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ABSTRACT

Lipase-catalyzed hydrolysis of canola oil in supercntical CO. (SCCO.) was
used as a model reaction to develop an on-line extraction-reaction system to extract oil
from oilseeds and to convert them to high-value products in a supercritical fluid
(SCF). The optimum reaction conditions (24 MPa and 35°C) were abtained by
investigating the effect of pressure, temperature and CO- flow rate on the continuous
hydrolysis of a commercially refined canola oil. Although, overall enzyme
performance was not affected by a change in the CO. flow rate, a higher triglvceride
(TG) and free fatty acid (FFA) fraction and a lower monoglyceride (MG) and
diglyceride (DG) fraction were observed at a lower CO- flow rate.

The effect of enzyme load, CO- flow rate and oil content on the product
composition and total production of products was investigated in the on-line
extraction-reaction of oil from canola flakes at 24 MPa and 35°C. A higher extent of
hydrolysis was observed with an increase in the enzvme load, a decrease in CO. flow
ratc or a decrease in canola load. Scanning electron microscopy (SEM) did not
demonstrate any apparent structural changes on the immobilized enzyme.

The diffusion coefficient (D,.) is a fundamental parameter in the mass transfer
of lipids during supercritical extraction and reactions. D of several lipid classes was
determined in SCCO- applying the Taylor-Aris peak broadening technique. Presence
of a secondary solvent as well as an increase in temperature or a decrease in pressure

led to an increase in Dy of oleic acid. D of FFA was reduced by an increase in the



number of double bonds or a change in the position of double bound from ©-3 to ©-6.
D of lipid classes decreased in the following order:

methyl ester > ethyl ester > FFA > TG.

An on-line extraction-reaction process using SCCO- as developed in this study
shows great potential for new process design in the production of high-value products
from agricultural commodities, which will be used as ingredients in food and various

other industries.
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1. LITERATURE REVIEW!'

1.1. INTRODUCTION

Supercritical fluid (SCF) technology is rapidly growing and replacing some of
the conventional methods of extraction, reaction, fractionation and analysis. Pressure
and temperature dependence of their solvent power has made SCFs very attractive
solvents to sequentially extract raw materials from natural sources, conduct reactions
of interest, fractionate the products and analyze the fractions in a single unit only by
changing the pressure and temperature of the system. Such flexibility is not associated
with conventional techniques.

There is a growing demand for flavorings, spices, emulsifiers, preservatives
and other basic ingredients of food industry. With the large supply of fats and oils in
nature and the possibility of converting them to high value products such as fatty acid
esters used as flavorings and mono- and diglvcerides (MG and DG, respectively) used
as emulsifiers in the food industry, it is quite appropriate to look into some synthetic
methods of producing these ingredients.

Other industries such as those of detergents, surfactants, cosmetics and
medicine and health related materials highly demand compounds such as specific free
fatty acids (FFA), glvcerol, MG and DG. New processing techniques to produce such
materials need to be cvaluated. Organic solvents are used extensively for the
processing of the products mentioned above. However, concems over the use of

organic solvents in industrial processing, especially in the food industry, as well as

' A version of this chapter is to be submitted to the Journal of Supercritical Fluids for
consideration for publication.



environmental issues related to their application for analytical purposes are growing
(Lusas and Gregory, 1996; Snyder et al., 1996). Therefore, SCFs are being
investigated as alternate media for processing purposes and utilized on an industrial
scale.
1.1.1. Current fats and oils technology

Latest developments in technology are always a direct response to the
concerns brought about in terms of industry consolidation, customer awareness,
environmental issues and agricultural and biotechnological advances etc. (Carlson and
Scott. 1991). However, most principles governing fats and oils processing have not
changcd for vears (Carlson and Scott, 1991). Mechanically pressing the oilseeds is the
casiest approach to obtain fatty oils (Stahl ct al., 1988). To achieve extra recovery
from the mcal, pressing step is followed by an extraction procedure with a solvent
(Stahl ct al.. 1988). Optimization pretreatment of the starting material can enhance the
recovery and the quality of the crude oil. The pressing step usually reduces the oil
content to ~20% (w/w). The pressed cake can contain >5% of original oil. It is only
after extraction with a lipophilic solvent that the oil content is reduced to <1% (w/w).
Hexanc is the solvent used in the commercial extraction of oils. During the extraction,
the solvent is usually enriched with oil at ~25-35% (w/w) level, which is separated
from the solvent by distillation and evaporation processes. The crude oil obtained by
extraction is usually cloudy and is not acceptable for consumption. Then. a refining
procedure removes the gums, acid, color and the off-odor from the desolventized oil

(Stahl ct al., 1988). Such a procedure is too long and costly. In addition, with recent



environmental and safety concemns regarding the use of organic solvents, especially
hexanc (Lusas and Gregory. 1996). a new solvent to replace hexane is being sought.
Although diluted hexane and other solvents such as heptane and alcohols are being
considered to replace hexane, supercritical fluid extraction (SFE) of oil using a solvent
such as SCCO:- is a good alternative to the conventional methods of oil extraction and
is gradually becoming more appealing.

1.1.2. Enzyme-catalyzed reactions of lipids

Either chemical catalysts or a biocatalyst may accelerate the process of
esterification, which can be used to change the physical and functional properties of
edible fats and oils (Yu et al., 1992). Examples of the former include sodium metal,
sodium-potassium allov and sodium alkoxide: sodium methoxide, for instance, has
been uscd in catalvzing the intercsterification of saturated long- and short-chain fatty
acid triglvcerides (TG) in producing new TG for food use (Klemann et al.. 1994).

TG or triacyiglycerols arc the esters of glvcerol and have a general structure
of (R;0)CH.-CH(OR.)-CH:(OR;) with R;. R: and R; representing different acyl
groups. Lipase consists of a group of enzymes that catalvze the Aydrolysis of TG to
form FFA, DG, MG and glycerol (Yu ct al., 1992). Lipases can also catalvze the
following synthesis reactions: esrerification. combining alcohols or glycerol with fatty
acids to form csters: acidolysis, the exchange between FFA in fats and oils: and
interesterification, the exchange of esters between two fats and oils (Yu et al.. 1992).
The term “transesterification™ which is often used in the literature can be applicd to
any of acidolvsis or interesterification (Gandhi, 1997).

The full hvdrolysis of a TG will produce glveerol and FFA. TG can also

undergo partial hydrolyvsis to produce DG and MG (steps 1-3 below).



Step I: TG + H.O - DG + FFA (1.
Step 2: DG + H-O - MG + FFA (1.2)
Step 3: MG + H.O — Glycerol + FFA (1.3)

Overall reaction:

TG +3H-O — Glvcerol + 3FFA (1.49)
Watcr is a reactant in hydrolytic reactions as well as a parameter in the catalvtic
activity of the enzyme (Nakamura. 1994). The extent of hvdrolvsis: i.e. how much of
MG. DG or givcerol is produced. depends on many factors including the water content
of the enzyme bed. enzyvme morphology. kind of enzyvine and pressure and temperature
of the reaction. Glvcerolysis is another reaction of TG, which results in the formation
of MG and DG as follows:

TG + Glvcerol -» MG + DG (1.3)

1.2. SUPERCRITICAL FLUIDS

SCFs have received increasing attention as a medium for cxtraction, rcaction
and fractionation. This is duc to their high diffusivity, low viscosity and marked
temperature and pressure dependence of their solvent power. SCFs arc solvents at
pressures and temperaturcs above their critical points (Fig. 1.1).

In principle, SCFs are better than conventional solvents to penetrate into the
material to be extracted and solubilize the solutc (Stahl et al.. 1988). SCFs with low
critical temperatures such as CO- and ethane can be used as solvents in the extraction

of hcat labile compounds at low temperatures (Stahl et al.. 1988). In most cascs, SCFs
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Figure 1.1. A tyvpical phase diagram for most pure substances.




exhibit a high selectivity. Vapor pressurc, polarity and molecular weight are
paramcters that influence the solubility of a compound in SCFs. Non-polar SCFs such
as SCCO: can extract lipophilic compounds, materials with low polarity, particularly
those with lower molecular weights and higher volatility (Stahl et al.. 1988).

In the vicinity of the critical point, small changes in pressure and temperature
cause large changes in the density of a SCF. Thus, the physical properties of a SCF
can be manipulated easily and the separation of reaction products (Kamat et al.. 1992
1995a) and the recovery of the unreacted materials can be facilitated in a reactor
system.

Having a moderate critical tempcraturc and pressurc (31°C. 7.3 MPa) along
with its inertness. low price. availability. sterility and safetv. SCCO- has becn the
solvent of choice for food applications (Mishra et al.. 1988: Stahl et al.. 1988).
SCCO: provides a non-oxidizing medium for reactions and as a result the production
of undesired products is limited. CO- can scparate as a gas upon pressure rcduction
without any solvent residuc in the final product (Marty et al.. 1992b).

1.2.1. Solubility in SCFs

For a binary system, the solubility of a solid solutc in a SCF can be obtained
from the equation v.=(P.,-/P)E. where P, is the sublimation pressure of the solid at
the system tempcraturc. P is the total pressurc and E is the cnhancement factor
(Paulaitis et al.. 1983). The enhancement factor is the ratio of the solubility in the SCF
to that in an ideal gas and can be calculated from the cquation E=(¢*/$-)exp[V>~(P-
P.2)/RT]. where ¢- is the fugacity cocfficient and characterizes the nonideal behavior

of the solid in the SCF. ¢%: is the fugacity cocfficient at T and P,;, V* is the molar



volume of the solid and T is the system temperature (Paulaitis et al., 1983). Solubility
enhancement compared to that in an ideal gas is achieved when £>1. The SCF density
and molecular interactions between the solute and the SCF are important factors
affecting the enhancement factor. Typical enhancement factors in SCFs are of the
order of 10* (Dinger et al., 1996). For separation purposcs, the partitioning of the
solutes between the SCF and the raw material to be extracted is the most importaat
factor. Solubility of the solutes in the SCF has the next priority (Dinger ct al.. 1996).

Pressure and temperature influence the density of the SCF, which is an
important factor affecting solute solubility. Figure 1.2 demonstrates the changes in the
density of CO: with pressurc at different temperatures. Around the critical pressure
(P.). a drastic change in the density of the solvent occurs with a small change in
pressure. Since the solubility of solutes in SCF increases with an increasc in solvent
density. a dramatic change in the solubility is expected by an increase in pressure from
a level below the P. (i.e. subcritical pressure) to a level above P. (i.e. supercritical
pressure). It is also shown in Figure .2 that solvent density decreases with an increasc
in temperaturc in the supercritical region.

Although the application of CO- alone does not provide good solubility for
hydrophilic substrates or products (Kncz and Habulin, 1992), adding a secondary
solvent into CO- can overcome such problems (Stahl ct al.. 1988). The addition of a
secondary solvent can modify the solvent properties so that a selective extraction is
obtained. Such solvents arc usually referred to as “entrainers™ and the terms “co-
solvent™ and “modifier” arc also used. For cxamplc. with the addition of acctonc or
cthanol into SCCO-. the polarity of solvent mixturc incrcases and as a result polar

components can be extracted.



Figure 1.2. Vanation in the reduced density (or) of CO- as a
function of reduced pressure (Pr) and of reduced temperature (Tg)
in the vicinity of the critical point (CP). P.. T. and p. are the
critical pressure. critical temperature and density at the critical
point. respectively (McHugh and Krukonis. 1994).



1.2.2. Diffusivity of solutes in SCFs

The binary diffusion cocfficients of solutes in SCFs play a major role in their
extraction from the solid matrix as well as their dissolution from liquid mixtures for
fractionation purposes. Also, in thc enzyvme-catalyzed reactions of substrates in SCFs
the binary diffusion coefficient is an important parameter to determine how well a
compound can migrate to the active site of enzyme as well as how well a product
lcaves the enzyme site to reach the bulk SCF.

When the rate of a SCF process (extraction, reaction or fractionation) is
dependent on the diffusion of solutes through the solvent environment. a control on
diffusion coefficient can improve the process rate by manipulating the parameters that
can enhance the diffusion step. When two or more solutes are prescnt in a mixture, a
control on the diffusion coefficient of each solute can optimize their scparation.

The Tavlor-Arnis peak-broadening technique is a method to determine the
diffusion coefficient of solutes in a solvent. When a pulse of a solute is introduced into
a solvent stream flowing through a straight tube under laminar conditions (Fig. 1.3), it
broadens into a peak as a result of the combined effects of convection along the tube
axis and molecular diffusion in the radial direction (Liong et al.. 1991). The velocity
profile of the solvent in laminar flow is shown by arrows parallel to the tube axis
where the velocity is highest at the tube center. Solutes diffusing in the radial direction
and moving down the tube with solvent flow result in a broad peak which can be
detected with a detector if the tubc is long enough. Tavlor-Aris peak-broadening
technique is a correlation between the pecak width and the solute diffusion cocfficient,

which is presented in detail in chapter 5.
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At a given temperature, diffusivity of a dilutc solute in SCFs is tvpically an
order of magnitude higher than that in a liquid (Clifford. 1994). Incrcasing
tempcrature enhances the diffusivity as a result of a decrease in the solvent viscosity.
The relationship between the diffusion cocfficient and viscosity is given by the Stokes-
Einstein equation (eqn. 1.6), which has demonstrated a good agreement with

experimental results (King and Catchpole, 1993)
D, =kT/3znWV, /N )"’ (1.6)

where & is the Boitzman’'s constant. T the absolute temperature. 77 the viscosity of the
medium, V}, the molar volume at the normal boiling point and N; the Avogadro’s
number. Temperature also affects the density of the SCF. An increase in temperature
will lead to a lower density of the SCF and as a result in a higher diffusivity of the
solutes. Pressurc is another factor affecting the diffusivity of solutes in the SCFs. Its
influcnce is described by an cffect on both density and viscosity of the solvents.
Incrcasing pressure will result in a decrease in the diffusion coefficient of the solute.
This is due to an increase in the collision frequency of the solute molecules. which
results in a reduced mean path of the molecules.

The rate determining stcp for some fast reactions is the ratc at which the
substratcs arc diffusing in the solvent (Clifford, 1994). becausc that is the step which
controls the access of substrates to the point where they react. In such a casc. the
following equation can relatc the sccond order rate constant (k:) with the diffusivity of
the solutes assuming only two substratcs are involved in the reaction (Clifford. 1994):

k. =4aN _ p.¢(D, + D) (L.7)

where Dy and Dy are the binary diffusion coefficients of the substrates in the fluid
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studied. p;; is the approach distance necessary for the reaction and ¢ is a steric or

statistical parameter less than unity.

1.3. SUPERCRITICAL FLUID EXTRACTION

Fats and oils are conventionally extracted using organic solvents such as
hexane. However, with the latest changes in the regulations regarding the use of
organic solvents, theyv are being banned for applications in food processing and also
their use in analytical procedures is restricted (Lusas and Gregory, 1996: Snvder et al.,
1996). As a result. supercritical fluid extraction (SFE) is rcceiving increasing
attention. Industrial plants performing cxtraction and fractionation of flavors and
spices from natural matrices in SCFs are available.

Extraction with SCFs has been used as an alternative to the conventional
mcthods of solvent extraction, vacuum distillation and thin film cvaporation (Stahl et
al.. 1988). Technically. an SFE operation involves the flow of a fluid through a solid
matrix hecld in an extraction chamber at a pressure and temperature above the critical
point of the solvent. When the SCF is in contact with the material to be extracted.
depending on the solute’s partitioning between the two phases. the solutes can be
dissolved into the SCF and carried away from the solid matrix. The solute(s) can then
be scparated from the SCF by releasing the pressure.

Preconditioning of the samplcs is onc of the most important steps determining
the vicld and quality of the cxtract (Stahl ct al.. 1988). Onc or more of the following
stcps may be involved in the preconditioning: pulverization. pecling. ccll cracking,
flaking and cold pressing. Depending on the solute(s) of interest. the choice of solvent

and cntrainer is another important step. For example. using a mixture of propanc and
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CO: in the extraction of oil from colza (a rapeseed variety) resulted in a higher
solubility than that in CO- alone (Stahl et al., 1988). Other process parameters such as
extraction time, solvent flow rate, presence of an entrainer such as water or ethanol are
also important in determining the extraction rate and composition of the extracts.

Pressure and temperature are the main operational parameters in controlling
an SFE process. Generally, the solubility of fats and oils is increased by an increase in
both pressure and temperature (Stahl et al., 1988). Therefore. if a maximum
extractability is required, higher pressures and temperatures arc applied, in which case
due to the presence of the pigments, the extracts are usually colored (Dinger et al..
1996). A colorless product can be obtained if milder operatinig conditions are used.
One application of extractions at low pressure and temperature is to remove the
undesirable odors from such products as vegetable oils (Dinger et al., 1996). To
perform a fractional extraction of the componcnts, a stepwise pressure increase can be
applied.
1.3.1. Extraction kinetics

Figure 1.4 shows a tvpical curve for the extraction of lipids from solid
matrices. Kinetically, there are three steps involved in the process of extraction
throughout the entire run. In the first step. there is an equilibrium between the lipids in
thc SCF and the lipids in the solid matrix (Reverchon. 1997). Presence of equilibrium
is justified by the linearity observed in the first part of the graph indicating that therc is
no control on the cxtraction rate from intcal diffusion of the lipids in the solid phase.
Incrcasing the solvent flow ratc in this stage of extraction will result in a higher
extraction rate since the cquilibrium will provide the necessary oil to saturate the SCF.

In the transition phase, oil frecly available on the surface of solid particles is being
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depleted and saturation cannot be maintained. thus intemal diffusion starts to control
the extraction rate. On the last portion of the graph. a plateau is observed which
indicates that the extraction rate is exclusively controlled by the diffusion rate of the
lipid through the solid matrix.

The slope of the linear portion of the curve in Figure 1.4 can be used to obtain
the solubility of lipids at a given pressure and temperature condition. External mass
transfer in an extraction process is restricted by the solubility of solutes in the SCF
and as a result only a higher solvent flow rate can increase the extraction rate of the
solutes. This indicates that oil is available on the surface of the solid particles where it
can be easily removed. However. when the oil is located in internal pores and cells,
internal mass transfer resistance controls the extraction rate. In this case, the cffect of
solvent flow rate on the kinetics of the extraction process is ncgligible (Reverchon,
1997).

1.3.2. Supercritical fluid extraction of lipids

SFE has been applied to the extraction of many lipid products including
cholesterol, and fats and oils. Also, it has been used in the extraction of other
componcnts of oiisceds, such as phospholipids, FFA. waxes, and substrates imparting
odor. taste and color. Extraction of edible oils from different sources such as sovbean.
canola seed. cottonsecd and other oilseeds has been performed using SCCO- (Dinger et
al.. 1996). To dcacidify edible oils. SCCO- alone was able to separatc TG and FFA
sincc their vapor pressures and solubilitics are different (Stahl et ai.. 1988). The

following arc some lipid related applications of SFE (Stahl ct al.. 1988).
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1- Defatting of snacks such as potato crisps, containing 40-50% frying fat
and converting to a product more digestible and lower in calories with a longer shelf-
life.

2- Extraction of TG, FFA, waxes and cholesterol from pasteurized egg volk
powder leaving a protein product with ~20% phosphatidvicholine.

3- Extraction of anhydrous animal fats from butcher-shop residues by static
contact with a SCF for 10-60 min.

Economically, a countercurrent extraction process is more advantagecous since
the saturation solubility of SCF can be maintained. To ease the loading and unloading
of solid materials containing lipids. a cage screw extruder can introduce the raw
material into the high pressure system and take the residue out of the extractor without

the necd to release the pressure of the system (Stahl et al., 1988).

1.4. ENZYMATIC REACTIONS IN SUPERCRITICAL FLUIDS

Conducting rcactions in supercritical media is an area that experienced rapid
growth over the last decade since higher conversion rates could be achieved compared
to conventional media. A review of the literature, though not comprchensive. is
presented in Table 1.1 for enzymatic reactions in SCCO-. Similarly, Tables 1.2 and
1.3 present examples of non-enzymatic reactions in SCCO- and reactions carried out
in a supercritical fluid other than CO-, respectively. The discussion in this section will
focus on enzymatic reactions in SCCO- medium.

