major solvent so that during desolventization, polar 
modifier can also be removed without any extra unit operation and cost. Nitrous oxide has a critical 
temperature and pressure of 36.7°C and 7.1 MPa, which is very close to that of CO2 i.e. 31.2°C 
and 7.3 MPa, respectively. But due to handling problems, ethanol is a more preferred solvent than 
nitrous oxide. Ethane, propane, and dimethyl ether are also often used as co-solvents.

Isolated material must be fractionated before inclusion in food products to avoid impurities 
of racemic mixture (Flores et  al., 2005) since only the volatile portion is responsible for aroma. 
Sometimes terpene creates problem in delivery of essential oil, therefore, deterpination is required, 
in that case ethane is a better solvent than supercritical carbon dioxide (Raeissi et al., 2008). As per 
the data compiled by Oman et al. (2013), a number of essential oils such as 1,8-cineole, 4-nonanone, 
4-terpineol, carvacrol, carvone, caryophyllene, cedrene, chrysanthenol acetate, cinnamonaldehyde, 
citral, citronellol, eugenol, eugenyl acetate, geranial, geraniol, germacrone, limonene, linalool, linalyl 
acetate, menthol, β-caryophyllene, β-selinene, γ-terpinene, τ-cadinol, etc. have been extracted from 
various plant-based biological material using SC-CO2. Many of them have also been extracted with 
hydro-distillation as well as with microwave assistance. Various researchers have compared the yield 
of essential oils from plant materials using different methods (Wang et al., 2010; Patel et al., 2012). 
Yield in terms of percent content varied as per the plant material and type of essential oil. For instance, 
yield of myrcene from coriander was the highest when extracted by SC-CO2, however, microwave 
assisted extraction was found best in case of fennel. In contrast, content of α-limonene extracted from 
Foeniculum vulgare was the lowest using SCFE method in comparison with microwave assisted and 
hydro-distillation method. Patel (2013) compared all three methods for the yield of various fractions of 
essential oil in seed of Cuminum cyminum, Foeniculum vulgare, and Coriandrum sativum, as well as 
the cost effectiveness. Keeping extraction times, yield, processing charges, raw material cost as input 
variables; cost of SCFE was the lowest in comparison to hydro-distillation and microwave-assisted 
extraction in all three plant materials (taking all fractionable essential oil into account). Generally, for 
extraction of α-pinene, D-limonene, cuminal, caryophyllene, β-terpeneol, carinol, geraniol, glyceryl 
monooleate, heptdecenal, myrcene, etc., SCFE is a preferred method over microwave assisted and 
hydro-distillation extraction. However, SCFE was found ineffective for extraction of myrtinyl acetate, 
octadecenoic acid, and hexadecenal.
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13.8.6 Encapsulation Using SC-CO2

Encapsulation can be achieved by supercritical fluids based on their properties and their effi-
ciency can be easily changed with variations in pressure and temperature. Carbon dioxide is the 
most widely used supercritical fluid because it offers low-temperature processing capabilities 
making it highly suitable for heat-sensitive materials. SC-CO2 can be used for encapsulation in three 
different ways (Munin and Levy, 2011) as a solvent, an anti-solvent, or a solute. The supercritical 
solvent/anti-solvent processing is used when the solute is sparingly soluble in the supercritical fluid. 
SC-CO2 behaves as the anti-solvent. SC-CO2 is injected into a pressurized container having extrac-
tion solution and solute to be encapsulated. On introduction into the reaction chamber, SC-CO2 comes 
in contact with the solution that dissolves in its phase, thereby, decreasing density and increasing the 
solvation power of the organic solvent. At the same time, the solvent evaporates in the supercritical 
phase, causing oversaturation of the solution and, thus, precipitating the solute. The precipitated 
solute is microencapsulated and the excess solvent can be removed via purge gate. Sosa et al. (2011) 
encapsulated green tea polyphenols with a biodegradable polymer (polylactide-polycaprolactone 
copolymer or PLC) by co-precipitation using SC-CO2. The solute process utilizes SC-CO2 as a 
solute because under pressure it can dissolve in liquids. It is also called as supercritical-assisted 
atomization (SAA) process. For encapsulation, a large quantity of SC-CO2 is solubilized in a melted 
substance, dissolved, or dispersed in a solvent forming a gas-saturated solution. This solution is 
expanded into the atomization chamber through a nozzle to form solid particles or liquid droplets. 
The combined action of the cooling mixture and the volume expansion of gas lead to precipitation of 
the substance forming microencapsulated particles which are collected in the reactor after depres-
surization (Meterc et al., 2008).

