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A mathematical model was developed to describe the reduction of soybean oil triglycerides during
hydrogenation. The model was derived from reaction and transport mechanisms and formulated into
a system of first-order irreversible rate expressions that included terms for temperature, hydrogen
pressure, and catalyst concentration. The model parameters were estimated from experimental data,
and the model was used to simulate the results of hydrogenation performed over the pressure range
of 0.069—6.9 MPa. The model could be extended to include geometrical isomers formed during
hydrogenation.
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INTRODUCTION glyceride species. Solutions were obtained by numerically integrating
the equations using a fourth-order Rurd@itta method. The principal

The ability to direct the course of a reaction by controlling  ayjs method was used to estimate parameter values from experimental
reaction conditions has significant applications in the edible oil {ata.

industry. Of particular interest is the role of temperature and

pressure in the hydrogenation of vegetable oils. Previously, the RESULTS AND DISCUSSION

kinetics of hydrogenation have been described in terms of the Model equations were developed from a mechanistic con-
component fatty acids, for example, linolenic, linoleic, and oleic sideration of the physical and chemical rate processes and a
(1-5). Current analytical methods allow the determination of material balance on the triglyceride species. The model was
triglycerides directly §, 7). Such methods have been applied based on the assumption that the reduction reaction was
to follow the hydrogenation of soybean o0iB)( This is a irreversible and proportional to the concentration of the tri-
significant development as the health aspects of triglyceride glyceride, hydrogen, and catalyst present. The reaction rate was
structure and function are revealed. For example, one may desireknown to depend on the temperature and mass transfer of
to minimize the formation of trans-fatty acids during catalytic reactive species to the catalyst surface. The temperature
hydrogenation. The present study examined the use of adependence of the reaction rate was expressed by an Arrhenius
mathematical model to interpret kinetic data and potential equation,k; = A exp(—E4RT), with A, the frequency factor;
applications in the partial hydrogenation of soybean oil tri- E, the activation energyR, the gas constant; and, the

glycerides. temperature. Bulk mass transfer effects were expressed through
the mass transfer coefficient, for examplg, Heterogeneous
MATERIALS AND METHODS reactions also involve the catalyst surface where reactant

) . . . adsorption, diffusion, reaction, and desorption of products occur.
Hydrogenation Reactions Hydrogenation reactions were performed — thaqe effects are often treated as a series of resistance terms.
in a 2-L stirred reactor with a commercially extracted, refined, bleached, The experimentally measured rate constant is the result of these

and deodorized soybean oil using a supported Ni catalyst as described - . .
previously , 9). mechanistic processes and may be represented in reciprocal form

Analytical Methods. Triglyceride compositions of reactant and aSK t= 2 (o) * with the sum formeq from the prpduct of a_
product samples were determined by reverse phase high-performancd€sistance term _and the_correspondlng area. T_h's expression
liquid chromatography (RP-HPLC) following the method of Neff et Provides a physical basis for the model and is capable of
al. (6) using an evaporative light scattering detector (ELSD). describing the behavior over a wide range of conditiak®.(

