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ABSTRACT: Solvent-free acidolysis of tristearin with CLA has
been carried out in a packed-bed reactor. An immobilized lipase
from Thermomyces lanuginosa (Lipozyme TL IM) was employed
as the biocatalyst. Elevated temperatures (75°C) were utilized to
eliminate solid substrates. The reaction kinetics were modeled
by using a rate equation of the general Michaelis—Menten form.
Both the extent of incorporation of CLA and the extent to which
FFA were released were investigated. Positional analysis of the
purified TAG obtained after a pseudo space time of 0.6 h indi-
cated that CLA was preferentially incorporated at the sn-1,3 po-
sitions of the glycerol backbone, although 10% of the sn-2 posi-
tions were occupied by CLA residues. At a pseudo space time of
0.6 h, 38% of the initial CLA was incorporated in acylglycerols;
the associated extent of hydrolysis was 8.3%.
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In the past decade numerous industrial and academic research
groups have investigated the use of enzymatic processes to
produce modified fats and oils (structured TAG) that can be
employed in the formulation of nutraceuticals. These prod-
ucts are foods containing constituents that confer therapeutic
or preventative medicinal benefits when ingested as part of
the human diet.

Semisolid fats are normally produced by hydrogenation,
fractionation, or chemical interesterification (1,2). However,
partial hydrogenation processes form products containing
trans FA that may produce adverse health effects (3). Recent
research efforts to address this problem have emphasized
lipase-catalyzed interesterification reactions (4). Use of
sn-1,3 specific lipases offers the possibility of preferentially
substituting beneficial FA residues for undesirable residues at
the sn-1 and sn-3 positions on the glycerol backbone. Hence,
this approach provides positional specificity in producing
modified fats in contrast to the random distribution obtained
via chemical interesterification (5). Lipase-mediated reactions
occur under mild processing conditions, and consumers may
view the resulting products as “natural” products rather than
chemically modified substances (6).

Bloomer et al. (7) reported that the level of DAG produced
during lipase-catalyzed interesterification in a stirred batch
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reactor is about 10%. Reaction parameters such as tempera-
ture, holding time in a batch reactor, and water content of the
process fluids are all in part responsible for the level of DAG
in the product mixture. Another important factor to be con-
sidered is the phenomenon of acyl migration, which occurs
when DAG are present in the process fluid. Factors such as
temperature, water content, reaction time, and the nature of
the support used for immobilization of the lipase also influ-
ence the rate and the extent of acyl migration. In this respect,
a particular disadvantage of employing stirred tank reactors
in either a batch or continuous flow mode is the potential for
rupture of the particles supporting the immobilized lipase,
thereby exposing the surface of the support for the lipase (8).
Such rupture not only reduces the potential for reutilization
of the immobilized lipase in a subsequent run but may also
facilitate migration of acyl groups.

In the present work, we investigated the acidolysis of tri-
stearin with CLA in a continuous-flow packed-bed reactor in
an effort to better understand possible adverse effects (forma-
tion of DAG and acyl migration) associated with the use of
stirred tank reactors. When this reaction is carried out in a
packed-bed reactor, solid tristearin must be melted (melting
point = 74°C) prior to entering the reactor. Because of the ne-
cessity of employing this relatively high temperature to melt
the feedstock, it is desirable to employ reaction conditions
that minimize undesired secondary reactions of the indicated
types. Tubular packed-bed reactors offer a number of advan-
tages for this application.

