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Abstract

A mathematical model has been developed
using a digital computer for the calculation of
the isomerization index for partially hydrogenated
oils such as cottonseed, soybean, peanut or corn
oil. The isomerization index is defined as the ratio
of the rate of geometrical isomerization of an
unsaturated group to the rate of hydrogenation.
Isomerization indices from about 0.3 to 11 were
found to occur for hydrogenations using com-
mercial nickel catalysts. Calculation of both an
isomerization index and a selectivity ratio will
be useful methods of quantitatively characterizing
the partial hydrogenation of triglyceride oils or
the type of hydrogenation which can be obtained
by various catalysts.

Quantitative Measure of Geometrical Isomerization
During the Hydrogenation of Triglyceride Oils

Many simultaneous and consecutive reactions oecur
during the hydrogenation of triglyceride oils (1,2,5,6—
9,14; also, Allen, personal communication). Some
double bonds are saturated with hydrogen while other
double bonds are isomerized both positionally and
geometrically. The isomerized double bonds may later
hydrogenate or be further isomerized. Variations in
the relative rates of the hydrogenation and isomeriza-
tion reactions have a significant effect on the prop-
erties of the hydrogenated product.

Various models for the reaction sequence have been
proposed in the past (3,5,7,8,10,12). The following
simple model for example is useful for measuring the
selectivity ratio (SR), i.e., the degree of selectivity

that oceurs during hydrogenation (3):
[1]

Triunsaturated ka Diunsaturated ky
fatty acid ———————> | fatty acid —_—
groups groups

Monounsaturated k. Saturated
fatty acid ——————> | fatty acid
groups groups

Mathematical equations were developed based on
the assumption that each of the three hydrogenation
steps shown above is irreversible and first order; rate
constants for each step are designated as k,, ky, k.,
respectively. These equations were used by sub-
stituting the compositions of the main body of the
liquid (or oil) phase and not the actual compositions
at the catalyst surface, where the reactions actually
occur, Consequently the rate constants determined
are pseudo and not true chemical rate constants. The
selectivity ratio is often defined as the ratio of the
rate constants for hydrogenation of the diunsaturated
acid groups to those of the monounsaturated groups,
ie., kp/k.. Such a ratio is of importance in char-
acterizing the selectivity for hydrogenations using
catalysts such as nickel, platinum or palladium. Such
catalysts are quite effective for the hydrogenation of
monounsaturated groups but are even more effective
for polyunsaturated groups. A selectivity ratio of
k,/k, is useful for runs in which the major hydro-
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genation reactions are of the triunsaturated groups,
but less unsaturated groups are hydrogenated to only
a small extent. Copper chromite catalysts are effective
for such hydrogenations.

Geometrical isomerization that occurs during the
partial hydrogenation of triglyceride oils is known to
have a pronounced effect on the physical properties
of the hydrogenated product. The present paper de-
seribes a method which can be used to compare the
rates of isomerization and of saturation of the double
bonds in oils such as cottonseed, corn and soybean
oils.

Procedure Used to Develop Isomerization Model

The isomerization model proposed is specifically for
triglycerides that contain diunsaturated, monoun-
saturated and saturated fatty acid groups. As will be
discussed later, the model ean also be used for oils
that contain some triunsaturated groups. In the model,
the fatty acid groups are divided into five families:
(a) ecis-cis-diunsaturates (CC); (b) cis,frans-diun-
saturates (CT); (e) cis-monounsaturates (C); (d)
trans-monounsaturates (T); (e) saturates (S).

Some trans,irans-diunsaturated groups (TT) may
also occur, but the amounts of TT are likely quite
small. Ineclusion of TT in the model would seriously
complicate the model which is already highly com-
plicated. As a result, TT was not included. Sub-
sequently it was found that such an omission had
no deterimental effects on the final model and that
CT always hydrogenated to T just as TT would be
expected to do.