13.9 SUpErCrItICaL FLUID EXtrUSION

Supercritical fluid extrusion (SCFX) is a novel extrusion technology combining the expanding 
and plasticizing properties of supercritical carbon dioxide (SC-CO2) as an expanding gas 
(Rizvi et al., 1995). Rizvi and Mulvaney (1992) patented the production of highly expanded starch 
foam by SCFX. It is a unified process of thermoplastic extrusion employing SC-CO2 as a blowing 
agent (Figure 13.2). The SCFX process permits the use of heat-sensitive materials in the formulation 
as carbon dioxide is at its supercritical state at approximately ambient temperature (31.1°C) and 
thus the need of high temperature during processing is avoided. This novel process can be used for 
manufacturing new generation of biomaterials for food as well as for non-food applications.

Figure 13.2 super critical fluid extruder.
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The general expansion mechanism of SCFX process as highlighted by Alavi et al. (1999) and 
Mulvaney and Rizvi (1993) consists of the following major steps: 

 1. Development of gas holding matrix by heat-shear treatment
 2. SC-CO2 injection into the matrix to create a saturated solution
 3. Nuclei formation due to thermodynamic instability by sudden pressure drop at the die
 4. Expansion and cell growth at the die exit when pressure drops to atmospheric level

The SCFX process offers the following advantages: 

 1. It permits the use of heat sensitive materials in the formulation.
 2. In-line addition of flavorings, colorants, and bioactive materials can be done.
 3. It allows manipulation of in-barrel pressure and temperature during processing to yield different 

microcellular, composite (sandwich) structures.
 4. It selectively and preferentially deposits bioactives on the inside walls of the porous extrudates.
 5. It aids in reduction of melt viscosity and pH (due to large solubility effects).
 6. It provides more degrees of freedom to modify the rheological and chemical properties of the 

extrudates.

SCFX offers a plethora of applications in food and packaging industry and has proved to be a 
versatile technology for multiple end uses. The SCFX process has the potential for improvement 
in processing, manufacture, and quality of a range of puffed food products, such as ready-to-eat 
cereals, pasta, and confectionery products with improved texture, color and taste. It also offers 
improvements to packaging materials due to its plasticizing and microcellular expansion properties. 
Some of the food applications are detailed below.

13.9.1 Bakery

SCFX can be used in bakery applications as it leads to aeration and leavening of dough without 
addition of any biological (yeast) or chemical (sodium bicarbonate) leavening agent. SCFX allows 
for continuous production of yeast-free dough leavened via incorporation of SC-CO2. The incor-
poration of SC-CO2 can ensure continuous aeration and proofing that yields bake-ready dough in 
less time. The extruded dough can directly be baked in ovens for manufacture of leavened baked 
goods without actual fermentation by yeast or enzymes. Moreover, a uniform cell-size distribution 
achieved by SC-CO2 within the dough can improve the bread quality characteristics. This is more 
desirable for leavening dough than the conventional means for chemical leavening. The process can 
also support multiple ingredients as nutritional needs of yeast are avoided. Extrusion also manipu-
lates structure of starch and thus multigrain systems can also be used to prepare healthy baked 
goods.

Khanitta and Rizvi (2009) successfully developed premixed dough leavened by 1% (feed basis) 
SC-CO2 injection in a twin-screw extruder at 37°C at specific mechanical energy input (18 kWh/ton). 
The dough was baked using a combination of vacuum and conventional baking to reduce the baking 
time. This process allowed a continuous system of dough development for production of consistent 
ready-to-bake dough. The breads were developed in a shorter duration and had uniform quality attri-
butes equivalent to commercial products. Simultaneously, the process eliminated ethanol emissions.