CLA is a FA that has attracted the attention of nutrition ex-
perts and the food industry because of its potential for incor-
poration into foods marketed as nutraceuticals. The term CLA
refers to a mixture of geometrical and positional isomers of
linoleic acid (C18:2) containing conjugated double bonds.
The richest natural sources of CLA are animal fats, especially
milkfat and meat from ruminant animals (9). Commercially
available CLA is prepared by chemical isomerization, and
analysis of these preparations by silver ion HPLC (10) indi-
cates that there are at least 12 different peaks associated with
various isomers of CLA. Anticarcinogenic effects (11), de-
creased risk of atherosclerosis (12), and many other health
benefits (13) have been attributed to consumption of CLA.
The cis-9,trans-11 and the trans-10,cis-12 isomers of CLA
are the isomers believed to be primarily responsible for the
beneficial physiological effects of this substance. CLA is a
particularly intriguing substance for use in the production of
modified fats and oils.
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Differences in absorption and metabolism of various FA
have been attributed to their position in the precursor TAG. It
has been established that FA at the sn-2 position are more ef-
fectively absorbed in the digestive tract (14). However, it has
also been reported that the digestive tracts of the rat, dog, and
human have low capacities for emulsifying and digesting
stearic acid from tristearin (15). Consequently, restructuring
tristearin to obtain 1,3-CLA-2 stearoyl-glycerol offers an in-
teresting route for producing a structured fat with properties
different from the precursor tristearin, in particular, a TAG
with enhanced nutritional and physiological benefits that could
be readily ingested as a constituent of a wide variety of food
products (dairy spreads, frozen desserts, salad dressings, etc.).

MATERIALS AND METHODS

Tristearin (90% pure and with a palmitic acid content of ca.
10%) was obtained from ICN Biomedicals (Aurora, OH) and
type II porcine pancreatic lipase (L-3126) from Sigma (St.
Louis, MO). CLA (C18:2) was kindly provided by Natural Asa
(Hovdebygda, Norway). As reported by the vendor, the area
percentages of the different isomers present in the CLA were:
0.42% ¢9,c12; 42.73% ¢9,t11; 44.24% t10,c12; 1.33% ¢9,c11;
1.35% ¢10,¢12; 1.19% (19,t11 + t10,£12). The balance of the
vendor’s CLA (8.74%) consisted of other FA (primarily oleic
acid). Lipase TL IM was donated by Novo Nordisk (Franklin-
ton, NC). Hexadecane (internal standard) was obtained from
Aldrich (Milwaukee, WI). All solvents used were HPLC grade.

Apparatus. The packed-bed reactor (Scheme 1) consisted of
10 cm of tubing (0.64 cm i.d.) containing 1.9 g of immobilized
enzyme. The tubing was packed manually with the dry immo-
bilized enzyme. The packing was then fixed in place using a
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mesh connected to stainless steel plugs. This tubing was sub-
merged in a constant temperature water bath. A syringe pump
(model 220; KD Scientific, New Hope, PA) was used to supply
the mixture of CLA and tristearin. To melt the reaction mixture,
a 50-mL glass syringe was held at 75°C in a heater jacket. The
inlet and outlet tubing were also held at 75°C with heating tape.

Operating protocol. Prior to initiating flow of CLA and tri-
stearin to the reactor, nitrogen was passed through the packed
bed for 5 min to remove air. Each experiment was initiated by
quickly flushing the reactor with a total volume of the mixture
of substrates equal to at least twice the void volume of the re-
actor. After quasi-steady state operating conditions were
achieved, several samples of the effluent stream were manu-
ally collected over a time frame corresponding to at least three
reactor space times. (The reactor space time is the ratio of the
void volume of the reactor to the total volumetric flow rate of
the two feedstocks.) For a set of experiments corresponding to
a specified operating temperature, the experiments at different
space times were conducted in random order.

Determination of the void volume and the space time. The
void volume (1.3 cm?/g of catalyst) was calculated using the
difference between the weight of the packed-bed reactor (tub-
ing + catalyst) when filled with a FA of known density, and
the corresponding weight of the packed-bed reactor in the ab-
sence of this fluid. Corrections were made for the regions of
the tubing outside the packed bed. Reactor space times were
calculated as the ratio of the void volume of the reactor to the
total volumetric flow rate of the two feedstocks.