Mathematical equations were developed for the
following model for CC, CT, C, T and S as a function
of time (t) based on the assumption that each of
the 10 reaction steps shown follows first order kineties
based on the total amount of that family in the oil:

(Cc)oil (C)oll 9
l\kfz “ (8)yy [2]
(O (M ‘°

These equations are as follows:
CC =X EX1); + X,EXLe
C= PlEXL1 + PzEXL‘z + DlEXLg + DzEXL4
§=CC,+CT,+C, + T, +8,-CC-CT-C-T

where EXL; = eXL1t; EXLy, = eXlpt; EXT; —eXlyt;

EXL, = eXpt; XLI = 0. 5(CP1_B1) XL, = —0.5
(CPl + Bl) 5 XIJ3 = 05(CP2 - B2) 5 XL, = —0.5
(CP;+B,); CP, = (B2—4C,)%8; CP, = (BZ—

402)0'5; Bl k1+k2+k3+k4+k5+k6; B‘2
k7+ks+k9+k10; 01 = [(k1+k3+k4) (k2+kr,+

ks) — kilke; Co = [(ky+ ko) (ks+kio) — kylks;
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D]_ = [k3CCo -+ k5CTo - (k7 + k9 + XL4) CQ + kgTo +
(XL — XLy )Py + (XL — X1i)Pol /(XL — XLuy) ;
D2 B Co""Pl“‘Pz—"Dl; D3 = [kgCTO + k4CCo -
(kg + ki + XLy)T, + k;C, + (XLy — X1y)Ps +
(XLy — XL)Py)/(XLy — XLy); Dy = To—Ps—
P4 - D3; Xl = [kgCTo - (k1 + k3 + k4 + XL2)CCO]/
(XL1 - XL2),’ Xg = CCO h Xl,' X3 = [k1000 -
(k2 + k5 + kg + XLz)CTO]/(XLl — XLz); X4 =
CTO - Xg; Z1 = (ks + kl() + XLl) (k3X1 -+ k5X3) +
ks(k4X1 -+ k6X3); Zg = (ks + kl() + XLz) (k3X2 -+
k5X4) + kg(k‘;X‘z + k6X4); Z3 = (k7 + k9 -+ XLl)
(kX3 + kyXy) + ky(ksX3 + ksXy); Zs = (ky + ko +
XLo) (keXy + kX)) + ke(ksXy + kyXy); P =
Zl/ (XL% + B-zXLl + 02) H P-2 == Z2/ (XL% -+ BzXLg +
C2); Py = Z3P1/%y; Py = Z4Ps/Zs.

The composition of each family is expressed as a
weight per cent in the oil. (Actually the compositions
in these equations should be expressed as mole per
cent, but weight per cent is essentially identical to
mole per cent for triglycerides.) The equations in-
clude time terms; rate constants (k’s); and composi-
tions of the starting oil expressed as CC,, CT,, C,,
T, and S,. In testing various experimental data, the
total trang content of the starting oil was assumed
to occur completely in the monounsaturated acid
group, or at T.

When applied to experimental data, values of the
true time of the run or pseudo time can be used in
the above equation. Pseudo time is defined here
as the arbitrary choice of a range of values for time,
and these latter were used for at least two reasons:
(a) An induction period frequently occurs in hy-
drogenation runs, so that no linear correlations exist
between the actual times of hydrogenation and the
pseudo times. These induction periods frequently re-
sult because the activity of the catalyst increases
during the initial stages of a run (4). (b) Using
pseudo times permits comparisons between two or
more hydrogenated products regardless of the actual
times for hydrogenation employed in each case.

An extensive trial-and-error procedure was used
to determine the following: (a) Values for k; through
kig. - (b) A method of calculating the iodine value
(IV) of the final product. (e¢) A procedure for
predicting the trans content of the final oil.

In making these calculations, the Purdue University
IBM 7094 digital computer was employed. For a
given set of k values, the composition of the hydro-
genated oil was calculated at numerous values of
pseudo time. Methods of calculating the IV and the
trans acid content of the final product were then
tested.

Proposed Isomerization Model

The model developed can be used to represent ex-
perimental hydrogenation data over a wide range
of SR values and of II (isomerization index) values.
The isomerization index will be defined later. The
following pseudo reaction rate constants are ap-
plicable to the proposed model: k3 = 1.0 (set
arbitrarily) ; k¢ = 1.0; ks = ks = 0.0; ky/ke = 3.0;
k7/k3 = 30, kg = kl().

Setting ki/ks and k;/ks equal to 3.0 is based on
the results of Litchfield et al. (12) who found that
the equilibrium ratio of {rans to cis double bonds was
about 3. Values of 2 have sometimes been used for
this equilibrium ratio, but the larger value is probably
more gecurate in most cases. Equating k3 and kg and
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equating ke and kjo are at least good approximations
based on experimental hydrogenation results.