Selectivity, specificity. milder reaction conditions and tolerance to water and
fatty acids arc the advantages that make enzyvmatic reactions more attractive than

chemical methods (Erickson et al.. 1990). Enzymes can maintain their activitics in a
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wide range of temperature, pressure, pH and salt concentrations and in different
environments such as aqueous solutions, organic solvents and supercritical media
(Vermué and Tramper, 1995). By studving the enzymatic transesterification of
mcthylmethacrylates as their model reaction in supercritical ethane, ethylene,
fluoroform, sulfurhexafluoride and near-critical propane, Kamat et al. (1992) showed
that the reaction rate achieved in all the SCFs studied was significantly greater than
that in any conventional solvent tested. The finding that biocatalvsts, especially
enzymes, can maintain their activity at high pressures has encouraged the usc of
cnzyvmes to catalyze reactions under supercritical conditions. By introducing a
controlled amount of water to the delicate structure of enzvmes. SCFs can be used as
media where the enzyme kinetics can be correlated with solvent propertics. such as
diclectric constant and hydrophobicity., without changing the solvent but by controlling
pressurc and/or temperature only (Kamat et al, 1992. 1993a). In the enzyvme-
catalvzed synthesis of polymers in SCFs. the molecular weight of the products was
controlled by a change in the system pressure only (Russcll et al.. 1994: Chaudhary et
al. 1995). Furthcrmore. SCFs have an extra advantage that the products can be
separated from each other under supercritical conditions. For example. the scparation
of mono-. di- and triolein in SCCO: was possible by manipulating pressure and
tempcrature only (Stahl ct al., 1988).
1.4.1. Factors influencing enzymatic reactions in SCFs
1.4.1.1. Water content

Water is onc of the rcactants in hvdrolyvtic rcactions. In addition, as an
cntramer of the SCF, it can modify the polarity of the environment and thus the

solubility of solutcs. Also, the cnzyme activity depends on the amount of watcer present



in the SCF medium. In the complete absence of water, enzvmes are inactive (Kamat et
al., 1995a). However, if the water content is more than its optimum value, roughly
10% (w/w) for both n-hexane and SCCO., it has a negative effect. Marty et al.
(1992a) observed a decline in the residual activity of Lipozyme after conducting
reactions in the presence of different water levels for one day. The enzvme appeared to
be irreversibly denatured in the presence of excess water. Marty et al. (1992a)
suspected this effect to be due to some undesirable reactions such as hyvdrolvsis of
enzyme proteins. When a large amount of water is added, water is adsorbed on the
enzymatic support, and the enzyme gets fully hvdrated by many lavers of water. This
phenomenon results in a decrease in the cnzyme activity since the lavers of water act as a
barmer between the enzyme surface and the reaction medium (Dumont et al. 1992). Chi et
al. (1988) rcported an increase in the initial rate of the lipasc-catalyzed
interesterification of triolein with stearic acid and hydrolvsis of triolein with an
increase in water content in both n-hexanc and SCCO-. They considered water to act
as a modificr of the solvent having a one hundred fold higher solubility in SCCO- than
in n-hexane. Nakamura (1994) studied the interesterification of triolein and stearic
acid in a continuous reactor. at 20-30 MPa and 40-70°C. Hc reported that the
formation of mono- and di-substituted TG increased with water concentration followed
by a slight decrease: however. a larger amount of water was required to get the
optimum productivity at shorter residence times. Similar to Chi ct al. (1988). Marty ct
al. (1990) rcported that the initial rate collapsed rapidly in the esterification of oleic
acid and ethanol once the water content recached 12% (w/w of enzyme support) for n-

hexane and 110% for SCCO-.
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Trace levels of water were found to be necessary for catalysis by maintaining
the active conformation of the enzyme molecule through hyvdrogen bonding (Marty et
al., 1992a: Caralp et al., 1993: Nakamura, 1994: Perrut, 1994). Enzyme shape can
change depending on the extent of hydrogen bonding produced by water molecules
inside and outside the enzyme (Clifford and Bartle, 1996). Also, depending on the
polarity of the microaqueous layer around the enzyme and the polarity of the reaction
components, cnzyme can react differently. Since the microaqueous laver around the
enzyme is responsible for enzvme activity, any change in the phvsical properties of the
microqueous layer such as pH, size, shape and solubilizing activity can influcnce the
reaction.

Contrary to Marty et al. (1990: 1992a), Yu et al. (1992) showed that adding 1
mL water to 1 g immobilized C. cylindracea lipase at 40°C and 13.6 MPa resulted in
a maximum conversion of 30% for the reaction of cthanol and oleic acid to produce
cthyl oleate. Yu ct al. (1992) concluded that the enzyvme support adsorbed some water
because of its hydrophilic nature. The hydrolysis of cthvl oleate to cthanol and oleic
acid was possible when there was excess water on the immobilized lipase. As well. Yu
et al. (1992) achieved 10% hyvdrolysis of methyvl oleate in 30 min at 40°C and i3.6
MPa at similar enzyvme and water concentrations.

Vermué ct al. (1992) studied the transesterification of nonanol and cthvi
acetate to form nonyl acetate and cthanol in near-critical CO- using Mucor miehei
lipase. They investigated the cffects of pressure, polarity and water content of the
medium on the reaction in a continuous stirred-tank reactor. The pressurc and polarity

of thc ncar-critical CO. hardly influenced the transesterification ratc of lipase. but
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changing the water content of the system from 0.05 to 0.2% (v/v) caused a decrease in
product formation. The transesterification rate in near-critical CO- was lower than that
in hexane.

Marty et al. (1992a) determined the adsorption isotherm of water between the
enzymatic support, macroporous anionic resin beads, and solvent so that the activity in
SCCO: could be better compared with that in n-hexane. They observed a negative
temperature effect on the adsorption of water on the solid support, since more water
will be in the supercritical phase than on the solid phase with increasing temperature:
i.e.. the partition coefficient gets larger. as it is usual for gases. A similar result was
obtained with increasing pressure. which is contrary to what one would expect from
the adsorption isotherms, since the effect of the vapor pressure of water between the
two phases was overcome by the solvating cffect of supercritical medium on water.
Usually. one laver or less of water around cach enzyme molecule is essential to
maintain the native structure of the enzyme and thus its activity (Kamat et al., 19935a).
Hydrophilic organic solvents absorb this very laver of water and often denature the
enzyme. Table 1.4, which was derived from the results of Kamat et al. (1992),
indicates that the activity of cnzyme decrcases with an increase in watcr partitioning
from the enzyme into the hydrophobic solvents. For ecxamplc. they measured an
increase in the concentration of water in hexanc and butyl cther of 0 and 1.5ul/mL.
respectively. after the reaction was completed. Kamat ct al. (1992) considered the
water in butyl cther to be essentially partitioned from the enzyvme into the solvent.
since the only source of water in the reaction system was that of the enzyvme. When

anhydrous (0.01% water) acetonitrile and dioxane were used as solvents therc was no
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Table 1.4. Effect of solvent in the alcoholysis of methyimethacrvlate by 2-
ethylhexanol (100 mM each) at 30°C catalyzed by lipase (20 mg/mL) from Candida
cvlindracea.*

Dielectric Initial rate

Solvent Constant (mM/h-mg)
| Dodecane 2.01 0,234
Hexane ] 89 0.193
Butvl ¢ther 312 0.170
Butyvl acetate 501 0,044
Mecthviene chloride 908 0.008

*From Kamat et al. (1992).

detectable reaction rate. whereas rates of ~20 pmol/min per mg of enzyvme were
achieved upon water addition (25 uL/mL solvent).

Dumont et al. (1992) investigated the effect of water on the rate of
esterification of myistic acid and cthanol by adding different amounts of water to the
substrates and showed that the initial ratc could be increased by a factor of 2-3. The
maximum initial rates exhibited for SCCO- and n-hexane were at 25-55 mM and 1.1
mM water. respectively. above which initial ratc decreased substantially. Once again.
the higher partition constant of water in SCCO- was demonstrated.

Kamat et al. (1993a) considered using salt hydrates to control thc amount of
water delivered to the reaction system. A hydrated salt can give off water to the
environment based on an equilibrium and maintain the water activity at a certain level.
As water is consumed by the rcaction system. new molecules of water arc released
from the salt to compensate for the lack of water activity in the environment. Different
hydrated salts at differcnt temperatures can be used to mect the water requirement of
various reaction svstems. Na,P-O.10H-O was used at 35.17 MPa in supercritical

fluoroform by Kamat et al. (1995a) to study the effect of salt hydrate on the
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transcsterification rate of N-acetyl-L-phenylalanine ethyl ester by methanol using
subtilisin as catalyst. Saturation of the supercritical medium occurred at a minimal salt
concentration of 1 g/40 mL to reach the maximum enzyme activity (Kamat et al.,
1993a). Such a test with salt hydrates has not been carried out for SCCO..

Another ncgative effect of extra water is its contribution to decreasing enzyme
thermostability. Water is believed to increase the mobility of protein molecules and
enhance its unfolding rate (Kamat et al., 1995a). Also, the presence of water initiates
disulfide interchange, glutamine and asparagine deamination and the hydrolysis of
peptide bonds (Kamat et al. 1993a). Therefore. not surprisingly. cnzyme
thermostability in nonaqucous media is higher than that in aqueous solutions. In fact.
while lipase has a lifetime of 12 h in tributyrin (with 0.015% v/v water) at 100°C. its
lifetime is only a few seconds in water at the same temperature (Kamat ct al. 1993a).
For optimum enzyme activity and stability. water content has to bc adjusted according
to the operating tcmperature.

The hydrolysis of triolein and its partial glvcerides was studied by Glowacz et
al. (1996) using porcinc pancrcas lipase in SCCO-. It was shown that thc enzyme
activity and the enantiomcric ratios of the products were dependent on the water
content of the cnzyme. substrate and the rcaction time. For example. when the enzyme
watcr content was 3 or 13%. a decrease in the hydrolvtic activity in the order: triolein
> rac-1.2-diolein > |_3-diolein > rac-1-monoolein could be observed. while this order
was not observed when the enzyme water content was 1.5%.
1.4.1.2. Type of enzyme

Diffcrent kinds of cnzymes can target diffcrent reactions. Michor et al. (1996)

investigated the resolution of racemic citroncllol and menthol using enzyme-catalyzed
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transesterification in SCCO-. The activities of different lipases, AY30 from Candida
rugosa. PS from Pseudomonas sp.. Novozyme 435 from Candida antarctica and
immobilized Lipozvme IM60 from Mucor miehei. were compared with the activity of
estcrase EP10 from Pseudomonas marginara. The reactions were carried out at 50°C
and 10.0 MPa, except for lipase PS whose reaction temperature was 35°C. For the
transesterification of (f)menthol using isopropyvl acetate as an acyl donor, esterase
gave higher enantioselectivity and initial rate than all lipases studied. When the
enzymes lipase AY30 and esterase EP10 were used (Z)citronellol exhibited higher
initial rates than ()menthol, 110 and 120 umol-h'lg", respectively. Neither lipase
AY30 nor esterase EP10 showed anv enantiomeric preferences (Michor et al.. 1996).
Liu et al. (1997) reported that for the synthesis of cocoa butter cquivalent immobilized
lipasc from Mucor miehei was the most efficient and specific among the five diffcrent
lipases studied.
1.4.1.3. Selectivity of the enzyme

The selectivity of enzvmatic reactions is an advantage that is very difficult to
obtain by chemical methods. The rcactivity of a few racemic alcohols such as (£)-1-
phenylcthanol. (£)-2-octanol in SCCO- using immobilized crude lipase (Pseudomonas
sp. from Amano) has shown that a high cnantiomeric excess of >80% can be
approached by enantioselective acctylation of racemic alcohols (Cemia ct al.. 1994).
Rantakylda et al. (1996) rcported the hvdrolysis of racemic 3-(4-mcthoxyphenvl)
glveidic acid methyl ester in SCCO- using immobilized lipase from Mucor miehei as
catalyst. The presence of the enzyme was cssential for the reaction to take place. As

soon as water was injected into the reactor. both (2S.3R)- and (2R.3S)- forms started
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to react. However, the hydrolysis rate for the former was faster than that of the latter.
During the first 40 min of the reaction, the initial reaction rates were 250 and 44 mg/g
enzyme per hour for (2S,3R) and (2R,3S) forms, respectively. The lipase-catalvzed
enantioselective esterification of glycidol in SCCO-» was conducted by Martins et al.
(1994). Esterification of glycidol with butyric acid catalvzed by porcine pancreatic
lipase immobilized on Sephadex G-25 or Bio-gel P6 led to an enantiomeric purity of
83+2% of (S)-glvcidyl butyrate at 25-30% conversion and 20-25% hydration of the
enzyme preparations. The selectivity achicved was similar to the highest value ever
obtained in organic solvents.

The kinetic resolution of 3-hvdroxyvhexanoic acid, 3-hvdroxvoctanoic acid and
3-hydroxy decanoic acid methyl esters in n-hexanc and SCCO- catalvzed by lipase
from Pseudomonas cepacia was investigated by Capewell et al. (1996). They
transesterified the 3-hydroxy esters either at the free hvdroxyl group using different
esters or at the ester group using ethanol. The highest enantiomeric excesses and
cnantiosclectivitics were found for the rcactions of 3-hvdroxvoctanoic acid methyl
ester. particularly for its reaction with styryvl acetate. where enantiomeric excess was
99% (R) after 47 h indicating a preference of the ecnzyme on specific compounds.

An intcresting approach in the area of sclective enzvmatic esterification in
SCCO- was developed by Castillo et al. (1994) and applicd to the esterification of
glycerol with oleic acid. Phenylboronic acid was uscd as a complexing agent to protect
positions 1 and 2 on the glvceride chain leaving only onc position available for
csterification and glvcerol was immobilized on silica gel. The immobilized lipasc from

Mucor miehei Lipozvme TM was used as catalyst. Even though thc formation of only
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monoolein was expected, diolein was produced as well. A significant conversion in the
esterification reaction occurred with a higher concentration of monoolein.
1.4.1.4. Pressure and temperature

Both pressure and temperature affect the density and transport properties of
the SCF, which in tum affect the solubility and transport of reactants and products to
and from the enzyme by the SCF, respectively. Pressure and temperature can also
affect enzyme activity (Ishikawa et al., 1996) and reaction thermodynamics. The
esterification of a primary terpene alcohol such as citronellol was performed with oleic
acid in the presence of lipase in SCCO; (Ikushima et al., 1995b). An optical purity of
almost 100% was obtained from a racemic compound, (*)citronellol, by only
manipulating the pressure and temperature in the vicinity of the critical point of carbon
dioxide.

To determine the effect of pressure on enzyme activity, Balaban et al. (1991)
treated orange juice samples containing their natural pectinesterase with SCCO- at
13.7 and 31 MPa and 40-60°C. Pcctinesterase activity was reduced to a level at which
the orange juicc maintained its cloudy appearance longer than when it was untreated.
Although temperature was a factor in reducing pectinesterase activity, temperature
effect was not significant if high pressure were not applied (Balaban ct al., 1991). The
trcatment with high pressure CO- involved reducing pH due to the formation of
carbonic acid from the dissolution of carbon dioxide in water. The orange juice
exhibited pH’s as low as 2.96 at 31 MPa and 35°C. Balaban et al. (1991) suggested
that the low pH might be the main parameter in reducing pectincsterase activity and

not the high pressure since the enzvme restored its activity after the pressure was
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rcleased. However, there are some enzvmes that are active at pH's as low as 2. For
example, lipase from Candida cvlindracea is active over the pH range of 2-8.5 (Yu et
al.. 1992). In addition, Owusu-Yaw (1988) showed that oniy when the pH of orange
Juice was dropped to ~2.0 by the addition of HCI or when the orange juice was treated
with acidic cationic resins, could substantial reduction in pectinesterase activity take
place.

Kamat et al. (1992 1995b) have shown that CO- covalently bonds to enzymes
and tcmporanly inactivates them: therefore, reducing pH by itself may not be
responsible for any reversible inactivation. Also. Randolph ct al. (1991) reported that
conformational changes due to the changes in pressure were minimal, based on the
results of high-pressure clectron paramagnetic resonance spectroscopy of cholesterol
oxidase from Gloecocysticum chrysocreas in SCCO- and SCCO-/entrainer mixtures.
A similar result was obtained for lipase from Rhizopus arrhizus (Miller et al., 1991).
Shishikura et al. (1994) expericnced that the immobilized Mucor miehei lipase could
be stable for more than 180 h in SCCO- at 60°C and 9.8 MPa.

Pressurcs bevond a ccrtain level. however. might have some ncgative effects
on thc cnzyme itself. For cxample, Randolph et al. (1991) mentioned enzyme
dcnaturation at ultra-high pressurcs, c.g. >400 MPa. which was probably: due to the
dircct cffect of high pressure on the conformation of cnzyme molecules.

Prcssurc can affcct the reaction ratc by changing the concentrations of
rcactants and products in solution since partitioning of rcaction components between
the two phascs depends on pressure (Erickson et al.. 1990). Pressurc may as well have
an cffcct by influencing the mass transfer: i.c.. duc to changes in density, viscosity,

diffusivity ctc.. and by altering the ratc constant of the rcaction (Randolph ct al..
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1991). Immobilized enzyvme is not considered to be responsible for these vanations
(Enckson et al., 1990).
1.4.1.5. Effect of SCCO- on enzyme activity

The nature of the SCF and whether it has any physical or chemical influence
on the solutes is an important factor since the SCF interact with the reaction
components and cnzyme and thus may affect the reaction rate. CO: at high pressures
may have some cffects in addition to the effects related to the high pressure itself.
When seven free amino acids were exposed to SCCO.. there was no change in their
structure except for glutamine. which partially reacted with CO. (Weder, 1984). L-
Arginine displayed no changes over the pH range of 3-7 when it was exposed to
SCCO:- at 30 MPa and 80°C for 6 h (Weder et al., 1992). However. at pH 9, a 210%
conversion to arginine bicarbonatec was observed. In agreement with Kamat et al.
(1992: 1995b). there might have been some reversible changes during the exposure
time which could not have been detected by the methods used by Weder et al. (1992),
.Le.. thin-layer chromatography. ninhydrin reaction. etc. Using Laser Desorption Mass
Spectrometry, LD/MS, Kamat et al. (1995b) showed that the enzyme was modified
covalently and the covalent bond was demolished upon pressurc relcasc. There might
be a significant pH or CO- effect which is overcome by the effects of change in other
paramcters such as pressure and temperature.

Lozano ct al. (1996) rcported a positive effect due to pressure on the activity
of a-chymotrypsin. Their studies on gas, liquid and supercritical media showed that
the half-life of cnzyme increased proportionally with an increase in the density of CO-

in any medium. They suggested that the increase in the density of a fluid could be used
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as a means of protecting enzyvimes from deactivation. Lozano et al. (1996) related this
important phenomenon to the increase in several parameters such as dielectric
constant, polarity/polarizability and/or Hildebrand solubility parameter of the solvent.
These parameters have a direct effect on the hydrophilic property of the solvent
resulting in enhanced enzyme stability by promoting solvent-protein interactions
(Vermué et al., 1992; Lozano et al., 1996). Ikushima et al. (1993a: 1996) suggested
that the SCF itself can have some additional effects. In a given SCF, solubilities of
compounds depend on pressure. temperaturc and density of SCF as well as the
structural paramecters of the solute such as chain length. degrec of unsaturation,
molccular weight and the presence of various functional groups (Yu et al.. 1994).

By monitoring the enzyme conformation using Fourier Transform Infrared,
FTIR. spectroscopy in SCCO-, Ikushima et al. (1993a) showed that over a limited
range of pressure. 7.7-8.5 MPa, dramatic changes in C. cVl/indracea lipase occurred
resulting in a higher reaction rate. The pressure range of esterification reactions where
lipase from C. cylindracea catalyzed the production of optically active compounds
overlapped with the pressure range in which sudden conformational changes took
place (Ikushima et al., 1995a). When conducting lipase-catalvzed csterification of n-
valeric acid and citronellol in SCCO., lkushima ct al. (1996) observed a sharp
increase in the reaction rate at pressurcs close to the critical region of CO-. They
speculated that the clectron acceptability of SCCO- becomes appropriate at a given
pressurc to conduct a particular esterification reaction like that of n-valeric acid and
citronellol. However. Ishikawa ct al. (1995) reported a slow decrease in the activities
of glucoamylasc and acid proteasc with a change in SCCO- density up to a certain

point called the intersection point (0.82 and 0.60 g/cm’, respectively), after which
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enzyme activity showed a sudden drop. Similar trends were observed with an increase
in temperature or pressure. Although the results of Ikushima et al. (1995a; 1996) and
Ishikawa et al. (1995) do not appear to be in agrecment, these results belong to
diffcrent enzymes at different pressure ranges (Candida cylindreacea lipase at 7-8
MPa for the former and glucoamylase at >15 MPa and acid protease at >8.5 MPa for
the latter). Nakamura et al. (1991) applied a gravimetric method to measure the
adsorption isotherms for CO: on several proteins such as casein, gelatin. gluten and
ovalbumin. They observed a sharp peak in the adsorption isotherms of all the proteins
studied just above the critical pressure of CO- (8.3-8.8 MPa). which is very close to
the pressure range reported by Ikushima et al. (1993a: 1996).
1.4.1.6. Reactor design

Whether a batch or a continuous system is used and how each component of
the rcactor is designed will influence the reaction flow. A batch system is usually used
for kinetic studies. The advantage of a continuous reactor over a batch system other
than having a consistent flow is continuous withdrawal of the products which may
prohibit propagation of the thermodynamic equilibrium towards higher conversion.
Accumulation of some products such as FFA can inhibit enzyme activity (Lencki et
al.. 1998). Briand ct al. (19935) demonstrated that the presence of oleic acid in an
aqucous medium at 4.0 uM fully inhibited the cnzvmatic activity of Candida
parapsilosis in the hvdrolysis of rapeseed oil and oleic acid cthyl ester. However. for
the methanolysis of rapeseed oil only 45% activity loss was observed. In order to
maintain the driving force of the reactions. continuous removal of inhibiting products

such as FFA is necessary, which cannot be done with a batch system.
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1.4.1.7. Enzyme support

Enzyme support has been shown to play an important role in the catalytic
activity of immobilized enzymes. Kind of enzyme support used, its adsorption
isotherms and stability throughout the reaction are important parameters affecting the
overall activity of the enzvme. Enzymes in their non-immobilized form: i.c.. free
enzymes, have different sizes. polarizability, chemical structure and protein content
and therefore exhibit different properties in terms of their specificity and selectivity in
catalvzing different reactions. For application purposes. free enzvmes are dissolved in
a solvent such as water or an organic solvent. However. in the immobilized form,
enzvmes are bound on a solid matrix such as glass beads (Miller ct al.. 1991) and
natural or synthetic materials including bioskins (Legaz et al., 1998), silk fibroin
membrane (Liu et al., 1993) and polvaniline films (Verghese et al.. 1998). Enzvmes
can be attached to the solid support by different ways including ionic attractions and
covalent bonds. Depending on immobilization method. enzymes may loose part of their
activity or become more stable after immobilization.
1.4.1.8. Other parameters

There are numerous other factors that affect enzvmatic reactions carried out in
SCF media. The following are the most important ones:

1) The solubility of the rcactants and the products in SCF. More soluble
reactants can reach the enzyme sites more casily and as a result a more favorable
rcaction is expected. Similarly, if a product can leave the enzyme site fast, the reaction

can proceed further.
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2) The dielectric constant of the SCF. This is a major factor in dissolving
substrates and carrving them through the reaction system, which is affected bv many
other parameters such as pressure. temperature, presence of an entrainer, etc.