Analytical methods. Samples (100 uL) of the product oil
stream containing 7% (w/w) hexadecane (used as internal stan-
dard) were mixed with 1400 pL of chloroform. Aliquots of the
resulting transparent solution (400 uL) were methylated by ad-
dition of 1 mL of methanolic NaOH (0.1 N). This mixture was
then allowed to stand for 30 min at 60°C. Then 200 uL water
was added. The resulting mixture was extracted with two 1-mL
portions of n-hexane. The pooled extracts were dried with
sodium sulfate and then centrifuged for 2 min at 5035 x g. One
microliter of sample was injected into a Hewlett-Packard
(Avondale, PA) gas chromatograph (Model 5890, series II) fit-
ted with a 60-m HP Supelcowax 10 column (0.32 mm i.d.). In-
jector and detector temperatures were 220 and 230°C, respec-
tively. The temperature program was as follows: starting at
100°C and then heating to 180°C at 20°C/min, followed by
heating from 180 to 220°C at 15°C/min. The final temperature
(220°C) was held for 30 min.

Purification of TAG from the reaction mixture. Separation
and recovery of the TAG were accomplished via solid phase
extraction on 1 g silica precision extraction Accubond car-
tridges from J&W Scientific (Folsom, CA) (16). The columns
were conditioned by washing with 4 mL hexane, taking care
to prevent them from becoming dry. The sample (10 mL con-
taining TAG at a concentration of ca. 10 mg/mL as determined
by stoichiometric calculations) was applied to a column and
then eluted under vacuum (5 mm Hg) with solvent mixtures
of increasing polarity: first, § mL hexane/diethyl ether (200:3,
vol/vol); second, 40 mL hexane/diethyl ether (96:4, vol/vol).
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The eluate from the second elution (containing the TAG) was
collected and evaporated for subsequent analysis of the distri-
bution of FA residues along the glycerol backbone.

Positional distribution of FA residues in TAG. Modified ver-
sions of the methods of Luddy et al. (17) and Williams et al.
(18) were employed to release FA from the sn-1,3 positions of
acylglycerols. A known weight of TAG and an appropriate (ca.
20-50 mg) weight of porcine pancreatic lipase were added to a
60-mL stoppered flask. Next, 0.65 mL Tris buffer (1 M sodium
salt, pH 8.0), 0.35 mL sodium borate (0.19 M), 0.1 mL CaCl,
(22%, w/w), and 0.25 mL bile salts (0.1%, w/w) were added.
The resulting mixture (pH = 7.91) was maintained at 40°C for 1
min without shaking, then shaken at 300 rpm at 40°C for 7 min.
The reaction was stopped by addition of 1 mL acetic acid (0.1
M). The mixture was extracted three times with 1 mL chloro-
form. The pooled organic phases were passed through a 0.45
pum syringe filter and then methylated with 0.1 M methanolic
NaOH as described above. This protocol provides information
concerning the distribution of FA residues at the sn-2 position.
The distribution of FA residues at the sn-1,3 positions was then
calculated by subtracting the amount of a FA residue at the sn-2
position from the total quantity of this FA present in the corre-
sponding unhydrolyzed acylglycerols as determined by GC.

Statistical analysis. Proposed rate expressions were fit to
the data using GREG, a general nonlinear regression package
(Stewart, W.E., M. Caracotsios, and J.P Sorensen, GREG
user’s manual, Department of Chemical Engineering, Univer-
sity of Wisconsin—Madison, 1992). This program uses the
residual sum of squares (RSS) as the objective function.

An extra sum of squares test (19) was used to discriminate
between the mathematical models. Quantile values for Fish-
er’s F distribution were determined using XLISP-STAT ver-
sion 2.1, release 2, 1989 (20). The numerical integration was
accomplished using a fourth-order Runge—Kutta—Felburg
method (21). The SE was estimated using a first-order ap-
proximation of the mathematical model.