Hicsasmaz et al. (2003) concluded that the SCFX-leavened dough has rheological properties 
comparable to the commercial dough prepared by mixing, yeast fermentation, and proofing. SCFX 
produces the leavened dough in about 2 min, eliminating the need for proofing and holding time and 
can be done in a continuous-line processing facility. The continuous nature of this entire process is 
an attractive asset and provides a definite economic advantage. SCFX also offers similar advantages 
in other baked products such as buns, muffins, doughnuts, croissants, etc.
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13.9.2 Extruded Snacks

Snacks and convenience foods form the most progressive food segment of present times. Fried 
starch-based snacks are frequently portrayed as less than desirable foods because of their high 
caloric content and low nutrient density. Increasing concerns about health has led to increasing 
demand for new healthy snacks as an alternative for fried starch-based snacks with low nutrient 
density. Extruded snack foods offer advantages over fried snacks in terms of health and also the pro-
cess allows fortification and nutrient enrichment in products. Extrusion cooking is widely practiced 
in cereal-based snack products because of its versatility in terms of ingredient acceptability, shape, 
size, and characteristics of end products. In conventional steam-based extrusion, water behaves 
both as a plasticizer for melt formation of the feed ingredients and as a blowing agent for expansion 
to yield a puffed product (Wang et al., 2005). When the melt passes through the extruder die, it is 
exposed to a sudden pressure drop resulting in water vapor nuclei generation. The vapor in nuclei 
evaporates instantaneously due to release of pressure and leaves an expanded solid porous structure. 
Steam-based extrusion (single or twin screw) generally requires low moisture (18%–28%), high 
temperature (120°C–180°C), and high shear conditions to achieve good expansion. These harsh 
operating conditions often lead to nutrient damage and excessive dextrin formation causing hard-
ness in the product and also limits effective utilization of heat- and shear-sensitive ingredients such 
as proteins, vitamins, and certain flavors.

As supercritical carbon dioxide can deliver certain flavors, an expanded snack not only with high 
nutrient density and unique texture, but also with encapsulated flavors can be produced using this tech-
nology and can be marketed as a novel healthy snack. SCFX chips were developed by Cho and Rizvi 
(2008) having uniform cellular microstructure (uniform porosity) that cannot be obtained using con-
ventional steam-based extrusion. As SCFX extrusion is conducted at low temperature (~60°C–80°C) 
and low shear conditions compared with conventional steam-based extrusion, nutritional loss is mini-
mized. Moreover, SC-CO2-expanded extrudates show predominantly homogeneous closed cell struc-
tures (microcellular nuclei) and non-porous surface that facilitates flavor encapsulation and provides 
better textural control over products manufactured using steam-based extrusion (Alavi et al., 1999). 
Post-extrusion processes such as baking and frying not only impart desirable flavor and appearance 
to the SCFX product but also generate further expansion as SCFX extrudates demonstrate a time-
delayed expansion until the structure is completely set (Alavi et al., 1999; Chen et al., 2002). The 
SCFX process allows control of the average cell size of extrudates to range from about 50–250 μ and 
the volumetric expansion of final products by manipulating process parameters such as die dimension, 
SC-CO2 concentration, and SC-CO2 residence time (Alavi and Rizvi, 2005; Winoto, 2005).

The technology to prepare ready-to-cook convenience foods such as noodles, pasta, macaroni, 
vermicelli, etc. is known as cold extrusion where the feed is formed into dough in extruder and 
shaped to final product. These products can be instantized by precooking them to gelatinize the 
starch followed by re-drying before packaging. SC-CO2 processing can alter the microstructure of 
traditionally prepared pasta product to obtain quick cooking pasta. The process can be used to inject 
SC-CO2 into an uncooked semolina pasta using a short-barrel version of the SCFX process. This 
process is aided by the fact that pasta extrusion is an inherently high-pressure and low-temperature 
process so as not to denature the flour proteins. The SCFX process can be used to infuse flavor and 
microstructure chocolate and confectionery items. Microstructuring adds to mouthfeel of the con-
fectionary products by decreasing their density.

13.9.3 texturization Using SCFX

Texturization is a process by which food materials can be given a specific texture. It is majorly 
done for vegetable proteins so as to imitate meat proteins and for dairy and other ingredients to 
improve their functional properties such as binding, foaming, gelling, and emulsification.
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The extrusion process has been applied to vegetable proteins to imitate animal proteins, 
replacing the traditional technique with a continuous process and developing food products with 
new textural characteristics. SCFX offers sub-100°C expansion of vegetable proteins using direct 
SC-CO2 injection. The delicate balance of temperature and shear during SCFX processing permits 
controlled modification of protein conformation. Addition of SC-CO2 provides additional acidic 
environment and serves as a surface modifier of the protein matrix that markedly improves binding, 
gelling, and emulsifying characteristics. SCFX in presence of certain chemicals or modifying 
agents (“reactive SCFX”) such as mineral salts (CaCl2 and NaCl) create highly alkaline or acidic 
environment which in combination with controlled shear and heat favorably alter the gelling and 
functional properties of proteins (Manoi and Rizvi, 2009). Structural changes in SCFX proteins 
due to denaturation and polymerization lead to an increased surface hydrophobicity and molecular 
flexibility. Emulsifying activity is enhanced by denaturation as a result of increased hydrophobic 
interactions between adjacent protein molecules at the interface and structural rigidity (Kato and 
Nakai, 1980; Matsudomi et al., 1985; Mitidieri and Wagner, 2002; Guilmineau and Kulozik, 2007).