3) Type of the reaction, i.e. hvdrolysis, esterification, transesterification etc.
A given set of conditions may be more favorable for one type of reaction than others.
For example, the presence of water at a certain level may promote a hydrolysis
reaction and not esterification.

4) Morphology of the enzyme. Enzymes have specific morphology which
may be influenced by different parameters such as pressure and temperature. As well,
an cnzyvme may be immobilized on different supports which can affect various
properties of the enzyme.

5) Enzyme load. The amount of ecnzyme used and how it is placed in the
reactor influence the reaction results. For example, if packing inhibition is not a
concern, the material throughput can be increased by using larger quantities of the
enzyme.

6) Tyvpe and specificity of the substrate, its molecular weight. chain length
and number and position of double bonds. if anv. The properties of thc substrate play
a major role in all reactions including enzymatic reactions in SCFs.

7) The thermodynamic equilibrium of reaction and how the components of
the reaction medium, particularly water in hydrolvtic rcactions. will partition between
the phascs. It is important to have the substratcs and solvent in a single phase where

the reaction has to take place.
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8) The presence of side reactions. Usually, side reactions take place parallel
to the main reaction in each process. The extent of side reactions at the conditions of
the study will determine the conversion rate for the target reaction.

10) Interaction between the factors discussed above. Some or all of the factors
may in one way or another be correlated with each other.

1.4.2. Enzyme activity

Enzymes are complex protein molecules, which are chains of amino acids,
Joined by peptide bonds (Krawczyvk, 1997). The tertiarv structurc of the enzyme
molecules that is held together by hvdrogen bonding, ionic and hydrophobic
interactions as well as disulfide bridges determine how the peptide chains are arranged
in three dimensional space. Enzymes with S-S bridges are more stable compared to
those without such covalent bonding.

Enzymes exhibit different activity levels depending on the substrate and
environmental conditions. Yu et al. (1992) reported 30% and 75% conversions for the
synthesis of cthyl oleate and octyl oleate. respectively. at 8.2 MPa and 40°C using
immobilized lipase from Candida cylindracea as a catalyst in SCCO.. As well, a
conversion rate of 100% was reported in the syvnthesis of cthyl butvrate (Gillies et al.,
1987) using 5 g immobilized lipase from C. cviindracea in 100 mL n-heptane
containing 0.25 mol/L butyric acid and 0.40 mmol/L cthanol after 22 h. The reaction
times in the first two cases where SCCO- was used were shorter, ~1 h. and the initial
velocitics were higher. compared to the last one using a conventional solvent. 22 h.
When conversions obtained in SCCO- (Yu et al.. 1992) were compared to those

obtained in n-hexane (Lazar et al., 1986), Yu ct al. (1992) argued that rcgardless of
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the solvent used for given reactants, similar conversions should be achicved. They also
concluded that a conversion of 95% in the synthesis of ethyvl butyrate should be
expected in SCCO- using a similar lipase from C. cylindracea. Reaction medium is
another factor in the catalvtic activity of the enzymes. Although lipases and proteases
catalvze esterification reactions in aqueous solutions, alcoholysis is a preferred
reaction in a non-aqueous environment (Kamat et al., 1992).

The enzyme powder recovered from the alcoholysis reaction of
methvimethacrylate and 2-ethyvlhexanol in SCCO:; at 11 MPa and 45°C was active in
the same alcoholysis reaction after slow dcpressurization (Kamat et al.. 1992). Similar
results were obtained in n-hexane, in which CO- had been introduced. Kamat et al.
(1992) concluded that inhibition imposed by carbon dioxide on the enzyvmes was
reversible in both cases of hexane and SCCO..

There are two controversial arguments regarding the way enzyme inactivation
takes place. One is that rapid release of CO- dissolved in the bound water. due to a
decrease in pressure, causes a structural change in the enzvme leading to its
inactivation (Nakamura, 1990). The second argument considers that the inactivation
can also take place during pressurization. Zagrobelny and Bright (1992) investigated
the conformational changes in the trvpsin using fluorescence spectroscopy. They
reported that trypsin stability was decreased during pressurization.

1.4.3. Kinetics of enzymatic reactions

The enzymatic esterification of oleic acid and ethanol catalvzed by Lipozyme,

immobilized lipase from Mucor miehei. in SCCO; was compared to that in n-hexane

by Marty et al. (1992a). The enzyme exhibited good stability in both media depending
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on the moisture content of the solid enzvime. Due to the complexity of the problem,
Marty et al. (1992a) considered obtaining the optimum enzyme conformation to be the
most important role of water and did not take into account the water influence during
initial rate formulation. Different concentrations of ethanol were used to determine the
role of ethanol in the reaction mechanism. A ping-pong bi-bi mechanism prohibited by
ethanol was suggested to be involved in the reaction. A reciprocal coordinate
representation of initial velocities against acid concentration, where parallel lines are
obtained at low concentrations of ethanol, could easily describe this mechanism. The
slopcs of these parallel lines increased with increasing ethanol concentration. and their
intercepts approached a limiting value of 1/V;,... The reaction mechanism seemed to be
similar in both SCCO, and n-hexane. Figure 1.5 depicts the reaction scheme suggested
by Marty and co-workers (1992a). A substrate-enzyme complex is produced by
linkage of oleic acid to the enzvme which in a later step delivers water. Ethanol is then
linked to the remaining species producing another complex. which finally gives rise to
cthylolcate and is released from the enzyme. The other parallel pathway. which is not
favorable. is the linkage of ethanol dircctly to the enzyme producing an inactive
complex. The resulting equation from the model of Segel is written as follows to
describe the above mechanism (Marty et al.. 1992a):

;o [O/][E1] 05

L’ Km(ol)[E’]/K: + Km(el)[OI] +[OI][E’]

max

where [O/] and [Et] are the initial concentrations of oleic acid and ethanol, and K.
and K., are their respective affinity constants, K is the inhibition constant of ethanol,

and V and V., are the initial and maximum initial velocitics, respectively (Marty et
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al., 1992b). A plot of the reciprocal of initial rate versus the acid concentration will
give the limiting value of the intercept, 1/V,.., and the plot of slopes versus [E7] will
give the inhibition constant for ethanol, X, and affinity constant of oleic acid for
Lipozyme, K,.). A direct parametric identification on the model equation (Gauss-
Newton algorithm) and derivation of the apparent kinetic parameters resulted in 5.3%
average relative error and 15.7% maximum error between experimental and calculated
data. Table 1.5a gives a comparison of these parameters for SCCO- and n-hexane.
Maximum apparent velocity (¥V,,) seems to be higher in n-hexane than that in SCCO-,
possibly because of the pH change in the aqueous phase surrounding the enzyme, since
CO- can diffuse into the trappcd microaqueous phase in the enzymatic support and
acidify the medium. Thus, the enzyme conformation may have been affected.

Dumont et al. (1992) studied the bchaviour of Lipozyme in SCCOs and n-hexane
catalysing the reaction of myvristic acid and ethanol at different substrate concentrations.
The resultant kinetic constants are listed in Table 1.5b. Dumont et al. (1992) considered a
ping-pong bi-bi mechanism for the reaction of myvristic acid with ethanol, in either n-hexane
or SCCO-. Maximum velocity in SCCO- was 1.5 times higher than that in n-hexane, while
the affinity constant in SCCO- was lower for myristic acid (K, sccoz < Kmabean). They
concluded that inhibition in SCCO; is smalicr than that in #-hexane since ethanol acted as a
co-solvent and enhanced the myTistic acid solubility in SCCO- by increasing the polarity of
the medium. Both ethanol and water are more solublc in SCCO- than in n-hexanc. Dumont
ct al. (1992) also concluded that the entrainer effect of ethanol caused the drving of the
cnzymatic support. This is in contrast to the findings of Marty et al. (1992a) who showed
that the negative effect of ethanol still existed even after the addition of 15% water. If the

dryness of the enzyme were the problem, it should have been resolved by addition of extra
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TABLE 1.5. Kinetic constants for the enzymatic esterification of oleic and myristic acids
with ethanol obtained in n-hexane and SCCO-.

Solvent
Parameters SCCO- n-Hexane
a. Oleic acid + ethanol (From Marty et al., 1992a)
V.. (mmol/min-g) 14 23
Koon (mM) 170 450
Kofen {mM) 1600 600
K, (mM) 63 60
b. Myristic acid + ethanol (From Dumont et al., 1992)
Vax ( mol/min-mg) 0.833 0.532
K, (mM) 120 43
K (mM) 9.2 12.8

V. = Maximum apparent velocity. K., and K., = Affinity constants for oleic acid and
cthanol. respectively. and X, = Inhibition constant of ethanol.

! e = Maximum initial velocity. K, = Inhibition constant of ethanoi and K, = Affinity constant
for myistic acid.

water to the batch reactor. but this was not the case.
1.4.4. Influence of phase behavior on the reaction rate in SCFs

It is very important to know what thc phase behavior of a reaction svstem is so
that a singlc supercritical phase is obtaincd: i.e.. a homogeneous phase rather than two
or morc heterogencous phascs. Modifving the pressure and temperature of a SCF
systcm can lead to a homogeneous phase and thercfore a productive reaction. The
solubility of the reactants and products in the SCF and thc possibility of a phasc
scparation are the factors that can determine whether a reaction system can proceed
cfficiently. Reaction rates can be higher in the mixture critical region (McHugh and
Krukonis. 1994). Phase equilibria for enzyvime-catalvzed reactions in SCCO- were

studicd by Chrisochoou et al. (1993) using the lipase-catalvzed transesterification of



ethyl acetate and isoamyl alcohol to produce ethanol and isoamyl acetatc as a model
reaction. They applied the Soave-Redlich-Kwong equation of state with the mixing
rules of Huron and Vidal *o predict vapour liquid equilibrium behavior of the system
and found that the Soave-Redlich-Kwong model, which was first written for a two-
component system, was capable of predicting high pressure phase equilibria of
multicomponent systems over a wide range of conditions. Phasc equilibria obtained in
this way can be used in designing SCF extraction, reaction and fractionation processes
to optimize operatinig conditions.
1.4.5. Effect of activation volume on reaction rate

Applied pressure as well as partial molar volume can have a great effect on
the reaction rate in supercritical media (Combes et al.. 1992: McHugh and Krukonis.
1994). Transition state analvsis can be used to describe the ratc increase occurring at
high pressures. The variation of the reaction rate constant. k. with pressurc for a

bimolccular rcaction represented by the equilibrium equation "A + B = M~ =

Products™ is as follows:

(c“'lnk) _AF” (1.9)
P/, RT
where “AF: = 1y — I” . — V"5 is the activation volume: i.c.. the difference in

the partial molar volumes of the activated complex. M™. and the starting materials, A
and B. This equation considers the reaction rate in terms of mole fractions. When
rcaction rates arc expressed in concentration units, an cxtra term in thc equation
accounts for the compressibility of the reaction mixturc (Wu ct al.. 1991: Boock ct al..

1992: Caralp et al.. 1993: Clifford. 1994: Srinivas and Mukhopadhyay. 1994: Kamat
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et al., 1993a). The activation volume in liquid solvents is +50 mL/mol and that in
SCFs is at least two orders of magnitude higher (Kamat et al., 1993a).

If the activation volume in a reaction is positive; that is, if the activated
complex has a higher partial molar volume than the reactants, then increasing pressure
will not favor the reaction. However, with a negative activation volume, where the
reactants are more voluminous than the activated complex, the reaction rate will
increase with pressure. Care must be taken since partial molar volumes are very
sensitive to any change in pressure, temperature and mole fraction in the vicinity of the
critical point of the reaction mixture or the critical conditions of the solvent, when a
dilutc solute is used. This fact was displaved in the rcsults of Srinivas and
Mukhopadhyay (1994) in the oxidation of cyclohexane to cyclohexanol and
cyclohexanone in SCCO-.. For cxample. an increase in temperature favored the
production of the latter more than the former. Increasing the pressure and temperature
reduced the induction period for the production of both products. Activation volumes
calculated for thc oxidation of cyclohexane at 17.0 MPa changed from 36 to -773
cm’/mol with an increase in temperature from 137 to 160°C indicating that increasing
pressurc at 137°C will not result in any improvement in the reaction rate. since the
activation volume is positive. However. the reaction will proceed at 2 much higher rate
at 160°C because of its negative activation volume at this tempcraturc. Srinivas and
Mukhopadhyay (1994) showed that the feed composition had a great influence on the
reaction rate and considered this parameter as the main possible recason for the
activation volume to be so high at 137°C. The activation volume for dilute systems is

dictated by 1) the differcnces in the van der Waals attractive and repulsive forces of the
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reactants and the activated complex with the solvent, and ii) the isothermal
compressibility of the pure solvent (Combes et al., 1992; Srinivas and Mukhopadhyay,

1994).

1.5. RESEARCH NEEDS

Future applications of enzymatic reactions in SCFs include lipid reactions,
such as hydrolysis, (trans)esterification and the synthesis of TG: aroma compound
synthesis; and enantiomer purification and/or stereoselective synthesis as suggested by
Perrut (1994). For food applications, the production of specific fatty acid esters
similar to the flavorings used in margarine, imitation dairy products, confections and
other processed foods is possible with enzymatic csterification. Enzvme-catalvzed
transcsterification has been used to modify the physical and functional properties of
fats and oils in manufacturing high-value confectionery fats bv exchanging fatty acids
between fats or oils using lipase. Yu et al. (1992) investigated the applicability of the
immobilized Candida cylindracea lipasc in producing ethvl oleate in SCCO- and then
applied the optimum conditions in this reaction to synthesize the ethyl esters of fatty
acids of milk fat. Liu et al. (1997) svnthesized cocoa butter equivalent using the
cnzyme catalyzed interesterification of TG high in POP (P. palmitate: O, oleate) and
POO in SCCO.. The hydrogenation of oils to produce margarine and production of
nutritionally important TG such as those containing ©-3 fatty acids arc among other
possibilities.

There is great potential for developing ncw food processes involving
extraction/reaction/fractionation schemes. Ingredient industry. especially fats. oils and

flavors, is going to benefit from such on-line operations, where the specifications



needed for ingredients can be met using proper fractionation in such sequential
designs. Rapid Expansion of Supercritical Solutions (RESS) is another process (Turk,
1999) that can be combined with one or more of the above-mentioned processes in
order to produce solid particles with different specifications required for a given food
application. Therefore, the possibilities of using SCCO- for process development are
almost endless and working in this rapidly growing area is very rewarding. All of these
processes involve the manipulation of parameters such as the pressure and temperature
of thc SCF. The following is intended to highlight the arcas which need further
consideration:

e Despite the presence of many SCFs with low critical points (Table 1.6),
not many studies have becn conducted to support enzyvme-catalvzed reactions in these
media. Some immediate concerns are the flammability of several of them and a higher

price in cases like neon.

Table 1.6. Critical temperature (T.) and pressure (P.) of some gases.”

Gas T (°C) P. (MPa)
CO: 31.0 7.36
C-Hs 32.2 488
C;Hg 96.8 4.26
C-H. 9.9 5.11
C;H¢ 91.9 4.60
Nc -228.76 2.76
N-O 36.5 727
SF¢° 456 3.77

*From Weast (1988).
®From Stahl et al. (1988).

47
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o Physical properties of SCFs need to be properly correlated with the
activity, specificity and stability of the enzymes. Some supercritical solvents such as
sulfur hexafluoride (SFs) show high potential as a medium for conducting enzymatic
reactions (Kamat et al., 1992).

¢ Different parameters affecting enzvme activity and those affecting the
physical properties of the supercritical solvent must be independently studied and
every reaction (hvdrolysis etc.) for a given enzyme or a group of enzymes bc
investigated  scparatelv. For instance, the pressurc effect in an enzyvmatic
transcsterification mayv not be the same as that in a hvdrolysis reaction of the same
enzyme. In fact, since enzymes catalyze both direct and reverse reactions in a given
system, some opposite results should be expected when performing a direct reaction
like hydrolysis compared to a reverse reaction like transesterification. Thus,
compilation of a database that allows an appropriate comparison of the effect of
different parameters on a certain system is nceded and can fead to a better
undcrstanding of the cffects and their interactions.

e More attention is required towards some cnzymes that have proven to be
stable in SCCO- but do not secm to be cmployved in enzymatic recactions to a great
extent in such a medium.

e The activity of enzymes has becn limited by an increase n temperature
and/or pressurc. To raise this limit, genctic engineering needs to produce enzymes with
higher tolerance for high pressure and temperature.

e Sclective esterification of glvcerol with oleic acid by immobilization and

complexation of glvcerol was a successful application (Castillo ct al.. 1994). It seems



49

quite appropriate to look into other reactions with such complexing agents as
phenylboronic acid since they appear to be very helpful in limiting unnecessary by-
products.

e Conducting the on-line processes of supercritical fluid extraction of
substrates, supercritical fluid reaction, fractionation and analysis of the products is a
possibility that at this point is in its earliest stages of development. Such an approach
was applied in small scale for on-line SCF extraction/SCF reaction by Jackson and
King (1996) and for on-line SCF extraction/SCF reaction/gas chromatography by
Snyder et al. (1996). As well, Chrisochoou and Schaber (1996) reported some
procedurcs to facilitate such an approach. Extraction of food matenals followed by
their reaction shows great potential in food industry.

e Use of salt hyvdrate as a source of water in the enzvmatic reactions seems
to bc an appropriate means of controlling the water concentration of SCFs. Food

technology lacks the research involving the application of such an approach in SCCO..

1.6. OBJECTIVES OF THE THESIS

Canola is an oilseed crop originated in Canada as the name denotes (Canadian
+ oil => Canola). In 1978, the name canola was given to anv of the cultivars
Brassica napus and B. campestris to distinguish them from the other rapeseed species
(Canola Council of Canada, 1982). B. napus and B. campestris are species which can
lcad to an oil product containing <%35 ecrucic acid and not more than 3 mg
glucosinolates in 1 g of the moisturc-frce, oil-frce meal. Both crucic acid and

glucosinolates are the antinutritional components of canola seed. The quality of canola
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oil is good from several points of view including its low content of saturated fats, ~7%
(w/w), and high content of linolenic acid (an ©-3 farty acid), 11% (w/w) (Canola
Council of Canada, 1994). Among the crops grown in Canada, canola is the second
highest revenue source of the country, after wheat. Because of colder temperature and
soil requirements for canola crop, Canada is a good choice to grow this crop, which is
evident by its large production level. > 6 million tons/vear. Thus, research on canola
oil and its value-added processing aspects has major economical advantages for the
country.

Conducting rcactions in SCFs has gained increasing attention and
achicvements in this area are growing. As well, the scparation of reaction products and
the recovery of unrcacted materials have become possible in a supercritical reactor
system.

Fast growing enzyme technology and the possibility of using cnzymes at high
pressures such as those in the SCFs have opened new areas of rescarch. This has a
potential for replacing organic solvents by cnvironmentally safer SCFs. Although.
therc arc numerous SCFs to be used as solvents to conduct enzymatic reactions (Table
1.6), due to lower price, safety and inertness, SCCO: has been the most commonly
uscd solvent in research and industrv. It has been uscd for extraction and fractionation
as well as in conducting cnzymatic rcactions.

MG and DG arc important ingredients of many food products for
emulsification and stabilization purposes. The traditional mcthod of svnthesizing these
matcerials is the glvcerolysis of oils, which involves the use of alkali metals at high

temperatures, >250°C (Temelli et al., 1996). In addition. the product is a mixture of
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MG, DG, and FFA and their metal salts. Separation of MG and DG from such a
mixture is performed by distillation and the final products very often have a dark color
as well as undesirable flavor and odor (Temelli et al.., 1996). However, MG and DG
can be produced using enzymatic hyvdrolysis or enzymatic glvcerolysis of edible oils at
significantly lower temperatures (close to room temperature) in SCF media.
Furthermore, there is potential for selective preparation and purification of each
product by adjusting reaction conditions such as pressure. temperature, solvent flow
rate. enzyme load. etc.

FFA and givcerol. which are other products of hyvdrolvsis reaction. are used in
the production of many products such as detergents, cosmetics. surfactants, medical
and health related materials. A batch reactor syvstem was used for the hydrolysis of
triolein and its partial glvcerides using porcine pancreas lipase in SCCO- (Glowacz et
al.. 1996). It was shown that the enzyme activitv and the enantiomeric ratios of the
products were dependent on the water content of the enzyvme. substrate and the
reaction time. Edible oils are abundantly available in nature in many oilseeds including
canola, sovbcan. corn and sunflower. which are currently cxtracted using the
traditional methods employving n-hexane. Such a process is very lengthy and the cost
for the solvent is high. As well. the ever-rising concerns about the use of n-hexanc in
terms of air polution and safety issues arc pushing the governments and industry to
reduce its usc and find an aitcrnative. With the latest developments in SFE technology
and its growing involvement in many processes including those in the flavors and spice
industry. it is quite appropriate to incorporatc such a techniquc to extract fats and oils
dircctly from their sources and convert them to higher value products through an on-

line enzymatic reaction. Recently. such on-line enzymatic reaction of cxtracted



materials was reported (Jackson and King, 1996; Snyder et al., 1996). However, both
the extraction and reaction processes were incorporated in a single cell so that it was
not possible to apply different conditions for each process. There are no reports in the
literature of an on-line extraction-reaction process where extraction and reaction are
carried out in two separate cells with individual control on pressure, temperature and
moisture content. Developing such an on-line connection between the extractor and the
reactor will simplify conventional processing steps and as a result will save time,
energy and other resources.