The CC is considered to be hydrogenated only to C.
One might reason that the hydrogenation of one
double bond and the isomerization of the other double
bond would not oceur simultaneously. Hydrogenation
of CT to only T is not as easy to explain. It is known
that the starting nonconjugated diene often isomerizes
positionally to a conjugated diene (7). Certainly
more research is needed to obtain additional informa-
tion on the steps involved in hydrogenation and
isomerization of diunsaturated groups.

The proposed model is really an expansion of the
selectivity model proposed earlier (3). Inspection of
the isomerization model indicates that kz/ky = kg/kj,.
Furthermore k;/kg equals ky/k. of Equation 1 so that

SR = kh/kc = ks/ks = ke/km [3]

Since SR can be determined for a given hydrogena-
tion (3), kg and kyo are then set.

The isomerization index (II) is defined as the ratio
of the rate of geometrical isomerization to the rate
of hydrogenation for both CC and C. Consideration
was given to designating the term as either the iso-
merization ratio or as the isomerization value. The
abbreviations for these would however be confused
with those for infrared and iodine values respectively.
Mathematically II is expressed as follows:

Rate of geometrieal isomerization of CC

II= =
Rate of hydrogenation of CC
ki (CC) ke
= [5]
ks ( C‘C) ks
Rate of geometrical isomerization of C
I1i= =
Rate of hydrogenation of C
k. (C) ks
—_—= [4]
ko (C) ke
II = ki/ks = ku/ko [6]

Since the concentration of hydrogen at the catalyst
surface is of course identical for the simultaneous
reactions of CC and C above, it seems quite reasonable
to expect that ky/kz is at least approximately equal
to ki/ko. However there is as yet no direct experi-
mental evidence to prove this postulate.

Several values of k, were then assumed, and values
of II, k; and all other k’s could then be caleulated
at a given selectivity ratio. Methods of ealculating
the 1V and the trans acid content of the hydrogenated
oil had to be developed next.

The IV was calculated as follows:

IV =0.8601 (C+ T) + 1.732 (CC + CT) [71

This method seems at first to be routine, based on
the IV of pure C, T, CC and CT expressed in weight
per cent. It should be pointed out, however, that
very high CT values are often obtained by the cal-
culation procedure used. Such high values probably
give reasonably good indications of the compositions
actually present on the catalyst surfaces, but it is
known that such high values do not occur in the
main body of the oil. It does seem reasonable however
that the sums of CC and CT would be equal to the
amounts of diunsaturates present in the oil phase.

Calculation of the total frams acid content of the
final oil involves several assumptions since both T and
CT contribute to the total. Only part of the CT
formed on the surface of the catalyst is desorbed
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and transferred to the main body of the oil. However
a considerably larger fraction of T is desorbed since
T is less strongly adsorbed on the catalyst surface.
It was assumed that all of T, as calculated by these
equations, contributed to the trams content but that
only a fraction (F) of CT did. A trial-and-error pro-
cedure was used to develop an expression for F to
be used for cottonseed oil hydrogenations:

¥ =04-0.012 (CT) [8]

F probably actually increases as the hydrogenation
progresses. Based on equilibrium considerations, F
would be expected to be highest for the largest surface
concentrations of CT. Because of mass transfer re-
sistances however, F' becomes greater when the net
transfer of CT is from.the oil phase to the catalyst
surface, ie., at lower IV. The above empirical equa-
tion is thought to be a fair approximation of F in
the range from about 95 IV to lower values. The
equation used to calculate the total {rans groups
(expressed on a {rans monosaturated fatty acid basis)
in the hydrogenated oil is as follows:

Trans =T + (0.4 — 0.012(CT)) CT [9]

Testing of Model

Calculations were made for numerous hydrogena-
tions of cottonseed oils with the expanded model for
hydrogenation over the ranges: SR: 2 to 100; II:
0.2 to 20.