RESULTS AND DISCUSSION

To quantify the rate expression for the acidolysis reaction, we
employed the generalized forms of the Michaelis—Menten rate
expressions proposed by Torres and Hill (22). The proposed
reaction mechanism is shown in Figure 1. For the purpose of
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FIG. 1. Schematic representation of the acidolysis reaction. A, = native
ester bond (reactant glyceride), S = stearic acid liberated from the origi-
nal tristearin, IG = lower glyceride intermediate, W = water, CLA = new
FA to be incorporated, A, = new ester bond formed with the new FA,
F = complex between the enzyme and the species defined above, E =
enzyme.
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modeling the reaction kinetics, two assumptions are made: (i)
the step involving rupture of the ester bond is the rate-deter-
mining step in the interesterification reaction, and (ii) the
water concentration is assumed to be constant throughout the
reaction. The rate of release of FA residues by hydrolysis is
equal to the rate of appearance of free stearic acid (rg). This
rate and the rate of disappearance of the replacement CLA
(=r,) can be written for the rate-limiting steps (see Fig. 1) as

—r; = kc[F-CLA-IG]-kp[E-A,] (1]

}’S :kA[E—Al]—kB[F—S—IG] [2]

The concentrations of the different enzymatic complexes
([F-CLA-IG], [E-A,], [E-A,], [F-S-IG]) can be expressed in
terms of the concentration of the free enzyme by means of
pseudo-equilibrium relationships. Combination of these equa-
tions followed by partial normalization of the intermediate
equation to facilitate the nonlinear regression analysis leads
to rate expressions of the forms indicated in Equations 3 and
4 (Model I):

_ Y [IG][CLA]-Q,[A]

3
1+ K[S] B

_ Q,[A]-"Y, [IG][S]

4
1+ K,[S] 4]

Ts
where (=, ) is the rate of disappearance of the replacement
FA (CLA) and (ry) represents the net rate of release of the
original FA residues (stearic) by hydrolysis. IG, CLA, A, and
S represent the concentrations of the lower acylglycerol
species formed as an intermediate, the incoming replacement
FA, total ester bonds, and the FA (stearic acid) released from
the precursor tristearin, respectively. The rate expressions in
Equations 3 and 4 are of the general Michaelis—Menten form.
The parameters of the rate expressions [V, Q, Q,, ¥,, and
K,] in Equations 3 and 4 are related to the rate constants in
Figure 1 as indicated elsewhere (22).

Model I.1 includes only parameters for the forward reac-
tion and deactivation of the enzyme. It does not account for
either inhibition effects or the reversibility of the reaction.
Model 1.2 contains two additional parameters related to the
reversibility of the reaction but omits inhibition effects.
Model 1.3 incorporates the effects of both inhibition by FFA
and the reversibility of the reaction. All three models incor-
porate the effects of deactivation of the enzyme, although
Model I.1 may be characterized by a very different value of
the deactivation rate constant because of its failure to account
for either inhibition or reversibility of the reaction.

In order to establish the effects of the pool of FA on the
apparent inhibition constant K, a second model (Model II,
Egs. 5 and 6) was also considered. In this case, both FA
present in the reaction mixture, [S] and [CLA], were lumped
together to assess their combined effect on the inhibition
constant K

JAOCS, Vol. 79, no. 7 (2002)



658

. _ WIGIICLAI-Q[A]
1+ K,[S + CLA] [5]

_ Q,[A]-Y, [IG][S]

1+ K,[S + CLA] 6]

It is also important to account for thermal deactivation of
the enzyme in both models by incorporating a factor that
quantifies this phenomenon. Deactivation was treated as if it
occurs in a single step. Several models of deactivation kinet-
ics were tested for their ability to fit the data. In Model II.1 it
is presumed that the loss of enzymatic activity with time can
be regarded as statistically insignificant. For Model I1.2 it is
assumed that the irreversible deactivation of the active en-
zyme (E) to an inactive form (£,) obeys first-order kinetics,

et E, (7]

The manner in which the enzyme activity varies with time is
then given by

a{t}=aq exp[—kd(t - to)] [8]

where ¢ is time; I is the time at which the set of experiments
is started; a{t} is the activity of the enzyme at a particular
time £, ag is the activity of the enzyme at time Los and k 4 is the
first-order deactivation rate constant. The parameter a,, is ar-
bitrarily assigned a value of 1, and subsequent activities are
thus normalized with respect to this initial activity. Thus, mul-
tiplication of the rate expressions in Equations 3—6 by the fac-
tor exp[—k, (¢ — 1,)] yields the corresponding activity-depen-
dent forms of the rate expressions.