Data Analysis. Triglyceride data were analyzed using the simulation For example, if the surface reaction is relatively slow compared
software, ScoP (Simulation Resources, Inc., Berrien Springs, MI) to the rate of reactant transport or adsorption, then the reaction
installed on a personal computer. A set of differential equations was term dominates the expression and the reaction is said to be
formulated to represent possible hydrogenation reactions of the tri- ynder kinetic control, whereas a fast reaction step and relatively
slow mass transfer produce a mass transfer limited condition.
* Corresponding author [telephone (309) 681-6458; fax (309) 681-6255]. It may be difficult to experimentally separate these effects;
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Table 1. Correlation Coefficients for Reactions at 0.34 and 3.4 MPa Table 2. Estimated Rate Constants and Standard Deviations for
and 120 °C Reactions at 120 °C
reaction reactants? products? 0.34 MPa 3.4 MPa K (h™), K (hY),
1 LLL LLO 05993 0.2603 reaction 0.34 MPa SD 3.4 MPa SD
2 LLO 00s 0.5867 0.1923 1 0.119597 2.58114E-02 0.191059 1.00128E-02
3 00s 0SS 0.2501 0.1959 2 0.204412 2.94573E-02 0.289669 1.11892E-02
4 0SS SSS 0.1083 0.0062 3 0.153415 6.29874E-02 0.797362 5.74691E-02
5 LLP LOP 0.3079 0.0755 4 0.110104 6.27092E-02 0.299169 2.34767TE-02
6 LOP OOoP -0.1809 -0.1522 5 0.636886 5.50459E-02 0.170818 6.94933E-03
7 OO0P OsP 0.2504 0.2937 6 0.543815 3.37910E-02 0.292360 1.14197E-02
8 OSP SSP 0.0274 -0.4105 7 0.334781 2.73767E-02 0.410708 2.35954E-02
8 0.212950 4.54359E-02 0.664040 6.28243E-02

2L, linoleic; O, oleic; S, stearic; P, palmitic.

however, the form of the equation provides a basis to interpret
the effects of temperature and mass transfer on reaction rate. 18+
The rate expression for a particular triglyceride may then be 164
written as the sum and differences of an overall rate constant,
K, triglyceride concentration, hydrogen pressure, and catalyst __ 1
concentration for the reactant and product species. Further= 1, |
simplification is achieved by grouping the hydrogen pressure
and the catalyst concentration with the rate constant. This new .
constant takes the fornkK' = K(P/Po)P(C/Cp)¢, with P, the
pressurePy, a reference pressur€; catalyst concentration; and
Co, a reference catalyst concentration. The superscripts represent
the power of the respective term, not necessarily an integer. 44
This form allows the introduction of dimensionless pressure and
catalyst concentration terms.
The material balance equations were written on the basis of 04
the reactants and products of the triglyceride species. A partial 0o 1 o2 3
set of these reactions is listedTable 1 with the corresponding Time (Hr)
correlation coefficients. For example, triolein, designated OOO
following the convention (L, linoleic; O, oleic; S, stearic; and Figure 1. Simulation of changing triglyceride distribution with increasing
P, palmitic), may be reduced to OOS, 0SS, and SSS. In thePressure. Reaction was initiated at 0.34 MPa, and pressure was increased
proposed reaction scheme OOO may be formed by the reductiont 3.4 MPa after 2 h.
of LLL, LLO, and LOO. The corresponding rate equation for
triolein appears in eq 1.

ntration (mM)
yillld

Conce

eride species. These data suggest that the residuals are normally
distributed. Student’s test confirmed the random distribution
(000) = a,(LLL) + a,(LLO) + a,(LOO) — b,(O00) (I of the residuals with 95% probabilityrable 2 lists the fitted
values of overall rate constants and the corresponding standard
deviation (SD). The results of the statistical analyses provide
confidence in the ability of the model to describe the experi-
mentally observed results.
The utility of such a model is the ability to relate process
variables such as pressure and temperature to the course of a
hydrogenation reaction and predict the resulting triglyceride

The first derivative of triolein concentration with respect to time
is denoted by the prime on the left-hand side of the equation,
and the corresponding formation and reduction terms appear
on the right-hand side of the equation. The subscripted
parametersa andb;, that appear on the right-hand side of the

equation are the rate constanks, for the triglycerides that distributions.Figure 1 shows the results of a simulation where

contribute to formation and reduction, respectively. Similar SR S
equations were written for each of the reactant triglycerides to hydrogenatlon Is initiated at a pressure of 0.34 MPa, which is

produce a system of coupled differential equations. |ncregsed to 34 MP.a after 2 h. This 3|mulat|on indicates .hOW
X . . the triglyceride distributions could be directed by controlling
This model assumed that positional isomers possess COMP&iye pressure. This would be particularly advantageous in the
rable chemical reactivity, although these could be treated as P ) P y g

unique species and introduced through material balance equa-Ioartlal hydrogenation of soybean oil, where a product of a