Curves of the caleulated trens contents were plotted
versus 1V; these curves were similar in shape to those
obtained expenmentally Plots at a given II changed
to only a small extent, as SR varied. Experimental
results for a batech run at a given set of operating
variables (temperature, pressure and degree of agita-
tion) generally resulted in reasonably constant SR
and II values throughout the course of the run
especially if smoothed data for the run were used.
It should be emphasized that SR and II can be mea-
sured most aceurately in the range from 50 to 80 v
for most hydrogenations. A small analytical error
of the diunsaturated group or the frans group con-
tent would result in rather appreciable changes in
the value of SR or II respectively at IV outside this
range. Table I shows SR and II values for oil sam-
ples obtained during hydrogenations of cottonseed
oil at very low SR (14), for intermediate SR (13),
and for high SR (Allen, personal communication),
respectively. The ratio of SR to II was generally
found to be within the range of 2 to 12 for these
hydrogenations using commercial nickel catalysts.

The isomerization model was also tested for oils
such as soybean oil that contain relatively small
amounts of triunsaturates. The diunsaturates and
triunsaturates in the original oil were grouped to
calculate a pseudo diunsaturate composition desig-
nated as CC’ for the starting oil:

CC’ = (Diunsaturates) + 1.5 (Triunsaturates) [10]

CC’ was then used in the model in place of CC.
Details on the method of ealculating SR and II for
hydrogenations of soybean oil will be discussed later.
Table II shows SR and II values for several runs
made using soybean oils and two commercial nickel
catalysts. The values of both SR and II are con-
sidered to be less aceurate at IV above 90, and the
ratio of SR to II is considered to be less accurate in
such cases. It would appear, based on Table 1I, that
Nysel catalyst obtained from Harshaw Chemieal Co.
tends to give higher values of II than does G-15
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catalyst obtained from Girdler Catalysts Department
of Chemetron Corporation.

‘Use of Isomerization Model

Both SR and II values can be determined for a
hydrogenated product obtained from cottonseed, corn,
soybean or similar oil if (a) composition of initial
(unhydrogenated) oil and (b) composition of the
partially hydrogenated oil are available. If the com-
position of the initial oil is not known, an average
composition may be assumed.

The caleulation procedure recommended for cotton-
seed, corn or peanut oils is as follows:

(a) Determine the approximate SR value using
the procedure outlined by Albright (3). Such a value
may be in error by as much as 10%, but the ap-
proximate value will often help simplify subsequent
calculations.

(b) Determine a more exact SR value. The iso-
merization model can be used to predict partially
hydrogenated products in a SR range covering
+15% of the approximate value. A plot can be
made of (CC 4+ CT) or of (C + T) versus IV at
each SR value. The composition of the hydrogenated
oil is then used with these plots to determine the
exact SR value. An alternate and more sophisticated
technique is to use a regression analysis to determine
the exact SR value directly with the computer; Step
a can then be eliminated altogether.

{¢) Determine the II. Once the exact SR is deter-
mined, the model can be solved for II values in the
range of SR to II from 2 to 15. Plots can be made
of the trams acid content versus IV at the various
IT values. The trans content of the hydrogenated oil
is then used to determine the IT value. A regression
technique can also be used with the computer to
determine I1 directly. Steps a and ¢ can be combined
to determine both SR and II on the computer.

If a computer is not readily available at all times
and if a given oil is to be hydrogenated for several
runs, the isomerization model for the oil can first be
solved for several SR values. SR values of
2,5,10,15,25,50 and 100 should in general be sufficient

TABLE I
Hydrogenation of Cottonseed Oil
v SR 9 Trans II SR/11
76.2 1.4 6.9 0.28 5.0
60.7 1.7 9.8 0.30 5.9
49.8 2.0 10.6 0.30 6.7
81.4 2.7 9.5 0.59 4.6
70.5 2.4 12,0 0.53 4.5
59.3 2.8 14.9 0.55 5.1
48.1 3.2 15.0 0.47 6.8
81.8 6.0 22.6 1.6 8.7
65.3 6.0 29.1 1.6 3.7
53.7 7.2 29.5 1.4 5.5
70.0 10 29.8 1.7 5.9
56.2 10 32.4 1.5 6.7
44.4 10 31.6 1.6 6.2
777 26 26.8 4.4 5.9
73.6 22 28.6 3.8 5.8
81.0 30 22.8 4.0 7.8
72.8 28 29.4 4.0 7.0
76.6 46 26.3 4.5 10.2
64.7 46 35.1 4.5 10.2
75.8 50 26.5 4.4 11.4
69.7 58 30.9 4.2 13.8
77.6 18 314 8.7 2.1
70.1 17 36.7 7.6 2.2
7.2 20 33.9 11.3 1.8
69.8 26 39.0 9.4 2.8
76.9 45 31.0 10.0 4.6
711 45 37.2 11.0 4.1
76.3 80 30.8 10.5 7.6
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TABLE II
Hydrogenations of Soybean Oil®