Numerous studies have reported a loss in enzyme activity and/or stability after
exposure to certain conditions such as high pressure (Kamat et al., 1992: Yu et al,,
1992: Lee et al., 1993) or excessive water content (Marty et al., 1992a). However, our
understanding of structural changes *-~* may occur when an enzyvme is exposed to
high pressure in supercritical media is quite limited. The literature lacks information
on the structural changes of immobilized enzymcs exposed to supercritical conditions.

When dealing with extractions, reactions and fractionations in SCFs, mass
transfer information is essential to explain transport phenomena happening in such
svstems. The binary diffusion coefficicnt of compounds in SCFs is an important
parameter for optimal process design. Such data for a limited number of lipid
components have been reported at low pressures (Catchpole and King, 1994; Dahmen
ct al., 1990, Funazukurn et al., 1989,1991,1992: Liong ct al.. 1991.1992). However,
extraction of lipids from natural matrices using SCCO- is usually carried out at
pressurcs >25.0 MPa to achicve higher solubility levels. The literature lacks
information on the diffusion coefficients of lipid components at these conditions.

The overall objective of this thesis work was to develop an on-line extraction-
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reaction system to extract oil from oilseeds and convert them to high value products
using supercritical CO-. Lipase-catalyzed hydrolysis of canola oil was selected as a
model reaction. The specific objectives to achieve such goal were:

1) to investigate the effect of pressure, temperature and CO- flow rate on the
conversion and product composition in the lipase-catalvzed hydrolysis of canola oil in
SCCO:- using a continuous flow reactor (chapter 2);

2) to investigate the effect of CO: flow rate, enzyme load and the quantity of
canola flakes on the composition of the product mixture in the on-linc extraction-
reaction of canola oil from canola flakes (chapter 3):

3) to study the effect of high pressure, CO- flow rate, enzvme load and oil
content on the enzvme structure using a scanning clectron microscopy (chapter 4). and

4) to determine the diffusion cocfficients of several classes of lipids at
pressures up to 36.0 MPa and to investigate the effect of pressure, temperature,
presence of a secondary solvent/solute and the number and position of double bonds on

the diffusion cocfficient of lipids in SCCO- (chapter 3).
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2. LIPASE CATALYZED HYDROLYSIS OF CANOLA OIL IN

SUPERCRITICAL CO,'

2.1. INTRODUCTION

Supercritical fluids (SCFs) have received increasing attention as a medium to
conduct enzymatic reactions since high reaction rates can be achieved. Their higher
diffusivity and lower viscosity compared to organic solvents make them more
attractive as reaction media to transport reactants and products to and from the
enzyme. Furthermore, the marked temperaturc and pressure dependence of their
solvent power cases the post-reactional separation of the products.

The conventional method of triglvceride (TG) hydrolysis is the Colgate-Emery
steam splitting process. In this method, superheated (>250°C) steam at about 5 MPa
pressure (Linfield et al., 1984) is used. Such high temperatures can lead to oxidation,
dehydration and interesterification of lipids (Gandhi. 1997).

Some fatty acids, especially those with a higher degree of unsaturation, cannot
withstand such high temperatures and as a result will decompose to products such as
ketones and hydrocarbons. On the other hand, cnzymatic hvdrolysis of fats and oils is
superior since the reaction is performed under much milder conditions with fewer
hazards and lower power consumption (Gandhi, 1997). As well, enzymatic reactions
are sclective, side reactions are restricted. and thus arc best suited for the production
of specific compounds where products have better color and odor (Gandhi. 1997).

Mono- and di-glycerides (MG and DG, respectively), free fatty acids (FFA)

' A version of this chapter is to be submitted to the Journal of the American Qil Chemists’
Society for consideration for publication.
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and glycerol can be produced using enzymatic hydrolyvsis of edible oils. MG and DG
are important ingredients used in numerous food products for emulsification purposes.
Free fatty acids (FFA) and glycerol are used in the production of many products such
as detergents, cosmetics, surfactants, medical and health related materials.
Supercritical CO- (SCCO-) has been used for the extraction and fractionation of lipids
(Mishra et al., 1988, Hampson et al., 1996). Carbon dioxide with a moderate critical
condition, 7.4 MPa and 31°C, is a suitable solvent for fats and oils. For food
applications CO- is the preferred solvent. Recently, it has been studied as a medium to
conduct enzymatic reactions. Many enzyme-catalyzed reactions have proven
successful in SCF media. Enzymes were shown to maintain their activity at pressures
as high as 400 MPa (Randolph et al., 1991). Running enzymatic recactions in SCFs has
extra advantages such as higher reaction rates with a potential of selective preparation
and purification of ecach product.

Liu et al. (1997) synthesized cocoa butter equivalent using the enzyme-
catalyzed interesterification of triglyvcerides (TG) high in POP (P, palmitate: O. olcatc)
and POO in SCCO-. Among the five different lipases studied. immobilized lipase from
Mucor miehei was the most efficient and specific. Erickson et al. (1990) investigated
the cffect of pressure-induced changes on the physical propertics of a SCF and the rate
of lipasc-catalyzed transcsterifications. Kamat ct al. (1992: 1995) rcported that
SCCO: gradually inhibited C. cvl/indracea lipase. When studying the lipase-catalyzed
hydrolysis of triolein in a batch system. Chi ct al. (1988) rcported an increase in the
initial ratc of the reaction with an increasc in water content in both n-hexane and
SCCO.. They considered water to act as a modifier of the solvent having a one

hundred fold higher solubility in SCCO- than in n-hexanc. Glowacz et al. (1996)



studied the hydrolysis of triolein and its partial glyvcerides in a batch reactor svstem by
using porcine pancreas lipase in SCCOa.. It was shown that the enzyme activity and the
enantiomeric ratios of the products were dependent on the water content of the enzyme,
substrate and the reaction time.

The literature lacks information on the hvdrolysis of vegetable oils in a SCF.
Therefore, with canola oil being the most important vegetable oil in Canada, the
objective of this study was to investigate the effect of pressure, temperature and CO-
flow rate on the conversion rate and product composition in the lipase-catalyzed

hydrolysis of canola oil in SCCO- using a continuous flow reactor.

2.2. MATERIALS AND METHODS
2.2.1. Materials

Mucor miehei lipase immobilized on macroporous anion exchange resin,
Lipossme I[M. was kindly provided by Novo Nordisk (Franklinton, NC). The
following information was provided by thc manufacturer regarding the immobilization
of Lipozyme IM and its properties. The enzvme was strongly bound on the resin by
adsorption. The resin is of phenolic type and no crosslinking agents were used. The
granular Lipozyme IM has a particle size of 0.2-0.6 mm. Water content of the
commercial product is 2-3% (w/w). Howcver. the optimum water content for the
maximal activity of the enzyme is 10% (w/w). The enzvme is classified in the category
of triacyiglycerol hydrolascs. It can bc used in the temperature range 30-70°C.
Lipozyme IM can maintain its declared activity for 1 vear if it is stored at 5°C.
However. at 23°C, it can retain that activity for 3 months only. Enzyme activity was

provided by Novo Nordisk (Franklinton. NC) based on acidolvsis of high oleic
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sunflower oil with decanoic acid at 70°C for 60 min (5-6 BAUN/g of immobilized
enzvme, Batch Acidolysis Units Novo). Enzyme was stored at 5°C until used in the
experiments.

Canola oil was obtained from a local grocer. All lipid standards were
purchased from Sigma Chemical Co. (Oakville, ON) with purities of 299%. Diethvl
cther. HPLC grade (99.9%) and hexadecane (99%) were obtained from Aldrich
Chemical Co. (Milwaukee. WI): petroleum ether, Optima from Fisher Scientific (Fair
Lawn. NJ): CO. as reaction medium. bone drv (99.8%): hvdrogen. nitrogen and
helium, ultra high purity (UHP) grade (99.999%) and air, United States
Pharmacopocia (USP) grade (19.5-23.5% 0.), from Praxair (Mississauga. ON) and
CO- as mobile phase in supercritical fluid chromatography (SFC), SFC/SFE grade
(99.9999%), was from Air Products (Allentown, PA).

2.2.2. Experimental set up and design

A laboratory scale supercritical extraction system (Newport Scientific, Inc..
Jessup, MD) was modified to conduct continuous enzymatic hydrolysis of canola oil in
SCCO: (Fig. 2.1). Water was introduced to the CO: strcam using an HPLC pump
(Gilson 305. Middleton. WI) equipped with a manometric module (Gilson 805.
Middieton. WI) at a rate of 0.004 mL/min. Oil was introduced by another HPLC
pump (Varian 2010. Walnut Creck. CA) at a ratc of 0.02 mL/min. A small stainless
steel reaction cell (15 cm x 13 mm I.D.) was made and inserted into the original
extraction cell. To ensure the uniformity of the mixturc, water, oil and CO. were
combined and passed through a mixer prior to entry at the bottom of the reaction cell.
CO: flow rate was maintained at 3.7 L/min, measured at ambient conditions, except

wherc the flow rate effect was studied at 1.02+0.02 and 3.71+0.10 L/min. in which
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Figure 2.1. Schematic of the supercritical reaction system.

1- CO, tank, 2- Compressor, 3- Back pressure regulator, 4- Pressure gauge.
5- HPLC pumps, 6- On/off valve. 7- Mixer, 8- Reaction cell. 9- Temperature
control. 10- Depressurization valve, 11- Sample collection tube, 12- Cold
bath. 13- Rotameter. 14- Gas meter. 15- Vent.
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case the averages of two runs were reported. Reactions were carried out at 10, 24 and
38 MPa and 35 and 35°C. The immobilized enzyme beads (1.0 g) were dispersed in
the top portion of the reaction cell using 7.9 g glass beads (3.76 mm average 0.D.).
The lower portion of the reaction cell as well as the space above the enzyme layer were
filled with glass wool. A thermocouple held within the enzyme bed was used to
measure the reaction temperature, which was maintained within £2°C of the desired
temperature with a temperature controller (Newport Scientific, Inc., Jessup, MD).
Pressure was maintained by a back-pressure regulator.

The system was thoroughly cleaned prior to each run and operated as follows:
the reaction chamber was loaded with the enzyme-packed cell. All control valves were
shut off. The system was filled with CO. and pressurized to the desired level. The heat
control system was turned on and the desired temperature was set. Water and oil
pumps were initialized by pressurizing the respective lines and setting the flow rates.
When the set pressures and temperatures were rcached. the reaction was initiated by
turning on the on/off valves in the water and oil lines as well as the depressurization
valve and product flow was started. The CO. flow rate was adjusted with the
depressurization valve. Reaction product samples were collected in two successive
side-armced test tubes held in a cold bath at -20°C over the collection period (0.5-2 h),
weighed and dissolved in a 1:1 (v/v) mixture of diethvl ether and petroleum cther for
analysis. For each run. a new batch of cnzyme was used except where the ecnzyme
stability was studied. In addition. a blank run with the same water and oil flow rates as
the enzymatic runs was conducted with no enzyme at each pressurc and temperaturc
condition studied. Although all samples were collected and analyzed. only samplcs at 4

h or later were sclected for pattern analysis. This was necessary for the product
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composition to stabilize under steady CO-., oil and water flow rates at constant
temperature and pressure.
2.2.3. Enzyme stability

Enzyme stability was examined by following the above procedure except that
the same enzyme batch was used for three consecutive runs of 8 h each. The system
was depressurized after each run but the enzyme was left in the reaction cell at room
temperature. Due to the time needed for sample analysis and preparation procedures
for the next run. there were a 5- and a 2-day time lapse in between the runs. Any
leakage of the enzyme from the reactor was not expected throughout the runs and
depressurization steps since the enzyme is strongly bound to the surface of the anionic
exchange resin as indicated by the manufacturer.
2.2.4. Analysis of reaction products

An SFC system (SFC/GC Series 600, Dionex. Mississauga. ON) equipped
with a fused silica column (10 m x 50 pum [.D.) with 0.25 um film (SB-100-methvl
silicone) and a timed-split injector was used to analyze the reaction products. The rotor
capacity in the injector was 50C nL. Injection time was varied between 0.5-4.0 s to
obtain a consistent response since the amount of material coliccted at the various
conditions of the study was different. A frit restrictor (28 cm x 50 um [.D.) at the end
of thc column controlled the back-pressure of the system. A flame-ionization detector
(FID) at 350°C was uscd as the detection system. SCCO- was the mobile phase.
Hydrogen and air at 0.345 MPa (50 psi) were used for flame. Nitrogen at 0.414 MPa
(60 psi) was used as make-up gas. The system was run for at least 2 h prior to sample
injcction. Column temperature and pressure programming described by Temelli et al.

(1996) was modified for the analysis. Column temperature was held at 100°C for 2
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min and then increased to 190°C at a rate of 40°C/min. The program for column
pressure was as follows: held at 12.2 MPa for 2 min, ramp (I) at 0.5 MPa/min to 15.2
MPa and hold for 5 min. ramp (II) at 1.5 MPa/min to 17.2 MPa hold for 3 min, ramp
(IIT) at 1.5 MPa/min to 22.8 MPa hold for 1 min, ramp (IV) at 4.1 MPa/min to 27.4
MPa hold for 3 min and ramp (V) at 4.1 MPa/min to 31.5 MPa hold for 10 min. The
Dionex Al-450 Chromatography Automation Software Release 3.32 was used to
collect and analyze the data. Successive runs were = 1 h apart. Relative standard
deviation (RSD) in a standard mixture of FFA, MG. DG and TG was dctermined as
4.0%. 4.3%. 2.9% and 2.5%. respectively. which was an indication of the precision of
the SFC system for quantification of lipids.

Oleic acid. mono-. di- and triolcin were used as standards for FFA, MG, DG
and TG. respectively. Hexadecane was used as intermal standard (IS). Standard
solutions containing 5. 10 and 20 mg/mL of standards and IS wcre preparcd.
Triplicate injections of each standard solution were made and response of cach
component in the standards was normalized to its equivalent concentration in the
original solution. Relative response factors of FFA. MG. DG and TG were determined
by dividing the normalized responses by that of IS in each chromatogram and then
averaging for the triplicatc runs of each standard. Relative response factor is a
quantity which can account for possibic diffcrences in the behavior of various lipid
compounds during SFC analysis. The relative response factors of different species
were different. which also varied slightly with concentration. However, relative
responsc factors are independent of injection volume and solute concentrations
(Annino and Villalobos, 1992). Therefore. a mean rclative responsc factor for all

concentrations of each species was used in calculations, which was 0.80+0.02,



0.81+0.02, 0.73+0.02 and 0.96+0.02, for FFA, MG, DG and TG, respectively.

For the quantification of reaction product samples, peak area counts of FFA,
MG. DG and TG were divided by the relative response factors and normalized to
100% (w/w). To determine the molar ratios of FFA, MG, DG and TG, the average
molecular weights of 280, 356, 617 and 880 a.m.u.. based on canola oil fatty acid
composition data provided by Canola Council of Canada (1994), were used,
respectively.
2.2.5. Terminology

The terms conversion and production defined as follows were used to
characterize the reaction: Conversion was used to indicate the fraction of original TG
consumed in the reaction towards the formation of anv of MG, DG and glycerol. To
determine the conversion, moles of each of MG, DG, TG and glycerol in the product at
any given time were measured and normalized to 100%, since based on the reaction
stoichiometry (eqns. 1.1 —1.4) each molecule of TG can only be converted to any one
of DG. MG or glycerol. Any further breakdown of the products is not anticipated in
the CO- environment. Then, mole fraction of TG (frg) was subtracted from unity.

Conversion = l-frg 2.1

Production was used to quantifv the formation of individual products, i.c.
MG. DG, glycerol or FFA at a given time and a specific set of conditions. The rclative
weight of each component found in both collection tubes of cach run was reported as
production.

The term enzyme performance was used to evaluate the overall effectiveness
of the cnzvime based on FFA production. Since for each step in TG hvdrolysis one

FFA is rcleascd. the total FFA collected can be a good measure of the extent of
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hydrolysis and thus the overall performance of the enzvme. A high conversion does not
necessarily pertain to a higher enzyme performance, because while conversion
demonstrates the unreacted fraction of TG, enzyme performance is a measure of the
overall FFA released in all three steps of the rcaction.
2.2.6. Glycerol quantification

Since the amount of glycerol produced in the reaction could not be measured
directly with SFC analysis, its relative quantity was calculated based on overall moles

of FFA produced along with the production of each of DG, MG and glvcerol (eqns.

2.2-2.4).
TG +H:0—2=, DG + FFA (2.2)
TG +2 H.0 —2= 3, MG + 2 FFA (2.3)
TG + 3 H:0 —2% Glycerol + 3 FFA (2.4)

The equivalent moles of FFA produced for equation (2.2) (ngr4 ) is equal to
the number of moles of DG present in each product mixture (#pg). Therefore. ngpapc =
npc. Similarly. based on the stoichiometry of equations (2.3) and (2.4), the following
expressions can be obtained: ngra v = 2 Mg and Mepa_Givcerot = 3 AGivcerol. WheTe nEes v
and 7gra. Giveerol arc the number of moles of FFA equivalent to the moles of MG (n1y)
and glvcerol (MGiecra). respectively. Therefore, the total FFA present in the product
mixture (Mg o) €an be expressed as

NEFA ol = MEFA. DG + MFFA MG + MFFA. Glycerol 2.5)

By replacing the ngpa po. 7rra v and Arpa. Giyeerot With npg. 2y and 3ngiyeerots
respectively. an expression for the total number of moles of FFA can be obtained

NEFA towl = Mo + 2 Mg + 3 Agiveernl (2.6)

which can be converted to the following, since Mepa. 1l Mo and nyg are determined
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through SFC analysis
NGiyeerol = (MEFA. ot = MDG = 2 Mic)/3 2.7

Equation 2.7 was used to determine the relative moles of glvcerol.

2.3. RESULTS AND DISCUSSION

Analysis of the canola oil used as the substrate for the hydrolysis reaction
showed only TG peaks and there was no evidence of the presence of MG, DG or FFA.
Blank runs carried out at different pressure and temperature conditions with no
enzyme indicated that hyvdrolysis of TG in supercritical medium was negligible at all
conditions compared to those with the enzyme (Table 2.1). A tvpical SFC
chromatogram of the reaction products is given in Figure 2.2. The retention times of
FFA, MG. DG and TG were 10-16, 17-19, 23-27 and 27-31 min, respectively. The
wider peaks of FFA and TG indicate that these lipid classes consist of a mixture of
diffcrent componcnts. On the other hand, the sharper peaks of MG and DG represent

the narrower range of product spread within MG and DG. The fatty acid composition

Table 2.1. Product composition for blank runs (with no enzvme) based on averages of
3" and 4™ h extracts.

Product Composition (mole%)

P (MPa) T (°C) TG DG MG FFA
38 535 95.2% 2.2% 0.0% 2.6%
38 35 96.2% 1.53% 0.0% 2.3%
24 55 98.1% 0.0% 0.0% 1.9%
24 35 95.5% 2.5% 0.0% 2.1%
10 35 97.5% 0.0% 0.0% 2.5%
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Table 2.2. Fatty acid composition of canola oil .
[FA: Fatty acids, MUFA: Monounsaturated fatty acids, PUFA: Polvunsaturated fatty
acids].

Fatty acid Composition (w/w%)
Ciso 0.1
Ciso 3.5
Ciso 1.5
Cao0 0.6
Cxo 03

Total Saturated FA 6.0
Cist 0.2

Cisa 60.1

Coot 1.4

Cx, 0.2

Total MUFA 61.9
Cis- 20.1

Ciss 9.6

Total PUFA 29.7

* Adopted from Canola Council of Canada (1994).

of canola oil presented in Table 2.2 adopted from Canola Council of Canada (1994)
demonstrate that the C, s fatty acids make up >90% of the total fatty acids in canola oil. It is
possibic that the MG and DG fractions contain C,g unsaturated fatty acids only thus giving a
narrower peak. However. it necds to be confirmed by conducting fatty acid composition
analysis of cach of the FFA. MG, DG and TG fractions.
2.3.1. Enzyme stability in SCCO-

Changes in the concentrations of FFA, MG, DG and TG over a 24 h period at
38 MPa and 35°C are given in Figure 2.3. A higher concentration of FFA at the start
of cach 8 h run s due to the extra time needed for the system to reach the desired
pressure and temperature during which oil was in contact with the enzyme. The results
after the 4™ h of each step were considered for pattern analysis. The 2- and 5-dav

delays in between the runs did not seem to cause any cxtra loss in enzyme activity
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since the product compositions followed nicely from one run to the next without a
noticeable drop in between. The decline in the consumption of TG and the decrease in
the production of FFA and MG indicated a loss (~34%, based on the drop in TG
consumption) in enzyme activity as reaction proceeded. This is consistent with the
results of Marty et al. (1992), who used Mucor miehei lipase immobilized on a
macroporous anionic resin and reported a 10% loss in the enzyme activity in both
SCCO- and n-hexane after 6 days of exposure to 13 MPa and 40°C. However, an
increase in pressure to 18 MPa at 40°C did not affect the stability. An additional 10%
loss in activity was observed by increasing the temperature to 60°C at 13 MPa.
Although the extent of inactivation increases with the number of pressurization-
depressurization steps (Randolph et al., 1991), its contribution to the loss of enzyme
activity in this experiment is not anticipated to be significant. Giessauf et al. (1999)
reported that lipase from Pseudomonas sp. and lipase from Candida cylindracea lost
only 36.1% of its activity after 30 pressunization-depressurization steps in 24 h in
SCCO: at 15 MPa and 75°C. In this study. only threc pressurization-depressurization
steps were involved and the reaction temperature (35°C) was milder than that applied
by Giessauf et al. (1999). The higher pressure in this study (38 MPa) compared to a
lower pressure in the study of Gicssauf ct al. (1999) docs not contributc to the cnzyvme
inactivation since it has been reported that such modcrate pressures do not deactivate
the enzyme (Lozano et al., 1996).