Manoi and Rizvi (2009) found that “reactive SCFX” contributed approximately 258 and 
275,000 times higher apparent viscosity and elastic modulus than the unprocessed WPC. Texturized 
WPC samples produced under extremely acidic (pH 2.89) and alkaline (pH 8.16) conditions with 
SC-CO2 exhibited high stability of rheological properties over a wide temperature range (25°C–85°C).

13.9.4 polymer Foaming

Foamed polymers are an attractive packaging material as they provide cushioning and resis-
tance to packed product amongst other benefits. Foamed plastics are cost effective compared to 
conventional plastics owing to their low mass per unit volume. They also provide thermal and sound 
insulation to packed product. Foamed polymers due to their porosity fare poorly in terms of gas and 
moisture barrier properties. Conventional foams are prepared by extrusion technology that entraps 
air at the die exit in small cells (nucleation) followed by large volume expansion of nuclei and simul-
taneously prevents coalescence of cells by freezing the extrudate surface. More recently, the previ-
ously described surface cooling method was used in an extrusion-based open-cell foaming process 
with supercritical CO2 for thermoplastic polymers such as polystyrene (PS) and polycarbonate (PC). 
The effects of CO2 content, surface quenching (chilling), die geometry, and temperature lead to dif-
ference cellular structure, densities, and strengths of foamed polymeric material. SCFX has been 
used successfully to produce biopolymeric foams with bubble size in the range of 50–200 μ and 
bubble density to the order of 106 per cm3 (Alavi et al., 2002).

The application of SC-CO2 in extrusion technology offers multiple advantages and creates a 
range of novel products and processes. In food and packaging applications the ability of supercritical 
CO2 to behave as a blowing and plasticizing agent leads to improved puffed and expanded products, 
uniform flavor and ingredient distribution, texturization of proteins, and manufacture of microcel-
lular polymeric foams. Thus, incorporation of SC-CO2 adds to the versatility of extrusion technology 
and forms an important application of utilization of super critical CO2 in the food industry.

Supercritical CO2 is the most widely used solvent in SCFE technology owing to its easy availability 
and low cost. The extraction is facilitated at near room temperatures and relatively low pressures.

13.10 EFFECt ON FOOD QUaLItY attrIBUtES

HPCD is believed to have minimal effect on food quality attributes. Researchers have reported 
least influence of the process on the bioactive compounds such as ascorbic acid and carotenoids pres-
ent in fruit juices (Boff et al., 2003; Zhou et al., 2009) owing to the exclusion of oxygen from the food 
matrix and the lowering of pH. Although instrumental color of the product in terms of L* and a* values 
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are slightly affected by the HPCD treatment (Park et al., 2002; Kincal et al., 2006), no difference in 
sensory property of HPCD-treated and control samples during low-temperature storage for 14 days 
has been observed. Kincal et al. (2006) stated that the threshold value for the panellists for the feel of 
“carbonation effect” in the product was at 230 ppm CO2. Precipitation of calcium and calcium carbon-
ate and reduced particle size as a result of high pressure has been shown to result in enhanced cloudi-
ness in citrus, carrot, and peach juices, which further delays the destabilization of colloidal suspensions 
(Park et al., 2002; Boff et al., 2003; Lim et al., 2006; Kincal et al., 2006; Zhou et al., 2009). The HPCD 
resulted in a significant reduction in the degree of browning in juices during storage at 4°C as compared 
to untreated sample, indicating that the process could effectively prevent the browning of apple juice 
(Gui et al., 2006b).