The mathematical models used in the analysis of the data
thus can incorporate the effects of the rate of enzyme deacti-
vation in the generalized Michaelis—Menten expressions for
the rates of disappearance of the incoming replacement FA
and the release of FFA from the precursor TAG.

In the analysis of the data for the continuous-flow packed-
bed reactor, the activity-dependent forms of the rate expres-
sions are combined with the differential form of the design
equation for a plug flow reactor (23). Solution of the result-
ing set of differential equations then gives the composition of
the effluent from the packed bed. Thus, all of the models in-
vestigated employ two independent variables to characterize
two important characteristic times for these reactors. To char-
acterize the loss of enzyme activity, the variable of impor-
tance is the time elapsed since the start of the experiments
(t — 1,). The amount of CLA incorporated in the TAG and the
amount of free stearic acid released from the precursor TAG
not only depend on the reactor space time but also the enzy-
matic activity during the period between the time the reaction
mixture enters the reactor and the time it exits the reactor.
Graphical depictions of the resulting functional dependence
thus require the use of a 3-D plot. However, to obtain plots
that can be more readily interpreted, one may conveniently
employ the concept of pseudo space time to permit represen-
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tation of the data in two dimensions (24). The pseudo space
time represents a mathematical combination of the time
elapsed since the start of the series of experiments and the real
reactor space time. The pseudo space time is defined as

w=[_alf)di [9]

where T* is the pseudo space time, T is the real space time,
and 7 is a dummy variable. In physical terms, when the rate of
deactivation of the enzyme is negligible, the pseudo space
time becomes equal to the reactor space time. (In the present
situation the space time is numerically equal to the mean resi-
dence time of the fluid in the reactor.) When the rate of deac-
tivation is significant, the difference between the pseudo
space time and the actual space time indicates how much
longer the fluid must remain in the reactor to achieve the con-
version that would have been achieved if the enzyme had not
been partially deactivated. In terms of Equations 8 and 9,

T = Z—z{exp[—kd(t —tg = 1)| - exp[—ky(t -1 )]} [10]
Table 1 contains the extra determinant analysis of the differ-
ent models tested for their ability to fit the data. The test crite-
rion for the 95% confidence level was that if the P-value was
less than 0.05, then the model with fewer degrees of freedom
was selected as being more appropriate in a statistical sense.
Examination of the tabular entries for progressively more com-
plex models leads to the conclusion that Model 1.3 is the most
appropriate model of those considered thus far, i.e., the effects
of reversibility and enzyme inhibition must be accounted for.
To assess the importance of inactivation of the enzyme in
determining the observed rates of reaction, Models II.1 and
I1.2 were developed. In Model II.1 the loss of enzymatic ac-
tivity with time was regarded as insignificant. In Model 11.2 it
is assumed that the deactivation of the enzyme obeys first-
order kinetics. The P-values of the extra sum of squares test

TABLE 1

Extra Determinant Analyses of Model 1.1 vs. Model 1.2, Model 1.2
vs. Model 1.3, and Model 11.1 vs. Model 11.2 for the Acidolysis

of Tristearin with CLA

Source SS§9 DF MSS?  Observed Fratio©  P-value?
Extra 395,459 2 197,729 8.47 0.0014
Model 1.1 630,120 27 23,338

Model 1.2 234,661 25

Extra 40,951 1 40,951 4.36 0.047
Model 1.2 234,661 25 9,386

Model 1.3 193,710 24

Extra 531,105 1 531,105 18.58 0.0002
Model Il.1T 714,660 25 28,586

Model 1.2 183,555 24

“Sum of squares of residuals.

bMean sum of squares of residuals.