Different enzvmes exhibit different activity patterns in supercritical media,
possibly becausc of differcnt immobilization support (Yu et al., 1992) and different

structures. For example. C. cVlindracea lipase supported on Celitc 545 was shown to
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deactivate at a higher rate than M. michei lipase supported on macroporous anionic
resin beads (Yu et al., 1992). At 3.6 MPa and 40°C, the residual activity of the
former was 75% and that of the latter was 85-90% after 7 and 6 days, respectively
(Yu et al, 1992). Chymotrypsin and trypsin can be mentioned to illustratc the
structure effect on enzyme stability. These enzymes contain disulfide bridges and
undcrgo partial inactivation as a result of slow depressurization, ~5-10 min, from 10
MPa after exposure to SCCO- medium (Randolph et al.. 1991). However, penicillin
amidase. which does not have cystcine, appcars to be the Icast stable during
depressurization (Randolph et al.. 1991). Giessauf et al. (1999) reported that
hydrolases (lipases and esterases, crude preparations) with disulfide bridges had a
lower degree of inactivation comparced to an cnzyme without cvstine after several
pressurization-depressurization steps at 15 MPa and 75°C for 24 h. However, thermal
stability was not any better. Zagrobelny and Bright (1992) reported that the
inactivation could also take place during pressurization. How Lipozyme IM was
affccted in this study needs further research.

A higher DG content of the product is a demonstration of low cxtent of
hydrolysis since DG is the first intermediate product of the TG hydrolysis. On the
other hand. a higher MG content along with a lower DG content can indicate a more
cfficient reaction. Similar conclusion applics if a lower TG content and/or an absence
of MG and DG along with a high FFA content arc obscrved.

2.3.2. Effect of CO- flow rate on product composition
Effect of CO- flow ratc on the hydrolysis of canola oil in SCCO- was studied

at 38 MPa and 55°C applving two different CO- flow rates of 1.02 £ 0.02 and 3.71 +
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0.10 L/min (measured at ambient conditions) over 8 h. Figure 2.4 depicts the changes
in givcerol content of the product at the two different flow conditions. The fluctuations
in the data within the first two hours demonstrate the instability in the product
composition early in the reaction. The molc fractions of MG and DG were lower at
lower flow rate indicating further conversion to glvcerol. This is evident in the higher
fraction of glycerol in the final product at this condition. Thus, the enzyme is capable
of fully hvdrolyzing TG molecules if enough residence time is provided. TG content of
the product mixtures was higher at lower flow rate. This result along with thosc
obtained for MG and DG demonstrated that there was a parallel conversion of MG
and DG to glvcerol after a certain amount of MG and DG was produced. This was
verified by plotting the total FFA production at the two different flow rates for the last
4 h of the reaction where product composition was stabilized (Fig. 2.5). It was
demonstrated that there was no flow rate effect on the ovcrall enzyme performance
since the FFA production was not affectcd by a change in the CO- flow rate.

The total amount of materials collccted at the end of each experiment was
about 67% of the sum of oil and water introduced to the system. The remaining 33%
consists of: i) some unuscd watcr which was collected in the reaction chamber after the
rcaction was over, ii) some oil which was swept away during the depressurization of
the system, and finally iii) some oil and water which was left in the connecting tubes
prior to the reactor.

The solubility of canola oil at different conditions was calculated from the
slopc of the linear portion of cxtraction curves by Fattori ct al. (1988). The solubility

of canola oil in SCCO- at 36 MPa and 55°C is 11 mg oil/g CO- (Fattori et al., 1988),
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which is expected to be slightly higher at 38 MPa and 55°C, i.e. conditions of this
study. Also, the solubility of water in SCCO- at 55°C and 40.5 MPa is ~7 mg water/g
CO- (Wiebe and Gaddy, 1941), which is approximately the same condition of our
study. Therefore, up to a total of ~40 g oil and ~25 g water at 3.71 L/min CO: flow
ratc and ~11 g oil and ~7 g water at 1.02 L/min CO. flow rate would have been
dissolved over 8 h if they were supplied in sufficient quantities to the CO- stream. The
flow rates of oil and water (0.02 and 0.004 mL/min, respectively) were kept constant
throughout this study providing 9.89 and 1.92 g oil and water over 8 h, respectively.

At a higher CO- flow rate the concentration of the substrates in the CO- phase
is below saturation since the same amount of oil and water was supplied to a larger
CO. quantity (~440 g) compared to that of the lower flow rate (~120 g) over 8h.
Whether the supercritical medium is saturated or not has an effect on the hydrolysis
reaction. The lower concentration of substrates in the rcactor as a result of a higher
CO: flow rate may cause the reaction ratc to drop accordingly. Thus, the condition is
not appropriate for complete hydrolysis of TG molecules to glyvcerol and instead
partial conversion to the intermediate products is favored. Glowacz et al. (1996)
showed that the extent of hydrolysis of triolcin and its partial glvcerides increased with
reaction time and as a result a higher amount of olcic acid was relecased.

Another effect may be related to the possible loss of enzyme activity as a
result of a lack of water around the cnzyme at the higher CO- flow ratc. The layer of
watcr on the enzyme has more tendency to leave the enzyme site at the higher CO-
flow rate since water concentration in the SCF is lower. Hampson and Foglia (1999)

reported that the immobilized lipase from Candida antarctica lost 2-6% of its water
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content per hour in SCCO- at 27 MPa and 60°C with 0.5 or 1 L/min CO- flow rate.
They also reported that in the hydrolysis of tripalmitin, the enzyme with 1.5% moisture
content gave little evidence of hydrolysis. However, the enzyme with 5.4-23.5% initial
moisture content led to products with palmitic acid and unreacted tripalmitin only,
which is in agreement with the results of the lower flow rate in this study.

Since the amounts of oil and water introduced to the reaction system were
below their saturation levels in SCCO-, the results obtained in this study can be
attributed to the net flow rate effect on the hvdrolysis reaction. It seems that product
composition can be controlled by changing flow rates of substrates and CO..
Furthermore. one can predict that full hydrolysis of oil is possible if a lower CO: flow
rate. a higher enzyme load and/or a lower oil flow rate is selected. On the other hand, a
higher production of MG can be achieved if a higher CO- flow rate, a lower enzyme
load and/or a higher oil flow ratc (up to the saturation level of SCCO- at the conditions
of study’) is selected.

2.3.3. Composition of the product mixtures

A tyvpical trend for the change in product composition over a 4 h period is
shown in Figurc 2.6. for a reaction at 24 MPa and 35°C. It 1s apparent that the
reaction svstem requires about 3 h to rcach stcady state. After 4 h, DG concentration
(~20% molc/molc) was twice that of MG (~10% mole/mole) indicating that DG
production was favored over MG at this condition. Similar results were obtained for
all other conditions of this study cxcept for the reactions conducted at 10 MPa and
35°C. in which case the production of both MG and DG was lcss pronounced. At 10

MPa and 33°C. duc to the poor solubility of canola oil in SCCO- (0.05 mg oil/g CO-,
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Fattori et al., 1988) only a small fraction (0.5%) of pumped oil was dissolved while
water solubility (~3 mg water/g CO-) was relatively high (Wiebe and Gaddy, 1941)
and as a result. enzyme was able to fully hydrolyze most of the TG available to the
catalytic sites. Therefore, the accumulation of the intermediate products, MG and DG,
was not favored and complete hyvdrolysis was achieved. When Glowacz ct al. (1996)
studied the hvdrolysis of triolein and its partial glycerides, they reported that the
(re)activity of triolein was higher than dioleins and within the dioleins, 1,2-diolein was
more (re)active than 1.3-diolein and finally dioleins were more (re)active than |-
monoolein indicating compound specificity of the immobilized porcinc pancreatic
lipase. Water content of the immobilized lipase was also an important factor in the
hydrolytic activity of the enzyme.

2.3.4. Effect of temperature and pressure on product compaosition

Relative concentrations of glvcerol. MG, DG and TG in the product mixture after 4 h
of reaction are listed in Table 2.3 for different pressures and temperatures of this
studyv. The concentration of each component in the product mixture was mainly
depcndent on pressure and small differences were obscrved with a change in
temperature at each pressure. Glvcerol concentration was highest (~35 mole %) at 10
MPa and 35°C. This was related to the lower solubility of oil in SCCO- at this
condition resulting in further hydrolysis. At 38 MPa, glvcerol content increased with
an increasc in temperature from 33 to 55°C. The highest level of MG was obtained at
24 MPa and 35-35°C, which was declined by an increase in pressure to 38 MPa. At
10 MPa and 35°C, concentrations of both MG and DG were low indicating their

immcdiate consumption on the cnzyme site. DG content increascd dramatically with a
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Table 2.3. Effect of pressure and temperature on the composition of glvcerol, MG,
DG and TG normalized to 100% (mole %) after 4 h of continuous reaction.

Compound 10 MPa/35°C|24 MPa/35°C|24 MPa/55°C|38 MPa/35°C|38 MPa/55°C
Glycerol 34.5% 5.8% 3.5% 6.9% 9.7%
MG 1.3% 214 % 20.9% 14.4% 13.4%
DG 15.1% 39.5% 41.4% 42.8% 39.7%
TG 49.1% 33.3% 34.1% 35.9% 37.3%

change in the properties of the microaqueous layer of the enzyme or a reduction in the
mass transport properties of thc solvent can also be a factor. When studving the
acvltransfer activity, Briand et al. (1993) showed that the acvltransfer (including
hyvdrolysis) activity of Candida parapsilosis lipase was very secnsitive to the
experimental temperature and an optimum temperature of 40-30°C was obtained in an
aqueous treatment of rapeseed oil. They further demonstrated that the enzyme was
able to maintain its activity at tcmperatures up to 50°C but substantially inactivated at
temperatures >350°C in less than an hour in aqueous solutions. Similarly, they
observed very high sensitivity of the enzvme activity to a change in the pH and the
concentration of entrainers such as mecthanol and surfactants like sodium dodecvl
sulfate and polv(vinyvi)alcohol.
2.3.5. Effect of pressure and temperature on the production

The amount of MG. DG and FFA in the product mixture was highest at 24
MPa (Figs. 2.7-2.9, respectively). The highest production of MG was obtained at 24
MPa and 35°C. after which an increase in both pressure and temperaturce or a decrease
in pressure resulted in an adverse effect on the production of MG. The pressure and
temperature effect on the production of DG was less pronounced than that on MG

production. Temperature cffect on the FFA production at 35-55°C and 24-38 MPa
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was not pronounced, but pressure was an important factor. At this range of pressure
and temperature, the total oil load of CO- does not change since the total oil introduced
to the system was lower than the saturation level of CO.. FFA production was higher
at 24 MPa than that at 38 and 10 MPa. At 10 MPa, the lowest production of MG, DG
and FFA was obtained, which could be related to the lower solubility of canola oil in
SCCO:. at this condition (0.05 mg oil/g CO-) compared to that of other conditions (3-

I'l mg oil/g CO-) (Fattori et al., 1988).

2.4. CONCLUSIONS

Immobilized lipase. Lipozyme IM. showed a different performance at various
pressurc and temperature conditions and as a result the production of MG, DG and
glvcerol was affected by a change in pressure and temperature over 10-38 MPa and
35-35°C, respectively. Enzyme performance was highest at 24 MPa and 35°C. The
solubility of oil in SCCO- was low at 10 MPa and 35°C and as a result the total
product collected was much lcss than those of other conditions. However, within the
amount solubilized, the accumulation of intermediate products, MG and DG, was not
favored and more of final product. glvcerol, was formed. Highest conversion as well as
highest MG and DG production was obtained at 24-38 MPa and 33-55°C. Therc was
a loss in the cnzyme activity at 38 MPa and 55°C over a 24 h rcaction period.

Although at a constant flow rate of oil and water a change in the CO- flow
ratc did not influence the enzyme performance, the product composition was affected.
By dccreasing the flow rate of COs, full hvdrolvsis of canola oil can bc achieved.

Similarly, it is predicted that an increasc in the enzyme load and/or a decreasc in the
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quantity of the oil substrate can promote the full hvdrolysis of oil. Lipase-catalyzed
hydrolysis of canola oil in SCCO: show potential for conversion of fats and oils to
higher value products such as MG. DG, FFA and glvcerol. Pressure, temperature and
CO: flow rate are important parameters in controlling the composition of the product

mixture.
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3. ON-LINE EXTRACTION-REACTION OF CANOLA OIL USING

IMMOBILIZED LIPASE IN SUPERCRITICAL CO-'

3.1. INTRODUCTION

Feasibility of conducting enzymatic reactions in supercritical fluids (SCFs)
encourages research activity involving extraction, reaction, fractionation and analysis
of lipids in such media. The ease of manipulating the properties of SCFs has promoted
their use as a medium to conduct enzymatic reactions at a high rate. On-line
extraction-fractionation of lipid components has been reported (Reverchon. 1997).
However, extraction of food materials followed by their on-line reaction and post-
rcactional separation of the reaction products has not been investigated even though it
shows great potential for the food industry.

As a benign and affordable solvent, supercritical CO- (SCCO.) has been
commonly used as a solvent for the extraction processes both at the research level and
in the industrial and pilot-plant scale such as extraction of spices and flavors and
decaffeination of coffeec. Enzymatic lipid reactions such as hvdrolysis,
(inter)esterification, alcoholysis and acidolvsis have been studied in SCCO-
environment. Synthesis of cocoa butter equivalent (Liu et al.. 1997), hvdrolysis of
triolein (Chi et al., 1988; Glowacz et al, 1996), hydrolysis of tripalmitin (Hampson
and Foglia, 1999) and transesterification of triglvcerides (TG) (Erickson et al., 1990)
are examples of enzyme-catalvzed lipid reactions carried out in SCCO,.

Lipase-catalyzed hydrolysis of canola oil in SCCO., shows potential for

' A version of this chapter is to bc submitted to the Journal of Supercritical Flujds for

consideration for publication.



conversion of fats and oils to higher value products such as mono- and diglycerides
(MG and DG, respectively), glycerol and free fatty acids (FFA). The stepwise
hydrolysis of TG to DG, MG, glycerol and FFA was described in section 1.1.2.
Depending on the extent of hydrolysis, a mixture of TG, DG, MG, givcerol and FFA
can be obtained in the product mixture. The effect of pressure, temperature and CO-
flow rate on the hydrolysis of canola oil in SCCO- using immobilized lipase from
Mucor miehei was discussed in 'chapter 2. Production of MG and DG was influenced
by a change in pressure and tcmperature over 10-38 MPa and 35-35°C, respectively.
Product composition was also affected by a change in CO- flow rate at a constant flow
ratc of oil and water.

For the enzymatic hydrolysis of canola oil described above, previously refined
canola oil was used as thesubstrate. Conventional extraction and refining technology
for edible oils is costly and involves many steps including seed cleaning, preheating,
crushing/flaking, cooking, pressing. solvent extraction, oil desolventizing, degumming,
acid treatment. bleaching or alkali refining, dewaxing, and physical
refining/deodorization (Canola Council of Canada, 1994). Furthermore, the use of n-
hexane, a flammable and environmentally hazardous organic solvent, as the oil
extraction solvent is being restricted and it is anticipated that #-hexane will be banned
in many extraction and analvtical applications in the near future. With the latest
developments in the supercritical fluid extraction (SFE) technology and expansion of
its industrial applications to food products such as spices, flavors and coffee (Stahl et

al., 1988; Reverchon. 1997), SFE is gaining importance as an alternative to the
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conventional methods of oil extraction. Furthermore, the traditional enzyme-catalyzed
reactions in aqueous media as well as those performed in organic solvents will face
strong competition from the ever-growing SCF technology. With such developments in
both extraction and reaction processes, the convenience of on-line reaction of the
extracted materials will merge these two technologies to avoid several unnecessary
steps involved in between the independent extraction and reaction processes.

Such an integrated approach is a possibility that is presently in its carliest
stages of development. Small scale on-line supercritical fluid extraction/supercritical
fluid reaction (SFE/SFR) and on-line SFE/SFR/gas chromatography (GC) were
reported by Jackson and King (1996) and Snyvder ct al. (1996). respectively, for
soybean oil. However, they incorporated both extraction and reaction processes in a
single cell where it was not possible to apply separate operating conditions for each of
these processes. There are no reports in the literature on an on-line extraction/reaction
process with separate extraction and reaction chambers equipped with separate
controls on pressure, temperature and moisture content. Developing such an on-line
svstem will climinate some processing steps in between and as a result will save time,
energy and other resources. As well, such an approach can facilitate the control of the
feed amount to the reaction systcm by only changing the operational conditions of the
extraction process and can provide an opportunity to use thc phenomena involved in an
extraction process in operating a reaction system. Thercfore. the objectives of this
study were: a) to develop an on-line SFE/SFR syvstem to scquentially extract the oil
from canola flakes and enzymatically hydrolyze it in SCCO-, and b) to investigate the
cffect of CO, flow rate, cnzvme load and the quantity of canola flakes on the

composition of hydrolysis products.
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3.2. MATERIALS AND METHODS
3.2.1. Materials

Cooked canola flakes, Brassica napus and B. campestris, and Mucor miehei
lipase immobilized on macroporous anionic exchange resin, Liposyme IM, were kindly
provided by Canamera Foods (Fort Saskatchewan, AB) and Novo Nordisk
(Franklinton, NC), respectively. Enzyme was stored at 5°C until used in the
experiments. Enzyme activity was provided by Novo Nordisk (Franklinton, NC)
based on acidolysis of high oleic sunflower oil with decanoic acid at 70°C for 60 min
(5-6 BAUN/g of immobilized enzyme, Batch Acidolysis Units Novo). All lipid
standards were purchased from Sigma Chemical Co. (Oakville, ON) with purities of
299%. Dicthyl ether, HPLC grade (99.9%) and hexadecane (99%) were obtained from
Aldrich Chemical Co. (Milwaukee, WI). petroleum ether, Optima from Fisher
Scientific (Fair Lawn, NJ): chloroform and mecthanol. Assurance grade (99.8%).
isopropanol (99.9%) and hexane (85% n-hexanc). OmniSolv grade from BDH. Inc.
(Toronto, ON): CO- as reaction medium, bone dry' (99.8%): hyvdrogen. nitrogen and
helium, ultra high purity (UHP) grade (99.999%) and air, United States
Pharmacopocia (USP) grade (19.5-23.5% O-). from Praxair (Mississauga. ON) and
CO: as carrier in the supercritical fluid chromatography (SFC), SFC/SFE grade
(99.9999%). from Air Products (Allentown, PA).
3.2.2. Experimental setup and design

A laboratory scale supercritical extraction system (Newport Scientific, Inc.,
Jessup, MD) was modified to conduct continuous extraction and hvdrolysis of canola

oil in SCCO- (Fig. 3.1). A new stainless steel extraction cell (13 cm x 29 mm 1.D.)
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was fabricated and positioned after the compressor. Water was pumped in using a
piston pump (Gilson 3035, Middleton, WI) equipped with a manometric module (Gilson
805, Middleton, WI) at a rate of 0.004 mL/min and mixed with oil-laden CO- exiting
the extractor. A mixer was located close to the bottom of the reaction cell, where oil-
laden CO: and water were mixed prior to entry into the reactor. The CO- flow rate was
0.5 L/min, measured at ambient conditions, except where the flow rate effect was
studied at 0.5 and 3.9 L/min, in which case the avecrages of duplicate runs were
reported. The flow rates chosen were close to the minimum and maximum limits of the
compressor. Reactions were carricd out at 24 MPa and 35°C. A small stainless steel
reaction cell (15 cm x13 mm [.D.) was made and inserted into the original extraction
cell. Immobilized enzyme beads were mixed with glass beads (7.9 g, 3.76 mm average
0.D.) to prevent formation of a compact cnzyme bed. The effect of enzyme load was
investigated by using different amounts of enzyme, 1.0. 2.0 and 5.0 g, which were
mixed with 7.9. 15.8 and 2.7 g glass beads, respectively. The quantity of glass beads
was adjusted for each enzyvme load based on thc total reactor volume. Enzyme and
glass becad mixture was placed in the top portion of the reaction cell. The lower portion
of the cell as well as the space above the cnzyvme layer were filled with glass wool. The
extraction and reaction temperaturcs were measurcd using two separatce thermocouples
held within the top portions of the respective chambers, and maintained within #2°C of
desired temperatures with separatc controllers (Milton Roy. Ivvland. PA, and Newport
Scientific., Inc.. Jessup, MD, respectively). Pressure was maintained by a back-
pressure regulator.