In the case of fresh-cut fruits and vegetables, HPCD was found to cause adverse effect on fruit firm-
ness and texture (Valverde et al., 2010; Spilimbergo et al., 2013). A study conducted by Messens et al. 
in 1997 concluded that HPCD could induce protein denaturation and aggregation in the meat. HPCD 
treatment at 7.4 MPa at 31.1°C for 10 min did not affect the pH, tenderness, or water-holding capacity 
of the treated meat. Chao et al. (1991) reported that treatment of meat with SC-CO2 solubilized and 
removed up to 36.9% of the cholesterol and 71.2% of total lipids in the meat during the process.

13.11 appLICatION OF hpCD FOr WatEr DISINFECtION

Water quality in terms of microbiological quality needs to be maintained if it has to be used as 
a food ingredient. Also, the waste water generated needs to be treated so as to reduce its microbial 
load before it is discharged as an effluent. Various approaches for water disinfection involve the 
use of chlorine, ozone, UV radiations, and certain chemicals. Lately, the application of pressurized 
CO2 for disinfection of water has come in the limelight. The first study for water disinfection was 
carried out by Kobayashi et al. (2007). Before that, the studies on application of HPCD dealt with 
dried foods and beverages. Evidence suggests that when experiments using CO2 under pressure 
were conducted with high water content or high moisture, the presence of water made cell walls 
more permeable to CO2, with higher diffusivity, higher solubility, and lower viscosity than in dried 
media (Kamihira et al., 1987; Haas et al., 1989; Lin et al., 1993).

Ishikawa et al. (1997) introduced the inactivation of bacterial spores in an aqueous medium by 
the MB method. They compared the inactivation efficiency of the supercritical CO2 treatment with 
that by thermal treatment at 100°C. B. polymyxa spore population was reduced by 0.85 log cycles 
after heating at 100°C for 60 min whereas the supercritical carbon dioxide treatment of B. polymyxa 
spores at 31°C and 30 MPa for 15 min led to a 6-log reduction. In another study conducted by 
Vo et  al. (2013), DNA-based viruses showed higher susceptibility to CO2 MBs as compared to 
RNA-based viruses at pressures of about 0.7 MPa. They also observed a synergistic effect of pres-
surized CO2 with the increasing temperatures to bring about a 2-log reduction of E. coli at 13 ± 
0.2°C for 25 min and also absence of E. coli at 26.6 ± 4°C for 20 min.

13.12 DISINFECtION OF StOrED GraINS

Application of pressurized CO2 has also been tested to combat pests, insects, and mites in 
stored food grains. The hazardous effect of fumigants and synthetic chemicals applied for insect 
disinfestation of stored grains and the subsequent ban on them has led researchers towards finding 
alternative solutions for killing of the storage pests. Apart from the control of pests, the other main 
issues in the search for new fumigants for foodstuffs are the effect on quality, registration issues, 
and mode and ease of application (Desmarchelier, 1998). Recently, interest has grown in the area 
of use of pressurized CO2 for the disinfestations of stored grains and dried products owing to its 
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nontoxic nature and zero residue effect. The potential for use of HPCD started as early as 1973 
by Mitsura et al. (1973), who reported the potent effect against the grain mite Tyrophagus putres-
centiae. They recommended treatment by CO2 at 1600 kPa bar pressure for 10 min at 40% CO2. 
Subsequently, Stahl et  al. (1985) used the technology for removal of storage pests in medicinal 
plants. The first batch-type commercial plant came up in Germany in the year 1988 for disinfesta-
tion of spices, herbs, and pet foods (Pohlen et al., 1989). Utilizing this technology, Nakakita et al. 
(2001) have further developed a “disinfester” with rotary valves that can treat large amount of grains 
with pressurized CO2 in a continuous mode. Sen et al. (2009) have also reported a lethal impact of 
high-pressure CO2 against pests in dried figs.

Lethality of the HPCD varies with the life-cycle stage of the pest with the eggs being the most 
resistant, requiring higher pressures and longer exposure times for 100% removal, followed by 
larvae, adults, and pupae. Lethality of the technology has been reported to be indirectly propor-
tional to the treatment temperature (Ulrichs et al., 1997). Prozell and Reichmuth (2001) proposed 
that it is necessary to identify the pest and classify its susceptibility to HPCD.

The efficiency of CO2 depends on the concentration of gas, duration of exposure, temperature, 
product’s moisture content, and insect species and life stage (Jay, 1984). Applying a modified 
atmosphere under high pressure (25 bars) proved to be effective in shortening the exposure period 
required for complete insect mortality, as reported by Rajendran (2001). CO2 treatment under high 
pressure provides rapid control of insects, but its use is limited to high-value crops because large 
quantities of gas are needed and the chambers are expensive (Adler et al., 2000).