“Extra mean sum of squares/mean sum of squares of full model.

dP.values below 0.05 indicate that the model with fewer DF provides a bet-
ter fit of the data than the model with more DF.
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(Table 1) are much less than 0.05, a result that clearly indi-
cates that deactivation of the enzyme plays an important role
in the kinetic model.

Finally, to discriminate between Models 1.3 and I1.2, one
must consider factors such as patterns in the residuals and
magnitudes of the residuals. A residual is the difference be-
tween the actual response and the predicted response. In addi-
tion, the 95% confidence intervals of the parameters should
also be inspected to ensure that the range is reasonable. The
parameter estimates for all five models are shown in Table 2.
Models 1.3 and II.2 provide similar values for the residual sum
of squares and similar confidence intervals for the parameter
estimates. However, since use of a common value of the inhi-
bition constant (K,) for all FA present in the reaction mixture
has previously been reported to be adequate for the kinetics of
analogous hydrolysis reactions (25), we concluded that Model
I1.2 is more realistic than Model 1.3 in which K, is affected
only by the concentrations of the FFA released by hydrolysis.

Figures 2 and 3 permit the reader to visually assess the fits
of the various models and indicate how the values of the con-
centrations predicted by applying Equations 3 and 4 (Models
I.1-1.3), and by applying Equations 5 and 6 (Models II.1 and
I1.2), respectively, approximate the observed values. In ex-
amining these figures, it is important for the reader to recog-
nize that the same set of raw data is used to test the various
models. The set of dependent variables (namely, the concen-
trations of CLA and stearic acid) are the same in all five

TABLE 2
Parameter Estimates for the Best Fits of the Experimental Data
for the Interesterification Reaction for the Different

Models Considered
Model Parameters Parameter value Confidence interval
1.1 Y, 7.81x 107 +4.25 x 107#
Q, 1.03 x 107" +2.87 x 1072
k, 7.50%x 1073 +7.04 x 1073
1.2 v, 1.42 x 107 +3.57 x 107
Q, 5.74 x 10° £1.10 x 10°
Q, 4.36x107" +9.98 x 1072
v, 1.57 x 107 +5.42x 107
ky 2.95x 1072 +4.48 x 107
1.3 Y, 1.96 x 107 +1.65x 107
Q, 7.70 x 10° +7.11 x 10°
Q, 8.47 x 107" +3.55x 107"
v, 2.79%x 1073 +1.43x 1073
K, 2.70x 1073 +1.72 x 1073
k, 3.22x 1072 +6.17 x 1073
1.1 v, 1.57 x 107 £1.14x 107
Q, 1.05%x 107 Not determined
Q, 8.44x107° +3.63 x 107
Y, 0.00 x 10° (lower limit) Not determined
K, 334x107* +4.05x 1074
1.2 Y, 2.66 x 1072 +2.67 x 1072
Q, 1.47 x 10° +1.10 x 10"
Q, 9.95 x 10° +9.36 x 107"
v, 5.35x107° +3.48x 107
K, 8.55x107° +6.49x 107°
ky 3.32x 1072 +6.81x 107
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FIG. 2. Comparison of predicted values with experimental data for the
acidolysis reaction. Panel labels refer to Models 1.1, 1.2, and 1.3. Initial
concentrations of the reagents: 2262 mM tristearin (expressed in terms
of equivalents of FA residues), 958 mM CLA. CLA = consumption of
CLA: experimental value (@), predicted value (----); S = FFA released:
experimental value ([J), predicted value (—).