The system was cleancd thoroughly prior to each run and operated as follows:
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Canola flakes and enzyme-packed cell were loaded into the extraction and reaction
chambers, respectively. All control valves were shut off. The system as filled with CO-
and pressurized to the desired level. The heat control svstem was turned on and the
desired temperature was set. Water pump was initialized by pressurizing the water line
and setting the flow level. When all the system pressures and temperatures reached the
set levels, reaction was initiated by turning on the on/off valve in the water line as well
as the deppressurization valve and adjusting the CO. flow rate. Reaction product
samples were collected into two successive side-armed test tubes held in a cold bath at
-20°C and products were collected every hour, weighed and dissolved in a 1:1 (v/v)
mixture of diethyl ether and petroleum ether for analvsis. For cach run, a new batch of
cnzyme was used. For each enzymatic reaction, a blank extraction run was conducted
with no enzyme at the same pressurc, temperaturc, water and CO- flow rates, and
amount of canola flakes. Except for the blank runs, thc results reported for each
condition are means of duplicatc runs.
3.2.3. Determination of moisture, FFA and total lipid contents of canola flakes

The moisture content of canola flakes beforc and after the extraction-reaction
process was determined using AOAC method 925.10 (AOAC. 1990). The FFA
content of the original canola flakes was analvzed according to Kc and Wovewoda
(1978). However, the Soxhlet extracted oil samples (in n-hexane) were used as the
starting matcrial. In addition. a pH-meter was used along with the indicator m-cresol
to determine the end point.

The official method Ba 3-38 based on Soxhlet extraction (AOCS, 1954) was

used to determine the oil content of the original canola flakes. except that a total of 4 g
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canola flakes was extracted using n-hexane. Solvent removal from the extract was
carried out using a low-pressure rotary cvaporator at <40°C instead of the direct
heating suggested in the method.
3.2.4. Analysis of reaction products

Product samples were analyzed by supercritical fluid chromatography
according to the procedure described in section 2.2.4. The onlyv difference was that in
this series of analysis, the injection times were varied from 0.5 to 4.0 sec.
3.2.5. Terminology

The terms production and enzvme performance were defined similar to those

given in section 2.2.5.

3.3. RESULTS AND DISCUSSION

The analysis of the cooked canola flakes as obtained from a local processor
indicated 7.0% (w/w) moisture and 43.5% (w/w) oil content. Moisture content of the
flake residues after SCCO- extraction was within the range 3.7-5.8% depending on the
conditions of the study. Oil recovery from 15.0 g canola flakes loaded to the extractor
was 90% after a 6 h run at a CO- flow rate of 3.9 L/min (measured at ambient
conditions) at 24 MPa and 35°C. A higher recovery could have been achieved if the
extraction were continued longer. There are also some losses during the
depressurization step. The analysis of the crude n-hexane extracted oil indicated the
presence of 0.81% (w/w) FFA which is consistent with the reports of Canola Council
of Canada (1994). Blank extraction runs carried out with no enzyme loaded in the

reactor at differcnt conditions of this study indicated the presence of FFA in the
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extracts. A typical SFC chromatogram of the reaction product mixture from the on-
line hydrolysis of extracted canola oil is given in Figure 3.2. The retention times of
FFA, MG, DG and TG were 10-16, 17-19, 23-27 and 27-31 min, respectively.
3.3.1. Effect of CO; flow rate on product composition

The effect of CO- flow rate on the hydrolysis of extracted canola oil in SCCO-
was studied at 24 MPa and 35°C applying two different flow rates of 0.5 and 3.9
L/min, over 6 h. In the previous study (chapter 2), the flow ratc cffect on the
hydrolysis of hexane-extracted and refined commercial canola oil was studied. In this
expcriment, the hyvdrolysis of oil extracted from a limited quantity of canola flakes is
investigated. In this case. a change in the CO: flow rate results in a change in the
quantity and composition of the extracted oil as a function of time in addition to a
change in the residence time in the reactor.
3.3.1.1. Extraction of canola oil at different CO; flow rates

Figure 3.3 prescnts the extraction curves obtained at two CO- flow rates over
6 h with and without the presence of enzyvme in the reactor. At the lower flow rate, the
extraction curve was lincar throughout 6 h and thus there was no change in the supply
of oil to the enzyme bed throughout the entire run although some changes in the extract
composition was cxpected. However, at the higher CO- flow rate (Fig. 3.3) the
lincarity' of the extraction curve and. therefore, the consistency of oil supply to the
cnzyme sites was maintained for only ~2 h. Furthcrmore. a persistent change in the
composition of the oil supplied to the reactor adds to the complexity of the system.

Throughout the extraction at 3.9 L/min, all three phases of the extraction

curve (solubility-controlled phase, transition phasc and diffusion-controlled phase) are
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observed (Fig. 3.3). However, extraction at 0.5 L/min exhibits only the first phase.
The linear parts of the curves (i.e. solubility-controlled phase) obtained for 0.5 L/min
and 3.9 L/min CO: flow with no enzyme present are overlapping, which indicates
saturation of CO: with oil. However, when enzyme beads are loaded to the reactor,
there was a drop in the total extract obtained at 0.5 L/min CO- flow, but there was no
change in the extraction curve obtained at higher CO- flow rate (Fig. 3.3). Additional
resistance to flow and retention of extract by the enzyvme bed was significant at low
CO:. flow rate.

The composition change in the extracts of blank runs at 0.5 and 3.9 L/min
throughout the extraction are shown in Figures 3.4 and 3.5, respectively. When CO-
flow rate is 0.5 L/min, FFA are cxtracted at a higher rate than TG at the beginning of
the run, which slowly declines throughout the 6 h period. This is due to the higher
volatility of FFA compared to TG. In addition, CO- preferentially solubilizes the lower
molecular weight FFA first. Selectivity shifts to TG as FFA are depleted with time.
Thus, the profile of the extracted oil is changing from one high in FFA at the beginning
to onc high in TG towards the end of the run at a CO- flow rate of 0.5 L/min. Such a
pattern is not observed at 3.9 L/min CO, flow rate. However, this effect is hidden in
the first hour of the run at the higher flow rate since a large amount of extract (~2 g) is
obtained (Fig. 3.3) and the FFA are diluted. In this case. an increase in the FFA
content is obscrved after 4 h (Fig. 3.5) as oil in the flakes is depleted and the amount
of extract collected in the last three fractions is quite small (Fig. 3.3). It is also
possible that some FFA is produced in the abscnce of enzyvme as a result of the

presence of water and CO-at high pressure.
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3.3.1.2. Extraction-reaction of canocla oil at different SCCO; flow rates

As shown in Figure 3.4, extracted oil composition changed substantiaily at a
CO:. flow rate of 0.5 L/min. It is important to know the extract composition to use as a
base for the determination of enzyme performance in the hyvdrolysis of canola oil. FFA
content of the extract fraction collected in the first hour was very high, ~60% (mole
%). The main source of this FFA is from the canola flakes, which are preferentially
extracted compared to TG at the initial stage of extraction. A comparison of the
composition of products obtained from extraction-reaction runs carried out with and
without the presence of enzyme would be a good indication of the FFA produced by
the enzyme. Such point to point comparison of product composition is presented in
Figure 3.6 for an enzymatic run at 0.5 L/min CO- flow rate. TG and FFA contents of
the product of the enzymatic reaction are fairly constant throughout the entire run.
There was a substantial drop in TG content with a corresponding increase in FFA
content due to enzymatic hvdrolvsis.

Analysis of the extract fractions (i.c.. no cnzyvme present) obtained at 3.9
L/min CO; flow rate indicated a steady increasc in the FFA content throughout the 6 h
run (Fig. 3.5). A substantial increasc in the FFA content was observed after 4 h. wherc
extraction kinetics was taken over by the diffusion of oil from the interior of flake
particles into the bulk CO- duc to depletion of frecly available oil. However. when the
enzyme is present to catalvze the reaction, there was a substantial drop in TG and an
increasc in FFA content of products (Fig. 3.7). It is important to notc that the
difference in the FFA content of products obtained in the blank and enzymatic runs
after the 2™ h is almost constant (Fig. 3.7) indicating a consistent production of FFA

by the enzyme.
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Figure 3.8 compares the product composition for the two different CO- flow
rates. MG and DG contents of the products obtained at the higher flow rate were
higher than those at the lower flow rate. This is mainly due to the low residence time
for the excessive amount of extracted TG to contact the enzvme. Therefore, at the
higher CO. flow rate partial hyvdrolysis dominates the reaction during the first 3 h.
However, after the third hour as a result of a drop in the amount of extract, MG and
DG are further hydrolyzed. This is evident by a drop in their level and a corresponding
increase in the FFA production.

In the case of the reaction conducted at the lower CO- flow rate, the MG and
DG contents increased with time. This is partly due to a gradual increase in the supply
of TG and a corresponding decrease in the supply of FFA to the reactor (Fig. 3.4) at
the lower CO- flow rate. In addition. the overall quantity of TG supplied to the enzyme
bed is much less than that at the higher flow rate (Fig. 3.3). Furthermore, the residence
time in the reactor is longer at the lower flow rate. Therefore, the enzyme has better
chance to almost fully hydrolyze the TG to glhvcerol and as a result, the formation of
the intermediate products (MG and DG) is not favored.

3.3.2. Effect of enzyme load on the total extract and composition of the product
mixture

The effect of enzyme load at 1.0. 2.0 and 5.0 g levels on the FFA production
is shown in Figure 3.9 for an extraction-reaction at 24 MPa and 35°C. The FFA
production during blank runs carried out with no enzyme is also shown for
comparison. Since FFA arc more soluble in SCCO- than TG. an ecarlier extraction of

FFA is expected. which is evident in the product composition curves given in Figure
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3.4. In addition, some FFA formation may occur due to supercritical conditions. A
positive deviation in the curves of enzyme-catalyzed reactions from those of the blank
indicated the extent of FFA production by the enzyme (Fig. 3.9). The largest level of
FFA production was achieved with 1.0 g enzyvine. A higher level of FFA production
was anticipated when a higher level of enzvme load was used. On the contrary, less
FFA was produced when 2.0 g or 5.0 g of enzvme was loaded into the reactor. The
nature of the packed bed of immobilized enzyme and glass beads may be responsible
for this result since a tightly packed reactor introduces more resistance to the flow of
oil-laden SCCQ-. In fact, when the amount of total extract obtained with different
reactor packing was compared (Fig. 3.10). a substantial drop due to the increased bed
resistance was observed at a CO: flow rate of 0.5 L/min. The highest extraction level
was obtained when there was no enzyvme present in the reaction cell: whereas, the
enzyme loads of 2.0 and 5.0 g resulted in the lowest amount of extract.

The different amounts of glass beads used to disperse the immobilized enzyme
beads would affect the bed packing and the flow behavior through the reactor. The
proportion of the glass beads to the enzyme was changed bascd on the limited reactor
volume. where 15.8 and 2.7 g glass beads were used for 2.0 and 5.0 g enzvme loads,
respectively. When a lower level of oil is introduced onto a larger amount of enzyme,
oil will have more opportunity to contact thc many lavers of enzyme in the reaction
cell. This is verified by a higher mole fraction of the FFA as well as a lower level of
the TG in the run with 5.0 g enzyme, where a lower DG and a higher MG levels are
observed (Fig. 3.11). Therefore, complete hydrolysis of oil is more pronounced with a
higher level of enzyme in the system. However. the extent of improvement in the

degrec of hydrolysis is not proportional to the increcase in the enzyme load.
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The enzyme performance quantified by the amount of FFA produced in the
reaction did not improve with an increase in the amount of enzyme in the reaction
chamber (Fig. 3.9). This is related to a reduction in the total amount of extract (Fig.
3.10), which could be attributed to the scale-up in the enzyme load and the retention of
some of the extract by the enzyme bed. The increase in the enzyme load was not
compensated for by a proportional increase in the geometrical dimensions of the
reaction chamber. Hampson and Foglia (1999) reported that a higher enzyme bed
volume was crucial for the solubilized substrates to have better contact with the
cnzyme. In addition, extra water may be needed to make up for the water consumption
duc to increased enzyme load, but it was not compensated for in this study. Hampson
and Foglia (1999) reported that the immobilized lipase from C. antarctica lost 2-6%
(w/w) of its water content per hour in SCCO- at 27 MPa and 60°C with 0.5 or 1
L/min CO- flow rate. Thev also reported that in the hydrolysis of tripalmitin, the
enzyme with 1.5% (w/w) moisture content gave little evidence of hvdrolysis. However,
the enzyme with 5.4-23.5% (w/w) initial moisture content led to products with palmitic
acid and unreacted tripalmitin only, which is in agreement with the results of the lower
flow rate in this study. A lack of water may be a source of problem and encourages
more rcsearch to better understand the effects of water.

3.3.3. Effect of canola load on product composition

The effect of the quantity of the cooked canola flakes used for extraction on
the recaction product composition is shown in Figurc 3.12 for two different sizes of
canola load (3.0 and 15.0 g). A higher FFA and a lower DG content associated with a

smaller size of canola load indicated the extent of hydrolysis of TG to be greater. The
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distinction between the DG curves for the two conditions is becoming more
pronounced with time since the supply of oil is much more limited with a 3.0 g batch
compared to that of 15.0 g canola flakes. Such depletion was evident in a curvature,
which was not vet in the diffusion-controlled arca of the extraction curve for the 3.0 g
canola load after 4 h. A higher concentration of TG in the 15.0 g batch is another
reason for the lower conversion rate in this case. The MG concentration was very low
for both cases. However, with the 15.0 g batch, MG appeared in the extract at a later
time as a result of a drop in the level of other components.

It is possible to somewhat improve the concentration of one species such as
DG in this case by controlling the amount of canola flakes in the extraction chamber.
Adjusting this parameter along with CO- flow rate and enzyme load can improve the
concentration of species of interest especially if they are combined with pressure

and/or temperature manipulation.

3.4. CONCLUSIONS

Enzyme load. CO- flow rate and quantity of canola flakes are parameters that
influence the on-line lipase-catalyzed hydrolysis of the cxtracted oil from cooked
canola flakes. An on-line extraction-reaction system gives an opportunity to study the
recaction profile where a steady change in the feed oil load and its composition in the
SCCO:. cxists. An increase in the oil load resulted in reduced FFA production at the
carlier stages of the run. However. towards the cnd of the run where the supply of oil
to the enzyme was limited. FFA concentration in the product improved. By increasing
the load of canola flakes, a clear improvement in the concentration of DG in the

product samples was observed.
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To take full advantage of the processing improvements developed in this study
without compromising the production rate of the reaction, certain scale-up parameters
such as a change in the dimensions of the extraction and reaction chambers have to be
considered. For optimum and consistent reactor performance, extractor load needs to
be replaced when the extraction curve enters the diffusion-controlled region.
Extraction and reaction conditions neced to be optimized to maximize the vield of the
species of interest.

On-line extraction-reaction of lipids shows potential for process development
to produce various basic ingredients like FFA. glvcerol, MG, DG. other nutritionally
important TG such as those high in ©-3 fatty acids, and fatty acid esters for industrics
such as foods and drugs. soap and detergents. surfactants and other health and hygiene

related products.
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4. MICROSTRUCTURAL ANALYSIS OF LIPASE USED IN THE

HYDROLYSIS OF CANOLA OIL IN SCCO;'

4.1. INTRODUCTION

Studies have shown that free enzymes; i.e. not immobilized. have different
sizes, polanzability, chemical structure and protein content and thereforc have
different properties in terms of their specificity and selectivity in catalyzing different
reactions. In cases where enzymes in their non-immobilized states are used, they are
dissolved in a solvent such as water or an organic solvent. However, when they are
immobilized, they are bound to a solid material such as glass beads (Miller et al.,
1991) and natural or synthetic materials including bioskins (Legaz et al.. 1998), silk
fibroin membrane (Liu et al., 1995) and polvaniline films (Verghese et al., 1998).
Attachment of enzyme to the solid support is facilitated by different ways including
ionic attractions and covalent bonds. Depending on the method of immobilization and
type of enzvme. they may loose part of their activity or becomc more stable after
immobilization.

Enzyme inactivation is not necessarily due to some physical structural
changes. Kamat et al. (1995) using Laser Desorption Mass Spectrometry (LD/MS)
reported that CO- under supercritical environment formed a covalent bond with the
ltpase and inhibited its activity. Scanning Electron Microscopy (SEM) is a technique
that may be used to view microstructural changes outsidc the surfaces. Vasudevan and

Weiland (1994) reported that the microstructure of bovine liver catalase and

' A version of this chapter is to be submitted to the Journal of Agricultural and Food
Chemistry for consideration for publication.



124

Aspergillus catalase did not undergo any changes with a chemical deactivation method
using hydrogen peroxide.

Since enzymes vary in size, their structure may appear differently if they are
observed under an electron microscope. Smaller enzymes can stay very close to each
other during immobilization and therefore a higher magnification will be required. On
the other hand, larger enzymes can be visible with a lower magnification. For example,
while the enzvme Aspergillus catalase was hardly visible under an electron microscope
at 7.000 magnification., bovine liver catalase was very easilv observed at 560X
magnification (Vasudevan and Weiland, 1994).

Although various studies investigated the effect of pressure and other
parameters such as temperature, water content and tvpe of the supercritical fluid on
cnzyme activity. our understanding of structural changes that may occur when an
enzyme is exposed to high pressure in supercritical media is quite limited.

Numerous studies have rcported a loss in enzvme activity and/or stability after
exposure to certain conditions such as high pressure (Kamat ct al.. 1992: Yu et al.,
1992: Lee et al., 1993) or excessive water content (Marty ct al., 1992). The extent of
inactivation had a direct negative effect on the reaction process in terms of reaction
ratc and the amount of products ctc. On the other hand. there are reports claiming an
increasc in enzyme activity with increasing pressure (Ikushima et al.. 1993). It is well
known that enzymes exposed to ultra high pressures (>400 MPa) undergo an
irreversible structural change, which will result in complete inactivation (Randolph et
al.. 1991). However, the literature lacks information on the structural changes of
immobilized enzymes exposed to range of conditions typical in supercritical studies

(240 MPa). Thercfore, the objective of this study was to examinc any changes in the
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structure of immobilized lipase from Mucor miehei, Lipozyme IM, under supercritical
conditions using SEM. The effects of pressure, CO, flow rate. enzyme load and oil

content were investigated.

4.2. MATERIALS AND METHODS
4.2.1. Materials

Cooked canola, Brassica napus and B. campestris, flakes and Mucor miehei
lipase immobilized on macroporous anionic resin, Lipozyme IM, were kindly provided
by Canamera Foods (Fort Saskatchewan, AB) and Novo Nordisk (Franklinton, NC),
respectively. Enzyme was stored at 5°C until used in the experiments. CO- used as
reaction medium. bone dry' (99.8%) was purchased from Praxair (Mississauga, ON).
4.2.2. Experimental setup and design

The on-line extraction-reaction of oil from canola flakes was performed using
the system described in section 3.2.2. Experiments were conducted at two different
pressures (24 and 38 MPa) and 35°C. CO- flow ratc (0.5 and 3.9 L/min, measured at
ambient conditions), level of enzyme load (1.0 and 5.0 g) and amount of canola flakes
(3.0 and 15.0 g) used as thc source of canola oil were thc paramcters studied.
Reactions were continued for 6 h and then enzyme batches were taken out of the
reactor after a slow depressurization (~30 min) and analyzed by SEM.
4.2.3. Scanning Electron Microscopy

A JEOL 6301 FXV scanning clectron microscope (Peabody. MA) was used
for the analysis of the immobilized lipase before and after a recaction in SCCO- media.
Typical representatives of different batches of enzyvme used at various reaction

conditions studied were selected for SEM analysis. Two different coating methods
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were applied for sample preparation. In the first method, each enzyvme grain was fixed
on a specimen mounting stub using a double-sided conductive carbon tape and then
gold-sputtered in argon atmospherc using a Nonotech semprep2 system (Neuilly,
France). In the second method, enzyvme grains were attached to the SEM stubs using
conductive silver paint, which was allowed 35 days to dry before use. Then, the grains
were sputter-coated with chromium in xenon atmosphere using an Edward high
vacuum XE 200 xenosput (Crawlev Sussex, England) and analvzed. The second
method was used to achieve better enzyme attachment to the specimen mounting stubs
so that the enzvme grains would not move during SEM analysis. In addition. a thinner
layer of coating was possible with chromium and therefore a clcarer image was
expected. In both methods some moving was observed occasionally and results from

samples with severe moving problems were not included.

4.3. RESULTS AND DISCUSSION

Figure 4.1 compares the micrographs of the immobilized enzyme beads before
and after a reaction in SCCO. medium at 38 MPa and 35°C for 6 h. At the
magnification level of these micrographs (55X), no apparent differences were
obscrved. The grains in the picture (size range: G.2-0.6 mm) belong to the
macroporous anionic exchange resin used by the manufacturer for ecnzyme
immobilization and the Mucor miehei lipase is strongly bound to the resin by
adsorption. The resin is of the phenolic type and no crosslinking agents werc used by
the manufacturer. A typical image area where the SEM micrographs were prepared is
shown in Figure 4.2 at 300X magnification level. While bovine liver catalasc was

casily visible at 560X magnification (Vasudevan and Weiland, 1994), the cnzyme



(a) (b)

Figure 4.1. Micrographs of immobilized lipase from Mucor miehei before (a)
and after (b) a treatment with SCCO- at 38 MPa and 35°C for 6 h. (CO- flow
rate: 0.5 L/min, measured at ambient conditions). The image was reduced 15
times from an original 55X magnified graph.
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Figure 4.2. A typical image area on the grains of immobilized lipase from
Mucor miehei where the SEM micrographs were prepared. The image was
reduced 3 times from an original 300X magnified graph.



from Mucor miehei in this study could not be observed in 1,000X enlarged
micrographs (Fig. 4.3). Therefore, all of the remaining images (Figs. 4.4-4.7) were
reported at 50,000X magnification. Neither the free enzyvme (i.e. not immobilized on
any support) nor the enzvme-free anion exchange resin was available. However. based
on the SEM images at 50,000X magnification obtained in this study, the spherical
particles ranging in size from 335-35 nm on the outside surface of the solid support are
interpreted to be a group of enzyme molccules.
4.3.1. Effect of high pressure

The micrographs of 1.0 g enzvme batches which had undergone a 6 h run at
24 and 38 MPa and 35°C in SCCO- were compared with that of an untreated enzyme
in Figure 4.4. In these experiments, oil was extracted from 15.0 g canola flakes with
CO- at a flow rate of 3.9 L/min and water was pumped into CO; at a rate of 0.004
mL/min. Results from the two different sputtering methods applied arc presented.
Micrographs on the left column of Figure 4.4 are from gold-sputtered samples and the
oncs to the right are from chromium-sputtered samples. There are no apparent
differences attributable to the effect of pressure on the microstructure of the enzyme.
Pressure at the levels of this study does not affect cnzvme activity significantly (Miller
ct al.. 1991). Usually a combination of several other factors such as excessive water
content and overheating under high pressure promotes enzyme inactivation (Marty ct
al.. 1992). Vasudevan and Weiland (1994) successfully inactivated bovine liver
catalasc using 0.01-1.0 M hvdrogen peroxide. Although there was no pressure
involved in their method, the SEM micrographs did not indicate anv change in the
structure of the enzyme after such treatment. Their results along with the results of this

study indicate that the enzyvme inactivation is not at a level to be observed by physical
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Figure 4.4. Pressure effect on the microstructure of immobilized lipase from
Mucor miehei in the hydrolysis of canola oil in SCCO, at 35°C and 3.9 L/min
CO- flow rate (measured at ambient conditions). a,b: untreated; c¢.d: 24 MPa;
e.f: 38 MPa. Micrographs were reduced 15X from an original 50,000X.