Temp., Cata- % SR/

o~ sure lyst v SR Trans I 11
psig

142 60 G-15 87.4 5.5 22.0 0.6 9
142 60 G-15 60.9 6 27.3 0.6 10
174 15 G-15 99.4 17 24.6 3.0 6
180 15 G-15 82.3 21 31.3 1.9 11
185 15 G-15 79.5 25 38.1 2.9 9
190 28 Nysel 108 7 19.6 3.1 2.2
164 17 Nysel 103 17 24.5 3.7 4.6
156 17 Nysel 95.4 20 28.1 2.7 7.6
166 39 Nysel 92.3 24 26.9 2.1 11
228 39 Nysel 102.2 40 27.9 4.4 9
220 17 Nysel 103.8 70 28.6 4.9 14

a Allen, personal communication.

to cover all ranges of selectivity of interest. At each
SR value, several II values would be considered so
that the ratio of SR to II would vary from about
2 to 15. Two types of plots could then be constructed:
(a) diunsaturated acid content (CC + CT) versus
IV with SR as the parameter, used to determine the
exact SR value of the hydrogenated product, and (b)
at a given SR value, trans acid content versus IV
with IT as the parameter, whereby several plots would
have to be prepared because several SR values should
be considered; the IT value of the hydrogenated oil
could be determined by an interpolation-extrapolation
procedure using two or three plots in the approximate
range of the actual SR value.

‘When soybean oil is considered, a modified two-step
procedure is required because of the linolenic acid
present in the starting oil. First a SR value is cal-
culated using the model based on Equation 1 and
using the integrated equations presented by Albright
(3). Values of IT are then determined by using CC’
and the model shown in Equation 6.

It should be emphasized that SR values for partial
hydrogenations of soybean oil can not be calculated
using CC’ values and Equation 6. That model pre-
dicts values for the monounsaturated groups that are
too high because one triunsaturated group hydro-
genates to 1.5 monounsaturated groups, and triun-
saturates hydrogenate directly to monounsaturates.
Although these reasons preclude use of the model for
calculating SR values, the basic assumptions of the
method seem reasonable for caleulating II values for
partial hydrogenations of soybean oils.

Results and Discussion

The geometrical isomerization model described here
is applicable for partial hydrogenations of oils such
as cottonseed, soybean and corn which are used for
the manufacture of shortening and oleomargarine
stocks. Being able to measure both selectivity and
isomerization characteristics quantitatively will offer
numerous advantages in describing the type of hy-
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drogenation and also in tailoring desired produects
from given triglyceride feedstocks. These measure-
ments will also be valuable in comparing catalysts.
As has been suggested in the past (13), new hy-
drogenated products may be developed which have
significantly different II values for a given SR as
compared to presently available products. Modified
nicke]l catalysts can in some cases be used to obtain
such new produects.

Both geometrical and positional isomerization in-
volve the same chemical intermediates on the catalyst
surface (6,7), The rate of total isomerization which
includes both positional and geometrical isomerization
is higher than that of just geometrical isomerization.
Such a conclusion is obvious since some cis isomers
are formed in addition to the frans isomers. As a
result, the ratio of the rate of total isomerization
to the rate of hydrogenation for either CC or C is
greater than II. The above ratio would presumably
vary between 1.0 and about 1.33. The upper limit
for this ratio is set because up to one cis isomer can
sometimes be formed for about every three frans
isomers. In considering the initial oleic and linoleic
acid groups though, some geometrical isomerization
occurs without any positional isomerization. In the
latter case, the ratio is 1.0. A higher ratio is ex-
pected as II inereases. The value for II is thought
however to be a semi-quantitative measure of posi-
tional isomerization.

The isomerization model can be considered at least
semi-theoretical even though several empirical modi-
fications are required in its use. Certainly better
models can be developed in the future, but consider-
ably more information is needed to obtain a com-
pletely theoretical model. In particular, information
pertaining to the adsorption and desorption of fam-
ilies such as CT, T and C to and from the catalyst
is needed. Since mass transfer resistances have such
an important effect on the overall reaction scheme,
it is recommended that additional information be
obtained relative to the transfer steps to and from
the catalyst.
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