panels, but the pseudo space times differ because these times
encompass not only the actual space time but also the effect
of enzyme deactivation as reflected in the values of k, deter-
mined in the several regression analyses. Visual assessments
indicate that Models 1.3 and II.2 both provide good fits of the
data, but Model I1.2 is preferred for the reasons stated previ-
ously. The data in Figures 2 and 3 also indicate that at long
pseudo space times the consumption of CLA (in molar per-
centage) totals ca. 56%. (This value corresponds to 23 mol%
of the FA residues in the original tristearin being converted
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FIG. 3. Comparison of the predicted values with experimental data for
the acidolysis reaction. Panel labels refer to Models II.1 and I1.2. Initial
concentrations of the reagents: 2262 mM tristearin (expressed in terms
of equivalents of FA residues), 958 mM CLA. CLA = consumption of
CLA: experimental value (@), predicted value (----); S = FFA released:
experimental value (), predicted value (—).

from stearic acid to CLA.) However, the total concentration
of ester bonds (A in Fig. 1) decreased from ca. 2300 mM to
1850 mM at the end of the reaction. This value indicates a hy-
drolysis level of ca. 20%.

Because it was necessary to use a temperature of 75°C to
ensure that all the tristearin in the packed-bed reactor em-
ployed in the present study was a liquid throughout the
process, the level of hydrolysis was expected to be higher than
the levels previously reported for interesterification reactions
(7). This relatively high level of hydrolysis was obtained at the
largest value of the pseudo space time studied. High levels of
hydrolysis have previously been observed at temperatures
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TABLE 3

Positional Distributions of FA (in mol%) in the TAG Products
of the Acidolysis of Tristearin with CLA After a Pseudo

Space Time of 0.69 h

Percentage Percentage Percentage
of total of sn-1,3 of sn-2
Palmitic acid 8.21 8.47 7.71
Stearic acid 69.24 66.12 75.49
Oleic acid 1.62 1.88 1.10
CLA 15.92 18.53 10.69

above 60°C (26). Consequently, one needs to establish a com-
promise between the extent of incorporation of CLA and the
quantity of FFA residues released. At a pseudo space time of
0.6 h, the conversion of CLA is 38% (mol) (16% of the
residues in the acylglycerols were CLA), but the hydrolysis
level was less than 8.3% (mol) of the original tristearin.

The positional distribution of CLA in the final TAG prod-
uct was also investigated. The results of the positional analy-
sis of the purified TAG obtained at a pseudo space time of
0.59 h are shown in Table 3. The presence of palmitic acid
and oleic acid in the interesterified products arises because
these two FA are present as impurities in the tristearin and
CLA, respectively. Inspection of the tabular entries indicates
that 18.5% of the sn-1,3 positions are occupied by CLA and
10% of the sn-2 positions contain CLA. The presence of CLA
at the sn-2 position of the acylglycerol is an indication that
acyl migration occurs. However, for this particular reaction
the presence of CLA at the sn-2 position has no negative im-
plications with regard to intestinal absorption of this FA
residue. By contrast, it is well known that FA at the sn-2 po-
sition are readily absorbed in the gastrointestinal tract, regard-
less of the type of FA residue present at this position (14).

The process described herein permits one to transesterify
tristearin with CLA in a packed-bed reactor under solvent-
free conditions. The conversion of free CLA into glyceride-
bound FA residues was ca. 50% at the longest pseudo space
time employed (3.65 h). However, one must strike a compro-
mise between this conversion and the concomitant level of
hydrolysis. A reasonable compromise is a pseudo space time
of 0.59 h, at which the conversion of CLA is 38% and the
level of hydrolysis is 8%. Higher molar ratios of CLA to tri-
stearin would produce higher levels of incorporation of CLA,
although lower percentage conversions of CLA would be ob-
tained. The most appropriate mathematical model of the reac-
tion kinetics (Model II.2) is based on the use of a combina-
tion of Equations 5, 6, and 8 so that the effects of inhibition
by both CLA and stearic acid, of the reversibility of the reac-
tion, and of deactivation of the enzyme are all accounted for.
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