HPCD treatment thus requires shorter duration for lethal exposure and can be highly promising 
for quarantine treatment and rapid disinfestations of valuable products.

Pressure of up to 40–50 bar and ambient temperature (Gerard et al., 1988; Quirin, 1988) was 
found to be successful in killing pests such as Lasioderma serricorne (Cigarette beetle), Tribolium 
confusum, Stegobium paniceum (drugstore beetle), Plodiainter punctella, and Acarussiro 
(flour mite). Mortality of different pest-insects was found to depend on treatment time and pressure 
of CO2 along with the stage of insect’s development. A cent per cent mortality is guaranteed after 
a treatment time in the range of 5–120 min, depending on the pressure applied and the stage of the 
insect’s development (Quirin, 1988).

A patent has also been granted in 1993 for use of liquid CO2 as a fumigant fluid (US Patent 
5394643  A) to Hans-Bernd Schmittmann (1993). Carbon dioxide, in a liquid form under high 
pressure, is introduced into the storage area through underground tunnels. Liquid CO2 penetrates 
into the cavities and produces low temperatures, at which time the pests are killed by exposure to 
sub-zero temperatures. Further, CO2 gas is formed in situ by sublimation in the immediate vicinity 
of the pests present in cracks and crevices, consequently suffocating them. No toxic traces are left 
behind and the process is harmless to the environment and ecology.

13.13 LIMItatIONS OF thE tEChNOLOGY

Although the HPCD process offers many advantages, it has certain limitations also. 

 1. Long treatment time is a potential problem of the CO2 sterilization technique. Even though a high 
degree of deactivation of spores has been realized, this usually requires more than 10 h, which is not 
competitive with the average time of 10–15 min for commercial sterilization.

 2. Direct contact of CO2 with the food has to be ensured; therefore, efficiency of the process in solid 
food matrices needs extensive research.

 3. Foods processed by HPCD are not expected to be commercially sterile and, therefore, require 
refrigerated storage immediately after processing.
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 4. The process is not fit for soft foods or leafy vegetables.
 5. It may lead to generation of pressure-induced mutants.
 6. The chief hazard in its use is asphyxiation. Any leakage in the plant may lead to death of the 

personnel.

13.14 rEGULatOrY aSpECtS

An important issue in the application of HPCD technology in the food preservation/processing 
industry is the regulatory approval, which emphasizes microbiological and toxicological safety of 
food products. The major problem that novel, nonthermal preservation methods such as HPCD 
face in gaining widespread acceptance is that thermal processes are established procedures that 
render safe food with high quality and nutritional value in large volumes at very low processing 
costs. Generally, high-pressure preservation processes reduce the microbial load to the same level 
achieved by traditional technologies, while delivering higher quality products. However, in order to 
implement this new technology in the food industry, there is an increased need to understand the 
mechanism and kinetics of pressure-induced degradation/denaturation and inactivation of several 
food compounds (e.g., nutrients, proteins, microorganisms, enzymes) and the way in which the 
degradation/denaturation/inactivation is affected by other parameters such as temperature and pH. 
Theoretically, repeated exposure of any stress may generate mutants that for adaptability may have 
potential risk to the safety of foods. However, practically only Hong et al. (1999) have observed 
some changes in sensitivity towards pressure in L. plantarum cells when repeated cycles of pressure 
were given. Therefore, extensive research work is required in this direction to validate the safety 
of foods.

Further, inactivation of microorganisms and enzymes are not precisely understood, like in the 
case of thermal processing. There may be chances of interaction of food ingredients with HPCD 
that leads to some untraceable but toxic compounds. Lack of studies on diffusion mechanisms, 
interaction of HPCD with other food components, mechanistic studies, and mathematical model-
ling of the inactivation kinetics are the major points of study.

The HPCD process has versatile usage but, to date, only a few applications have been 
commercialized. In addition to food preservation, extraction, fractionating, and product development, 
HPCD offers novel usages such as stabilization and sustained release of bioactives and drugs, water 
disinfection and stored grains disinfestations, and packaging. However, safety evaluation and interac-
tion of HPCD with other food components need to be focused on simultaneously to assess the risk 
associated with treated foods. There is an urgent need for unbiased scientific studies to get convincing 
data to find the risk and hazards generated within the food matrix after the treatment.
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