tions. This approach could also be used for geometrical isomers.SpeC'f'c. composition 1s sought. to provide particular material
. . . roperties. The model equations were developed from a
The number of reactive species and the corresponding numl:)e']r.;1echanistic description of the physical and chemical processes
of differential equations in the model would increase. This provides a fEndamentaIpbgsis to relate the ([:)han e in'
The system of equations was solved numerically. An opti- _ . pre " 9
o ) . triglyceride composition to temperature, pressure, catalyst
mization algorithm was used to adjust the parameter values and .
. X - - _“concentration, and mass transfer. The model could be extended
compare the calculated solutions to a reference file containing

experimental data. Calculations continued until a minimum value }0 mclt(dee the fo'rfmatlo'r:j 0(]; ggtcr)]m%tg%_al |s|o mers In a f’tlr"ﬂgrt'
of the residuals was obtained. Statistics are summarized in'* ar¢ mannerit provided with additional experimentat data.
Tables 1and2 for model results based on the hydrogenation
of a commercially refined, bleached, and deodorized soybean
0|| USIng 002 wit % n|Cke| Cata|yS'[ at pressures Of 034 and 34 (1) A”en’ R. R’ Covey’ J. E. The effects of process variables on
MPa at 393 K with maximum agitatioi8(9). Table 1 presents the formation of trans-unsaturation during hydrogenatlo/Am.
values of the serial correlation coefficient for selected triglyc- Oil Chem. Soc197Q 47, 494—-496.

LITERATURE CITED



Kinetics of Hydrogenation J. Agric. Food Chem., Vol. 50, No. 24, 2002 7113

(2) Albright, L. F.; Wisniak, J. Selectivity and isomerization during chromatography with atmospheric pressure chemical ionization
partial hydrogenation of cottonseed oil and methyl oleate: effect mass spectrometry and flame ionization detectioigric. Food
of operating variablesl. Am. Oil Chem. S0d 962 39, 14—19. Chem.2001, 49, 446-457.

(3) Krishnaiah, D.; Sarkar, S. Kinetics of liquid-phase hydrogenation ~ (8) List, G. R.; Neff, W. E.; Holliday, R. L.; King, J. W.; Holser,
of cottonseed oil with nickel catalystd. Am. Oil Chem. Soc. R. A. Hydrogenation of soybean oil triglycerides: effect of
199Q 67, 233—238. pressure on selectivityl. Am. Oil Chem. So200Q 77, 311—

(4) Albright, L. F. Quantitative measure of selectivity of hydrogena- 314.
tion of triglyceridesJ. Am. Oil Chem. S0d.965 42, 250-253. (9) King, J. W.; Holliday, R. L.; List, G. R.; Snyder, J. M.

(5) Bailey, A. E; Fisher, G. S. Modification of vegetable oil. V. Hydrogenation of soybean oil using mixtures of supercritical
Relative reactivities toward hydrogenation of the mono-, di-, and carbon dioxide and hydroged. Am. Oil Chem. So001, 78,
triethenoid acids in certain oil©il Soap1946 23, 14—-18. 107-113. ) ) .

(6) Neff, W. E.; List, G. R.; Byrdwell, W. C. Quantitative composi- (10) Chen, A. H.; Mclntire, D. I_:)._;_Allgn, R.R. Mod_ellng of react_lon
tion of high palmitic and stearic acid soybean oil triglycerols by rate constants and selectivities in soybean oil hydrogenation.
reversed phase high performance liquid chromatography: utiliza- Am. Oil Chem. Soc198], 58, 816-818.

tion of evaporative light scattering and flame ionization detectors.
J. Lig. Chromatogr. Relat. Techndl999 2, 1649-1662.

(7) Byrdwell, W. C.; Neff, W. E.; List, G. R. Triacylglycerol analysis
of potential margarine base stocks by high-performance liquid JF011406D

Received for review October 24, 2001. Revised manuscript received
August 6, 2002. Accepted September 12, 2002.