Left column: samples gold-sputtered; right column: samples chromium-
sputtered.
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Figure 4.5. Effect of CO, flow rate on the microstructure of immobilized

lipase from Mucor miehei in the hydrolysis of canola oil in SCCO: at 24

MPa and 35°C. a,b: untreated; c,d: 0.5 L/min; e.f: 3.9 L/min CO- flow rate,

measured at ambient conditions.

Micrographs were reduced 15X from an original 50,000X.

Left column: samples gold-sputtered; right column: samples chromium-
sputtered.
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Figure 4.6. Effect of enzyme load on the microstructure of immobilized lipase
from Mucor miehei in the hydrolysis of canola oil in SCCO, at 24 MPa and
35°C and 0.5 L/min CO, flow rate (measured at ambient conditions). a,b:
untreated; c,d: 1.0 g enzyme; e,f: 5.0 g enzyme.

Micrographs were reduced 15X from an original 50,000X.

Left column: samples gold-sputtered: right column: samples chromium-
sputtered.



Figure 4.7. Effect of oil content on the microstructure of immobilized lipase
from Mucor miehei in the hydrolysis of canola oil in SCCO, at 24 MPa and
35°C and 0.5 L/min CO; flow rate (measured at ambient conditions). a,b:
untreated; c,d: oil extracted from a 3.0 g batch of canola flakes; e.f: oil
extracted from a 15.0 g batch of canola flakes.

Micrographs were reduced 15X from an original 50,000X.

Left column: samples gold-sputtered; right column: samples chromium-
sputtered.
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structural analysis like the one performed bv SEM. However, there could be some
chemical deformations occurring at the inter- or intra-molecular level. If the presence
of CO- at high pressure has had a reversible effect, it would have disappeared by the
depressurization of the solvent. However, if such effects are irreversible, then physical
observation by SEM may be helpful depending on the level of structural changes.
4.3.2. Effect of CO-; flow rate

Two separate enzyme batches (1.0 g each) were exposed to SCCO- at 24 MPa
and 35°C at two different CO- flow rates of 0.5 and 3.9 L/min, measured at ambient
conditions, over 6 h. The micrographs of the treated enzymes were compared with that
of untreated enzyme (Fig. 4.5). There were no apparent changes in the physical
structure of the enzyme before and after exposure to CO, flow at these levels.
Therefore. either it is not possible to identifv: any changes by SEM at this level of
magpnification (50,000X) or there are no structural changes due to these conditions.
4.3.3. Effect of enzyme load

Structural changes that might result from different enzyme loads were
investigated using a 1.0 and a 5.0 g enzyme batch in SCCO- at 24 MPa and 33°C. For
cach run. a batch of 15.0 g canola flakes was loaded in the extraction chamber and a
0.5 L/min CO- flow rate was used. The micrographs werc presented in Figure 4.6 in
comparison to those for untreated enzvme. There were no apparent differences among
the different batches of enzyme if mounted by carbon tapes and sputter-coated with
gold (Fig. 4.6 a.c.e). However, when the samples were mounted using silver paint and
chromium-sputtered (Fig. 4.6 b.d.f). some grains from the 5.0 g batch showed a
significant difference compared to the gold-sputtered sample (Fig. 4.6 e.f). Such

difference in the appearance of the enzyme bead structure is most likely a result of a



136

close contact among different enzvme grains leading to oil adsorption on the surface,
which could not be carried away by CO: flow. Such oil contamination was apparent in
the samples when they were removed from the reactor. In the case of 5.0 g enzyme. the
ratio of glass beads to enzyme was much less than that of the 1.0 g batch (2.7:5.0 vs.
7.9:1. respectively). Such modification was necessary due to the limited volume of
reactor cell. Also, a lack of sufficient water on the enzyme bed for the 5.0 g batch may
have been a factor since no additional water was incorporated to compensate for the
extra water requirement of this batch. Regardless of the cause(s) of such differences,
the amounts of total oil extracted and total FFA produced with this batch were less
than those of the 1.0 g batch (Fig. 3.10 and 3.1 1, respectively).
4.3.4. Effect of canola load

The effect of oil content on enzyme structure in the lipase-catalyzed hydrolysis
of canola oil was investigated using two different levels of cooked canola flakes (3.0
and 15.0 g, loaded in the extraction chamber) at 24.0 MPa and 35°C. CO- flow rate
through the syvstem was 0.5 L/min for both runs. When a higher amount of canola
flakes was used. a consistent supply of oil onto the enzyme bed was maintained and
thercfore the total amount of oil contacting the enzyme bed was higher. In addition. a
higher amount of water was received by the enzyme sincc more water would be
extracted from a 15.0 g batch than from a 3.0 g batch. Such differences in the amount
of oil and water introduced to the enzvme bed may be responsible for structural
changes. However, micrographs of the enzymes under those conditions did not show

any difference in appearance compared to that of an untreated enzyme (Fig. 4.7).



137

4.4. CONCLUSIONS

In the lipase-catalvzed hydrolysis of canola oil in SCCO-, high pressure. CO-
flow rate and oil content of SCCO- are parameters that apparently do not have any
impact on the enzyme structure when observed under SEM. If there were any physical
structural changes in the enzvme as a result of a change in these parameters, they
could not be detected using an SEM at 50,000X magnification level. Changes at the

molecular level cannot be observed by such a method.
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S. USING SUPERCRITICAL FLUID CHROMATOGRAPHY TO
DETERMINE THE DIFFUSION COEFFICIENTS OF LIPIDS IN

SUPERCRITICAL CO:'

5.1. INTRODUCTION

Supercritical fluid chromatography (SFC). which was first introduced to
analytical chemists for separation of mixtures in the supercritical state. has recently
found applications in the determination of binary diffusion coefficients (D;.) of solutes
using the Taylor-Aris peak-broadening technique. The D, of solutes in SCFs play a
major role in their extraction from the solid matrix as well as their dissolution from
liquid mixtures for fractionation purposes. Also. in the enzyme-catalyzed reactions of
materials in SCFs the Di. is an important parameter to detcrmine how well a
compound can migrate to the active site of enzyme as well as how well a product
leaves the enzyvme site to reach the bulk SCF.

Although earlier studies on the determination of D,. were carried out with
custom-built systems. commercial SFC svstems are now quite common. The principle
for this technique is that when a pulse of a solute is introduced into a solvent strcam
flowing through a straight tube under laminar conditions. it broadens into a peak as a
result of the combined effects of convection along the tube axis and molccular
diffusion in the radial direction (Liong et al., 1991a). The solute peak generated under
ideal conditions is Gaussian and the peak width can be corrclated to the D;- of the
solute in the solvent. Influence of pressurc, temperature and addition of methanol on

the Di- of acetonc. benzene. naphthalene. 1.3.5-trimethylbenzene. phenanthrene,

' A version of this chapter was accepted for publication in the Journal of Supercritical Fluids.
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pyrene and chrysene was investigated by Sassiat et al. (1987), using Tayvlor-Ans peak-
broadening technique at 40-60°C and pressures up to 30.0 MPa in supercritical carbon
dioxide (SCCO-). Swaid and Schneider (1979) and Bueno et al. (1993) carried out
similar studies in SCCO- at pressures and temperatures as high as 36.0 MPa and 60°
C. respectively. Using dichloromethane, hexane and methanol as solvents. Lauer et al.
(1983) investigated the effect of solvent on the diffusivity of benzene in SCCO-.

The Taylor-Aris technique was also used in the determination of D, of lipids
in SCCO-. Liong et al. (1991b: 1992) reported the D, - of several fatty acid methyl and
ethyl esters at 35-45°C and 9.7-21.1 MPa in SCCO-. Funazukuri et al. (1989:; 1991:
1992) studied the D;- of several fatty acid mcthyl esters and some vitamins in SCCO-
at tcmperatures up to 40°C and 16.0 and 25.0 MPa. The D,: of stearic and oleic acids
at 40°C and pressures up to 16 MPa and that of linolenic acid at 41°C and pressures
up to 18 MPa in SCCO- were reported by Dahmen et al. (1990). Catchpole and King
(1994) determined the D;: of oleic acid and glvcerol triolcate at 35°C and 20.1 and
25.1 MPa in SCCO..

Extraction of lipids from natural matriccs using SCCO- is usually carried out
at pressures higher than 25.0 MPa to achieve higher solubility levels. However. the
literature lacks information on the D, of fatty acids. their esters and other lipid
components of interest at pressures >25.0 MPa. Thus. the objectives of this study were
(a) to determine the D;- of several classes of lipids in SCCO- at pressures up to 36.0
MPa. and (b) to investigate the effect of pressure, temperature. presence of a
sccondary solvent/solute and the number and position of double bonds on the D, of

lipids.
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5.2. MATERIALS AND METHODS
5.2.1. Materials

All lipid standards were purchased from Sigma Chemical Co. (Oakville, ON)
with purities of 299%, except for trilinolenin and olcic acid ethyl ester, which were
approximately 98% pure. Benzene (spectrophotometry/chromatography grade,
OmniSolv) was obtained from EM Science (Gibbstown, NJ): n-hexane (HPLC grade)
from Fisher Scientific (Nepean, ON). anhvdrous ethanol, from Commercial Alcohols
Inc. (Brampton. ON) and CO- (SFC/SFE grade) from Air Products (Allentown. PA).
5.2.2. SFC system and experimental design

An SFC system (SFC/GC Series 600, Dionex Canada. Mississauga, ON) was
modificd for D, determination. The unit was equipped with a coiled (d..,=16 cm) inert
fused silica column (53 m x 100 um 1L.D.) and a timed-split injector. A 0.075 scc
injection time was applicd in all experiments. The rotor in the injector was changed to
onc with 60 nL capacity to minimize injection volume. A UV/VIS detector (SFC/GC
Scrics 600, Dionex Canada, Mississauga, ON) monitored the solute at applied
wavelengths: 261 nm for benzene, 210 nm for oleic acid and 215 nm for all other
lipids. The capillary column was inserted through the detector ccll without any
connections to ensure that the SCCO- flow was not disrupted. A narrow window
opened on the outside surface of the fused silica tube. which was aligned with the slit
of the UV detector cell. allowed the dctection of solute inside the capillary column. A
frit-restrictor (12 cm x 50 um 1.D.) attached to the end of the column and maintained
at 125°C controlled the backpressure of the svstem as well as the SCCO- flow rate.
Laminar flow of SCCO- at a velocity of 1.7-3.3 cm/s. depending on column pressure

and tecmperaturc, was maintained. Once the modification of the SFC system was



completed, benzene was used to test the reliability of the system to reproduce literature
values for its diffusivity.

The system was run for at least 2 hrs at the desired temperature and pressure
prior to sample injection and the first run of each set was discarded. Pressure (25.0-
36.0 MPa) and temperature (40-60°C) were kept constant during each set of
experiments. An injection was made shortly after the peak from the previous injection
was detected. Oleic, linoleic, linolenic and y-linolenic acids, mono-. di- and triolein,
trilinolein, trilinolenin and methyl and ethvl oleate were the lipid compounds studied.
The samples were injected as is, without dissolving them in a solvent, except for the
following cases where the secondary solvent effect was studied: 22% (w/w) oleic acid
methyvi cster in ethanol: 3, 10, 20. 30 and 75% (w/w) oleic acid in ethanol and 10, 20,
50 and 75% (w/w) oleic acid in hexane. At least triplicate injections of cach sample
were made and meanststandard deviation were reported. The Dionex Al-430
Chromatography Automation Software Release 3.32 was used to collect and analvze
the data.
5.2.3. Taylor-Aris peak broadening technique

Pcak-width at half height was uscd to calculate D,: using the Tavlor-Aris
pcak-broadening technique (Swaid and Schneider. 1979). Height equivalent to a
theoretical plate. A. and D,: of the solute in supercritical fluid were determined using

the following cxpressions. respectively (Swaid and Schneider. 1979):

g - LDv, (Y
5.541°
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rjj ” (5.2)

where L is the column length, w,.»(?) the peak-width at half height in time dimension, ¢,

the retention time, U the average velocity of the mobile phase and r, is the inside radius
of the column. The negative root of equation (5.2) was used in all calculations since
the positive root is for very low velocities: i.c. below the optimum velocity of
48"°D+/r, (Liong et al.. 1991a).

Several factors can contribute to the error in this technique. as were discussed
in detail by Levelt Sengers et al. (1993). Adsorption of solute onto the cclumn wall
can lead to peak tailing. Kirkland asymmetry factor, the ratio of the right half-width of
the peak to the left half-width at 10% of the height (Bueno et al., 1993) was used to
cvaluate the symmetry of each peak as illustrated in Figure 5.1. To approach ideal
Gaussian behavior. the asymmetry factor should be closc to unity. The asymmetry
factor was within the range of 0.99-1.10 for most samples of this study. but it was
shightly higher for some samples as will be discussed later. Levelt Sengers et al. (1993)
calculated skewness of the peaks to cstimate their deviation from Gaussian. Theyv
reported skewness values of the order of 107, while that of this study was at 107°-107
level.

The presence of centrifugal force acting on the solute molecules in a solvent
stream flowing through a coiled tube is another source of error. Such sccondary-flow
cffects can be neglected if the criteria given in equation (3.3) is met. thus resembling

flow in a straight tube (Laucr et al.. 1983: Liong et al.. 1991b).
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DeSc'* < 10 (.3)
where
d d 172
De = PlloQnee ( "‘”‘) (Dcan Number) (5.4)
" dco:l
and
Sc = 1 (Schmidt Number) (5.3)
pD;,

and p, 17 and u, are the density. viscosity and velocity of thc supercritical fluid. and
diupe and d are the diameters of the column and coil, respectively (Lauer ct al.,
1983). Density and viscosity data for CO- were taken from Angus et al. (1976) and
Stephan and Lucas (1979) respectively. The above critcria were satisfied for all of the
samples investigated in this study.

Another source of deviation is the presence of decad volume in the detection
system. However. that was not the casc in this studv becausc of the modifications
described for the detection system. The last possibility of crror was from the signal-
processing device. The Dionex software used to process the signal displaved data at
time intervals of £0.01 min. This level of accuracy was not sufficient to determine the
pcak-width for the narrow peaks obtained. Therefore, manual intcrpolation of
computer data within the 0.01 min interval was carried out to determine the peak width

at half-hcight with an accuracy level of #0.0001 min for cach peak. Such
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computerized data acquisition is significantly better than the old systems relying on

chart recorders.

5.3. RESULTS AND DISCUSSION
5.3.1. Diffusion coefficient of benzene

Experiments with benzene established the reliability of the SFC system in the
pressurc and temperature range of 25.0-35.0 MPa and 40-60°C, respectively (Fig.
5.2). Asvmmetry factors for benzene were <1.05. The data were in good agreement
with thosc reported by Bucno et al. (1993) where the D;. decreased with increasing
CO- density. The effect of pressure and temperature on the D: of benzene at 25.0-
35.0 MPa and 40-60°C has becn demonstrated in Figure 3.3, Similar to previous
studies (Swaid and Schneider. 1979: Bucno et al.. 1993: Levelt Sengers et al.. 1993),
D;- incrcased with temperaturc and decreased with pressurc. following the changes in
CO- density.
5.3.2. Effect of pressure, temperature, SCCO: density and secondary solvent on
the diffusion coefficient of oleic acid

D,: of olcic acid was determined at 40, 50. 60°C and 25.0. 30.0. 36.0 MPa.
Asvmmetry factors of the peaks uscd for the diffusivity results reported werc in
general <l.1 except at the following conditions where they were slightly higher at
<[.2: 25.0 MPa/40. 60°C. 30.0 MPa/60°C and 36.0 MPa/40°C. However. further
evaluation of the results from 8 injections made at 36.0 MPa and 60°C showed that
the D;: calculated using pecaks with asymmetny' factors up to 1.3 were similar. Dy,
valucs dropped with a further increasc in the asymmetry factor up to 1.35 and those

peaks werce discarded.
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The effect of pressure and temperature on the D,. of oleic acid is shown in
Figure 5.4. As expected. D> of oleic acid also increased with temperature and
decreased with pressure: however. the effect of pressure was negligible in the 25.0-
30.0 MPa range. Figure 5.5 depicts the decrease in the D,» of oleic acid with
increasing SCCO- density, which is consistent with the results for benzene (Fig. 5.2).
As the medium gets denser, collision frequency increases and the mean path of the
molecules decreases. The results reported for naphthalene and stearic acid ethyl ester
at high pressures indicate similar trends with pressure. temperature and density (Liong
etal.. 1991a: 1991b). The range of binary D;- of oleic acid determined in this study is
somecwhat smaller compared to that reported by Catchpole and King (1994) at 25.1
MPa and 35°C (4.80+0.12x10°m’/s). This could be related to the difference in the
methods of solutc introduction in the two studies. Dahmen et al. (1990) rcported a
relatively higher value (1.08x10° m'/s) for diffusivity of oleic acid at SCCO- density
of 0.792 g/cm’ at 16 MPa and 40°C. compared to the range of the results in this study-.
This difference could be due to the fact that thev dissolved the solutes in ethanol prior
to injcction to SCCO.. Dahmen et al. (1990) did not specify the concentration of oleic
acid in cthanol used in their experiments but indicated that the presence of a secondary
solvent would not affect the results. However. in this studv the D,. of oleic acid in
SCCO- was considerably highcr when dissolved in cthanol at a concentration less than
50% (w/w) (Fig. 5.6). Such a concentration effect was not observed in hexanc. The
molccular interactions that lead to an apparent enhancement in the diffusivity of oleic
acid at a relatively higher concentration of a polar secondary solvent such as cthanol
requirc further investigation, since ethanol is a popular co-solvent used when

extracting lipids from various natural matrices with SCCO-. Because the lipid solute
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and the secondary solvent, ethanol. were both present in trace amounts in SCCO-,
further evaluation should take the coupled effect from the secondary solvent into
account (Least, 1990).

In Figure 5.7, D= of an 11% (w/w) oleic acid solution in ethanol is compared
to that of a pure sample over a pressure and temperaturc range of 25.0-36.0 MPa and
40-60°C. respectively. The apparent increase in the D is due to the presence of the
secondary solvent, ethanol. In addition, the effect of ethanol dominated any pressure
effect since the different isobars overlapped. whereas the decrcasing effect of pressure
(30.0-36.0 MPa) was apparent for the pure sample. A similar bchavior was observed
when working with oleic acid methvl ester. where the D> of a 22% (w/w) solution of
oleic acid methyl ester in ethanol shifted from that of a purc sample at 36.0 MPa and
50°C. 4.97+0.06x10°m’/s vs. 4.65+0.08x10°m"/s. respectivelv. As expected. this
result is lower than 6.59+0.05x10°m/s reported by Funazukuri et al. (1991) for the
Di: of oleic acid methyl ester at 16.0 MPa and 40°C. When working with
naphthalene. benzene and linoleic acid methyl ester, Funazukuri et al. (1989) reported
little or no cffect of n-hexane as a secondan solvent. This may be true for certain
solutes and solvents over a limited range of pressurc. temperature and concentration.
but apparently it is not the case for all solutes/solvents at all conditions. Lauer et al.
(1983) compared the D)~ of benzenc in SCCO- when it was dissolved in different
organic solvents. They observed little effect from the secondary solvent and assumed
that it would bc the same for caffeine and naphthalene. Feist and Schneider (1982),
Liong ct al. (1991a: 1991b) and Catchpolc and King (1994) dissolved the solutes in
SCCO: prior to injection to the column. Obviously, this method is the best approach to

introduce the solute into the column since the problems associated with the injection of



154

1OUBYId Ul PIoe 513j0 (M/M) 94 [=p ‘p1oe d1o]0 aind=d] ‘somesadwa) pur samssaid JU13JJ1p 1B
[OUBID Ul pIoe J1A[0 (M/M) 9% |=p ‘PIoE 19| P JJp

“000S ut p1oe a13j0 Jo (*'(7) Jo WaAdYYY03 ISP A

S9

U0 JudAj0s AIepuodas Jo 1ayyy L °g aandry

(2.) aamesadwio)
GS 14 1%
1 1 °.°
(P)edW 0'9c—-  (d) ediN 0'95 -
o
(P)edwo'ce—  (d) edw 00— Loz ®
(P)edW 00— (d) edw 0’57 —- W
— \\&L‘\\\\\XW 3
a - — -0~
H|‘\‘ h@




155

solutes of low solubility or solid solutes into the high pressure flow of supercritical
fluid arc climinated and no effect from a secondary solvent is introduced into the
results. This approach, however, requires another high pressure loop to be added to the
syvstem for the solubilization of the solute in SCCO-, which is not practical with
commercial SFC units.
5.3.3. Diffusion coefficients of various lipids

The D, of various pure lipid components at 50°C and 36.0 MPa along with
the corresponding asymmetry factors for the peaks used in these determinations arc
rcported in Table 5.1. Except for the peaks of trilinolein and trilinolenin. for which the
asymmetry factors are 1.3 and 1.2. respectively, all asvmmetry factors arc <l.1.

Funazukuri et al. (1992) have also reported asymmetry factors as high as 1.3.

Table 5.1. Diffusion coefficient (D;:) of purc lipids (meantstandard deviation) in
SCCO- determined at 50°C and 36.0 MPa and the asvmmetry factors of their
corresponding peaks.

D;- Asymmetry

Compound (10°m’/s) Factor
Olcic Acid 3.5740.18 <1.10
Linoleic Acid 3.33+0.35 <1.02
Linolenic Acid 2.02+0.17 <1.01
v-Linolenic Acid 2.56+0.12 <1.09
Methy1-Oleate 4.65+0.08 <1.07
Ethvi-Olcate 4.17+0.05 <1.05
Dilinolein 2.22+0.04 <1.10
Trilinolein 2.03 4012 <1.30
Trilinolenin 2.23+0.04 <1.20
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A decrease in the D> of oleic, linoleic and linolenic acids was observed in
SCCO- at 36.0 MPa and 50°C (Table 5.1) with an increase in the number of double
bonds, i.e. degree of unsaturation. In a similar studyv on stearic, oleic and linolenic
acids, Dahmen et al. (1990) observed little or no difference in the D;- of stearic and
oleic acids at 40°C and 12-16 MPa. Howcver. there was a significant drop in the D>
from oleic to linolenic acid. Although they dissolved these fatty acids in ethanol, such a
drop in the D,- ts consistent with our results and can be correlated with the structural
changes among these fatty acids. The D, of v-linolenic acid (6.9.12-octadecatrienoic
acid. w-6) was determined at 36.0 MPa and 350°C and compared with that of a-
linolenic acid (9. 12.15-octadecatrienoic acid. ©-3) as shown in Table 5.1. In this case.
the repositioning of a doublc bond resulted in a change in the Dy.. y-Linolenic acid.
which is spatially more symmetric. demonstrated a higher D~ than a-linolenic acid. a
less symmetric compound structurally.

To study the alkyl effect. the D~ of methvl and ethyi oleate were determined at
36.0 MPa and 30°C (Tablc 5.1). Diffusivity of esters was higher than that of frec fatty
acids. This may be attributed to structural differcnces and possiblec molecular
association of the fatty acid. Also. a higher value of D). was observed for methvl
olcate compared to that of cthyl olcate indicating an alkyl effect. This is consistent
with the data for docosahexacnoic acid (Cs:¢) mcthyl and cthyi esters at 35-45°C and
9.7-18.8 MPa reported by Liong ct al. (1991b. 1992). The D,: of methvl olcate
obtained in this studv compared well with that reported by Funazukuri at al. (1991) at
40°C and 16.0 MPa (6.59+0.05x10° m'/s).

The D> of dilinolcin, trilinolein and trilinolenin werc measured at 36.0 MPa

and 50°C (Tablc 5.1). A value of 3.55+0.37x10® m™/s has becn rcported by Catchpole
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and King (1994) for triolein at 25.1 MPa and 35°C. Triglvceride diffusivity was lower
than that of its corresponding frec fatty acid for trilinolein but higher for trilinolenin.
The differences in their molecular weight and size as well as the degree of unsaturation
and spatial configuration are important factors. In addition, more polar nature of
dilinoiein compared to trilinolein should affect molecular interactions.

Determination of the Dy- of monolinolein and triolein was also attempted to
complete the scries of the lipids given in Table 5.1. However, it was not successful due
to extensive tailing and high asymmetry factors of 1.4 and 2.2 for triolein and
monolinolein, respectively. Adsorption on the column wall and time-split injector due
to the viscous nature of these samples is probably responsible for this problem. Even
though not very reliable. D;» based on w; : obtained by doubling the width of left half
of the peak at half-height were determined for these compounds since tailing was only
apparent in the lower half of the night side of the peak. Such an approach resulted in
Di. of 1.91+0.09x10” and 2.0940.07x10” ms for triolcin and monolinolcin.
respectively. which are comparable to those of other lipids in the same class (Table
5.1). However. a loop at supercritical conditions to solubilize the sample in SCCO-
prior to injection is recommended.

In an cffort to study the behavior of a binary mixture of lipids in SCCO-, a
1:3 (w/w) mixture (~30/30. mole%) of oleic acid and triolcin was injected into the
SFC system. Only one peak was detected. which resulted in a D;- similar to that of
triolcin alonc, 2.26+0.22x10” m*/s vs. 1.9120.09x 10 m7/s. respectively. based on the
corrections for the w,-. Likcwisec. the asymmetry factor was <2.2. Oleic acid with a
Di- of 3.5740.18x 10 m*/s did not seem to contribute to the overall D, at the selected

concentration level. However. since both oleic acid and triolein have UV absorbance.
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what is dctected in the detector is a combination of the absorbances of both
compounds. Selective detection of the solutes would have separated the diffusion
behavior of the compounds from each other. Despite the high asymmetry factor for the
oleic acid-triolein mixture, it seems that the presence of a free fatty acid along with a
triglyceride with the same fatty acid moiety will result in an apparent D;.» for the
mixture very close to that of the triglyceride. Whether this result is valid for systems
containing other tniglvcerides and their fatty acids and over a wide range of
concentrations needs to be examined. Developing a corrclation technique for multi-
component mixtures and predicting the diffusion behavior of complicated mixtures

such as fats and oils in SCCO- will require further investigation.

5.4. CONCLUSIONS

This study demonstrated that the operating pressure and temperature.
concentration of secondary solvent and position and number of doublc bonds are
important parameters in the determination of binary D;- of lipids in SCCO.. The D
of olcic acid was reduced with pressure and increased with temperature. Icading to a
decrease with SCCO- density. The presence of cthanol as a sccondary solvent at a
concentration above 50% (w/w) resulted in an increase in the D, of oleic acid and
oleic acid methyl ester. Di. for various lipid classcs decreased according to the
following order: fatty acid ester > fatty acid > trigivceride. Dctermination of D~ of
various lipids at 36.0 MPa in this study significantly increased the pressure maximum
for such data available in the litcrature. Morc studies are nccded for better
understanding of diffusion behavior of complex lipid mixtures during supercritical

proccsscs.
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6. CONCLUSIONS AND RECOMMENDATIONS

The study of extractions and reactions in supercritical fluids is growing
rapidly and supercritical fluid (SCF) technology is slowly rcplacing some of the
traditional methods of extractions and reactions using organic solvents. The
parameters affecting extractions and reactions in SCFs with a specific emphasis on
the enzymatic reactions in supercritical CO, (SCCO-) were discussed in chapter 1.

Using SCFs as media for reactions solves some of the problems associated
with lower boiling points of thc conventional solvents since the operation is at higher
pressures and temperatures (Tiegs, 1996). The rate and productivity of reactions in a
supercritical environment are very sensitive to physical parameters such as pressure,
temperature and composition. While maintaining a high reaction ratc, the selectivity
can be controlled and the separation of the products can then be carried out by
utilizing the phase behavior of the SCF (Lee et al., 1993) and thc products. Even
though SCFs have been studied quite extensively, there is still a need for further
investigations to improve the understanding of the complex phenomena happening in
such media. CO. as a supercritical solvent offers advantages like low price,
availability, safcty, ease of recovery of the solute and moderate critical point. Thus, it
has becen a favorite non-aqucous solvent in which to study enzymatic reactions.
Howcver, extensive investigation of a given enzyme in a somewhat broad range of
pressure. tempcrature and other paramcters has not been carricd out to allow
dectermination of optimum conditions. Despite the fact that it has been quitc uscful in
many applications, including the food industry, there have been applications in which
SCCO: has not been considered a preferred solvent. For example, Carvalho ct al.

(1993) rcported a direct negative CO. cffect in the subtilisin-catalvzed
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transesterification of benzyl alcohol with vinvl butyrate. Propane as an alternate SCF
provided higher maximum activity than CO,. Similar adverse effects have also been
observed by Nakamura et al. (1990) and Kamat et al. (1992). Although SCCO.
treatment with microbubbles in aqueous solution (Balaban et al.. 1991; Ishikawa et
al., 1996), pressurization-depressurization (Aaltonen and Rantakyla, 1991; Randolph
etal., 1991: Lozano et al., 1996; Cano et al., 1997), and treatment at different levels
of pressure, temperature, moisturc content and exposure time (Dunford and Temelli,
1996) have been shown to inactivate enzymes with undesirable activities, the proper
usc of enzvmes in nonaqucous envircnments has not caused significant enzyvme
inactivation for scveral dayvs in most studies.

There are different interpretations about the negative effect of high pressure
on enzymatic reactions. Although the finding of Kamat et al. (1992; 1995) that CO-
bonds covalently to the enzyme is a relatively new piece of information regarding the
enzyme behavior in SCCO: medium. it cannot vet explain the negative effect
obscrved when working with other SCFs such as ethane. As well. the covalent
bonding of CO- does not at all mean that enzyme inactivation is involved. In fact,
Lozano et al. (1996) have shown that the stability of a-chvmotrypsin has increased
with pressure, although they obscrved a decrease in the enzyme activity with an
increase in the tecmperature from 25°C to 40 and 60°C. Thercfore, while the
apphcation of SCFs with lower critical temperatures isneeded, employing a higher
pressure does not produce any problem as long as the phase behavior of the system is
respected. Phase behavior of a system affects the progress of the reaction since phase
bchavior dictates the partitioning of the reaction components between thc phascs
involved. Partial molar volumes and calculated activation volumes detcrmine if

higher pressures favor the reaction.
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The driving force of an enzymatic reaction can be maintained if it is carried
out in a continuous manner. The advantage of a continuous system over a batch
system other than having a consistent flow is continuous withdrawal of the products
which may prohibit the propagation of the thermodynamic equilibrium towards
higher production. Accumulation of some products such as free fatty acids (FFA) can
inhibit enzyme activity (Lencki et al., 1998).

The application of enzymatic reactions in SCFs to food industry exhibits
great potential. The transesterification of cocoa butter substitutes, for example, can
takc place only in media where the water content is extremely low, such as SCFs
(Saito. 1995). This will suppress the formation of mono- and diglycerides (MG and
DG. respectively) which are produced by hydrolvtic reactions (Saito, 1995). The
production of specific fatty acid esters similar to the flavorings uscd in margarine,
imitation dairy products, confections and other prepared foods is possible with
enzymatic esterification in SCFs. As well. monoglycerides, which are widely used as
emulsifiers in food industry, can be prepared.

SCFs can be used as solvents in the extraction of heat labile compounds at
low temperatures (Stahl et al.. 1988). In order to manipulate the extraction and
rcaction rate as well as their selectivity, the main paramecters to control are pressure,
temperature and feed composition. In a SCF, the separation of the reaction products
can be carricd out by utilizing the phase behavior of the SCF (Lec et al.. 1993) and
the products. The analysis of the scparated products can then be followed using a
supercritical fluid chromatography (SFC) system. Currently, commercial pilot-plant
and industrial scale supercritical fluid extractors and separators arc available. SFC
svstcms connected on-line to supercritical fluid extraction, reaction or scparation

units will become available in the near future.
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The applicability of SCFs to the fast growing enzyme technology has
provided an altemnative to the use of organic solvents to conduct enzymatic reactions.
Despite the availability of numerous SCFs, SCCO. is still the most commonly used
solvent for food applications in research and industry. This is mainly due to its
affordability, safety and inertness.

With the latest developments in SFE technology and its growing involvement
in many processes including those in the flavors and spice industry, it is quite
appropriate to incorporate such a technique to extract fats and oils directly from their
sources and convert them to higher value products through an on-line enzymatic
reaction. Developing such an on-line connection between the extractor and the
rcactor will simplify conventional processing steps and as a result will save time,
cnergy and other resources.

The lipase-catalvzed hvdrolysis of canola oil in SCCO, was performed at
different pressures and temperaturcs using a continuous reactor system (chapter 2).
The immobilized lipase, Lipozyme IM, lost 34% of its activity (based on the drop in
TG disappearance) at 38 MPa and 55°C over a 24 h reaction period. The production
of MG, DG and glycerol was affccted by a change in pressure and temperaturc over
10-38 MPa and 35-35°C, respectively. At 24 MPa and 35°C, the enzyme showed the
highest performance and thercfore, more production of FFA was achieved. Because
of the poor solubility of oil at the lowest pressure of this study (10 MPa), it resulted
in the lowest FFA production. The highest conversion rate as well as the highest MG
and DG production was obtained at 24-38 MPa and 35-35°C, which was 63-70% in a

4 h continuous run.
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In the hydrolysis of canola oil in SCCO., the product composition was
affected by a change in the CO- flow rate. The extent of hydrolysis of canola oil was
improved by dccreasing the flow rate of CO-.

The conventional hydrolysis of oil involves a high pressure (>250°C), which
is destructive to polyunsaturated fatty acids. Furthermore, such method is very labor-
and encrgy-intensive (Linfield ct al., 1984). As well, enzymatic reactions in organic
solvents are suffcring from a low reaction rate so that their industrial applications are
not appropriate at this time. The ever-growing SCF technology is going to compcte
with traditional enzyme-catalyzed reactions in aqueous media as well as those
performed in organic solvents. With such developments in both extraction and
rcaction processes, the convenience of on-line reaction of the extracted solutes will
merge these two technologies to avoid several unnecessary steps involved in the
independent extraction and reaction processes. On-line extraction-reaction of canola
oil in SCCO- was performed successfully and results indicated different product
patterns due to a change in the quantity of canola flakes in the extractor, CO. flow
rate and enzyme load (chapter 3). Selective modification of any of thcse parameters
can improve the content of a given specics in the reaction product.

The DG concentration in the product was cnhanced with an incrcasc in
canola load in the extraction chamber. The pattern in the introduction of oil to the
rcactor changed more dramatically when a smaller amount of canola flakes was used.
For cxample. an increasc in the oil load resulted in a lower production of FFA at the
carly stages of the run. However, towards the end of the run where the supply of oil
to the cnzyme was limited, FFA concentration in the product increased. A decrease in
the quantity of the introduced oil promotcd the full hydrolysis of oil and while there

was still some TG in the product samplcs, intermediate products werc not formed. It
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is noteworthy that the presence of lipoxvgenase in the canola flakes did not interfere
with the extraction and reaction of this study since lipoxygenase would require
oxygen to oxidize fatty acids and oxygen was not available in the CO, environment.

Although, it was expected that an increase in the enzyme load in the reaction
cell would improve the production level, the extra resistance to the flow of oil-laden
SCCO: rcversed the results. However, the FFA content was increased. To take full
advantage of thc improvements without compromising the production rate of the
reaction certain scale-up paramcters such as an increase in the dimensions of the
extraction and rcaction chambers have to be considered.

Lipase-catalyzed hvdrolysis of canola oil in SCCO. show potential for
conversion of fats and oils to higher value products such as MG, DG, FFA and
glycerol. MG and DG are primarily uscd as emulsifiers in food applications. Glycerol
and different FFA arc used in the production of such products as detergents,
surfactants, cosmetics and health related chemicals. MG and DG are traditionally
produced by glycerolysis reaction which is carried out at a very high tcmperature
(250°C) resulting in a dark-colored product (Temelli et al., 1996). Furthermore, the
scparation of thc products from the FFA and their metallic salts in the traditional
mcthod involves a distillation step to achicve a higher MG concentration of ~90%.
This step introduces flavors and odors associated with the presence of FFA and their
mctallic salts in the product (Temelli et al., 1996). Glycerol. which is a compound of
many diverse uscs. is obtained from the hvdrolysis of fats and oils.

Although canola flakes were used in the on-line extraction-reaction process
in this study, cold-press cake can also be used as the starting matcrial. Such
consideration is appealing for both traditional extraction plants and the new on-line

extraction-reaction process. Press cake contains about 20% (w/w) oil (Stahl et al.,
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1988) and it can be a good raw material for the on-line extraction-reaction process
using SCCO-. Thus. organic solvent extraction and the extra steps involved with the
organic solvent removal can be eliminated. Furthermore, meal desolventization will
not be necessary and the meal left from the SFE/SFR process will not have any safety
issues as it is used as animal feed. At the same time the cold-press oil and SCCO-
extracted oils can keep their high market value since no organic solvent is involved in
processing.

Although for the sake of undcrstanding the phcnomena occurring in the
extraction-reaction processes, a lower CO- flow rate was applied in this study, a
higher CO- flow rate can be used in industrial-scale extraction of oil in order to specd
up the process. For example. decaffeination of coffee beans are carried out in an
industrial scale in Houston, Texas. where 6800 kg of beans are extracted every 30-60
min (McHugh and Krukonis, 1994).

Possible microstructural changes in the immobilized lipase from Mucor
miehei, Lipozyme IM, were investigated using Scanning Elcctron Microscope (SEM)
analysis (chapter 4). Although frce enzymes may undergo severe structural changes
when they are exposed to high pressures and excessive water content, immobilized
lipase from Mucor miehei did not undergo any structural changes that could be
observed by SEM after being treated with different levels of pressure, CO- flow rate
and oil content. When enzymes are immobilized, they are bound to a solid matrix,
which can protcct enzyme structure at different conditions. To properly obscrve the
cnzymces using SEM. a higher magnification is requircd for smaller cnzymes. The
clectron microscopce images indicated a size range of 35-33 nm for spheres observed
on thc anionic exchange resin which were interpreted to be group of Mucor michei

lipase. If there are any physical structural changes in the enzvme at the molccular
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level as a result of a change in the extraction-reaction parameters, they could not be
detected using a SEM at 50,000X magnification level. Therefore, to identify such
possible dcformations at the molecular level, another suitable method such as
Infrarcd or Mass spectrometry should be applied.

To explain various phenomena taking place during extraction, reaction and
scparation processes and to predict the diffusion rates of solutes in SCFs, knowledge
of the binary diffusion coefficient of the components involved in such processes is
essential. This parameter was measured (chapter 3) for several lipid classes including
TG, FFA, DG and fatty acid esters using Tavlor-Aris pcak-broadening technique at
differcent conditions.

The operating pressure and temperature, concentration of sccondarv solvent
and position and number of double bonds were important parameters affccting the
binary diffusion coefficients of lipids in SCCO-. Diffusion cocfficicnt of oleic acid
decreased with a reduction in SCCO- density. An increase in the diffusion cocfficient
of olcic acid and oleic acid methyl cster was observed by an increase in the
concentration of ethanol as a secondarv solvent to >30% (w/w). which mayv be
attributed to the simultaneous detection of both species in the UV detector as well as
intermolccular interactions. The following order was observed in the diffusion
cocfficients of various lipid classes: fatty acid ester > fatty acid > triglvceride.
Dctermination of diffusion coefficients of various lipids at 36.0 MPa in this study
cxtended the pressure maximum for such data available in the litcrature. Similar
studies on complex lipid mixturcs are nceded to develop a method to estimate the
diffusion bchavior of the componcnts of crude samples during supcrcritical
processes. Sclective detection of the mixture components can reduce the problems

associatcd with the interactions occurring during such measurements.
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There is great potential for developing new food processes using sequential
extraction/reaction/fractionation schemes. Ingredient industry, especially fats, oils
and flavors, are going to benefit from such on-line operations. The on-line extraction-
rcaction process investigated in this study is a step forward in such process
development. However, more work is needed for optimization of the process.

The high cost of enzyme is a big concern when enzyme activity is lost in
reaction. Therefore, pressure, temperature and water content have to be optimized to
maximize and maintin enzvme activitv. Furthermore, different tyvpes of enzvmes have
to be examined to find a proper enzyme for a specific application. Physical properties
of SCFs need to be properly correlated with the activity, specificity and stability of
thc enzymes. Different parameters affecting enzyme activity and those affecting the
physical propertics of the supercritical solvent must be independently studied and
every reaction (hydrolysis, esterification etc.) for a given enzyme or a group of
enzymes need to be investigated separately. A database which can allow the
appropriatc comparison of the cffect of different parameters on a certain svstem is
crucial since it can lead to a better understanding of the effects and their interactions.
Somc cnzymes such as glucoamylase, galactosidase, glucose oxidase. glucose
isomcrase. alcohol dehvdrogenase and catalase need to be considercd for conducting
enzymatic rcactions in SCFs. Also. biotechnological advancements such as genetic
enginccring work arc necessary to produce enzymes with better tolcrance against
paramcters that may be destructive to enzymes. There is not enough information to
support a dircct negative pressure effect on the enzvme activity. But, inability to
withstand conditions such as high temperaturc and extra water arc among thosc that

enzymes suffer from. With the enzyvmes currently available, more research is needed
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to focus on parameters such as water content, enzvme dispersion methods and
cnzyme-bed geometry, etc.

Sclective esterification of glvcerol with oleic acid by immobilization and
complexation of glycerol by Castillo et al. (1994) was a successful application. This
approach can be extended to other reactions as well using such complexing agents as
phenylboronic acid since they appear to be very helpful in limiting unnecessary by-
products. Controlling thc water content of enzymatic reactions is crucial for better
control on product composition. Using sait hydrate as a source of water can improve
the selectivity and specificity of the rcactions. More attention towards the application

of this approach in food industry is needed.
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