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In the selective catalytic hydrogenation of methyl esters of polyunsaturated fatt) 

acids, the hydrogenation and isomerization of monoenoic esters is suppressed due to 
the preferent.ial adsorption and reaction of polyenoate. The monoene isomerization 

of mixtures of methyl linoleate and methyl oleate had been investigated in a selec- 

tive hydrogenation using [14C1-labeled methyl oleate. Although the degree of isomeri- 

zation of oleate is rather high under the conditions applied, the monoenoate coverage 
of the catalyst surface is only a few percent compared with the dienoate coverage 

at dienoate concentrations higher than 5’3’0. The direct conversion of linoleate to 

stearate is to a great extent responsible for the formation of stearatc in the first 
stage of the hydrogenation. 

1. INTRODUCTION 

In the selective catalytic hydrogenation 
of polyunsaturated fatty acids, hardly any 
monounsaturated fatty acid is hydrogenated 
at the beginning of the hydrogenation. 

To explain this phenomenon it is as- 
sumed that polyunsaturated compounds 
are more strongly adsorbed on the catalyst 
surface than monounsaturated compounds 
(1). On the other hand, trans-isomers are 
rapidly formed by a side-reaction on the 
catalyst surface during the hydrogenat’ion 
of cis-monoene. 

The determination of the concentration 
of trwns-isomers formed from cis-monoene 
is, as a result, a more sensitive method for 
calculating the degree of monoene adsorp- 
tion on the catalyst surface than the de- 
termination of the concentration of satu- 
rated product. To study these reactions, a 
mixture of methyl linoleate and [‘“Cl- 
labeled methyl oleate has been hydro- 
genated under selective conditions. In this 
way, it is possible to distinguish between 
trans-monoenoate formed from oleate by 
isomerization and that formed from lino- 
leate by hydrogenation. Likewise, the ex- 
tent can be determined to which linolcate 

is converted direot,ly into stearate-so with- 
out an intermediate being desorbed from 
the catalyst surface. 

2. METHODS 

Methyl linoleate (98%) and methyl 
oleate (99%) were used after passage over 
alumina in hexane. Labeled [l-W] -olcic 
acid (Amersham) (sp act, 36.9 mCi/mmole) 
was esterified with diazomethane and freed 
from an impurity of 1.7% trans-acid by 
thin-layer chromatography (TLC over 
SiO,/AgNO,) . After addition of 150 FCi 
[l-W]-methyl oleate, a mixture (17 g) of 
methyl linoleate and methyl oleate (3: 1; 
v/v) was hydrogenated, using a silica- 
supported nickel catalyst. The structural 
parameters of this catalyst (A 1) have been 
described previously (2). The catalyst was 
reduced at 450°C in the sidearm of a hy- 
drogenation apparat.us in a hydrogen flow 
of about 18 liters/hr. Then the reaction 
was started by adding the catalyst to the 
stirred oil. The hydrogenation was carried 
out at 100°C with an amount of catalyst 
containing 0.2% nickel, calculated on an 
oil charge of 20 ml. After certain time in- 
tervals, samples were drawn from the re- 
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TABLE 1 

COMPOSITION OF THE SAMPLES (GLC) 

Sample 

Time 

(min) 

unsatura- 
tion from 

GLC 
(L = 200 
0 = 100) 

Content (To) of 

St “0 + E” L 

0 
I 
II 

III 
IV 

V 
VI 

VII 
VIII 

0 1.4411 170 ca. - 

5 1.4400 164 ca. 0.16 
10 1.4394 161 ca. 0.48 

15 1.4387 155 ca. 0.78 
25 1.4370 1444 1.3 

40 1.4365 127$ 2.2 

70 1.4325 93 10.3 

100 1.4293 40 60 

126 1.4258 0 100 

action vessel. The rate of hydrogenation 
was followed by measuring the refractive 
index of these samples. 

The amounts of linoleate, “elaidate + 
oleate”” and stearate in the samples were 
determined by gas-liquid chromatography 
(GLC) (5% PEGA on Diatoport S 80-100 
mesh). TLC on silica impregnated with 
20% AgNO, was used to separate linoleate, 
“oleate, ” “elaidate,” and stearate (eluent : 
benzene-light petroleum 7: 3). After elution 
and drying, the plates were scanned for 
radioactivity with a thin-layer scanner 
(Berthold). The specific radioactivities (ac- 
tivities/mg of product) were obtained by 
extraction of the separate components with 
refluxing ether, addition of known amounts 
of methyl palmitate as an internal stan- 
dard, followed by determination of the 
amount and radioactivity of aliquots by 
GLC and liquid scintillation counting 
(Packard Tri-Carb, model 3375)) respec- 
tively. In the following tables and figures, 
the degree of unsaturation has been calcu- 
lated from GLC data (taking 200 for lino- 
leate and 100 for oleate) . 

3. RESULTS 

The composition of the samples deter- 
mined by GLC is given in Table 1. Table 

* “Elaidate” and “oleate” refer to trans- and 
ci.s-monoenoic isomers, respehvely, including 
elaidate and oleate. 

30 70 

35 65 
38 61.5 

43 56 
52 .5 46 

67.5 30 
86 ca. 3.5 L 
40 ca. 0 

- - 

2 gives the percentages of the radioactivity 
determined in the stearate, oleate and 
elaidate fractions by TLC scanning. The 
specific activities (CY) of the separate com- 
ponents are also included. With the aid of 
these data, the distribution of the mononate 
fraction over cis- and trans-esters was cal- 
culated (Fig. 1). The proportion in which 
the “elaidate” fraction is formed from 
linoleate by hydrogenation (EL) and from 
“oleate” by isomerization (Eo) is shown in 
Fig. 2. The quotient of the differential con- 
tribution of linoleate (AE~) and oleate 
(AEo) to the formation of elaidate (AE) in 

TABLE 2 
RADIOACTIVITY (TLC) AND SPECIFIC ACTIVITY OF 

THE SAMPLES 

Percentage of Specific activity 
radioactivity in (4 of 

__ 

Sample St 0 E St 0 E 

0 - 100 - 100 - 

I 0.26 98.6 1.1 20.2a 96 7.5 
II 0.50 97.1 2.4 20.76 94 7.7 

III 0.70 95.8 3.5 21.5a 89 8.2 
IV 0.97 93.0 6.0 21.0a 81 8.7 
V 1.95 88.7 9.3 18.0 70 9.5 
VI 10.7 52.7 36.6 23.3 47.5 19.9 
VII 57.6 9.1 33.3 27.3 30 27.0 
VIII 100 - - 29.8 - - 

a For calculations, an average value of 20.5 was 
taken. 
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FIG. 1. Percentages of “oleate, ” “elaidate,” and “oleate + elaidate” as a function of degree of unsaturation. 

the course of the reaction (Fig. 3) can be 4. DISCVSSION 

calculated from t’he data in Fig. 2. Since 
the formation of “elaidate” from linoleate 

It is known that the course of the con- 

(E,) and oleate (Eo) will be influenced 
centrations in the bulk phase during the 

by changes in the concentrations of lino- 
selective hydrogenations of fatty acid esters 

leate and oleate in the bulk, we have cor- 
can be described by first-order consecutive 

rect.ed AE, and AE, accordingly. The re- 
reactions (g-4). Subsequently, the selective 

sults are shown in Fig. 4, where the quotient 
hydrogenation of linoleate can be described 

(AE~/O)/(AE,/L) has been plot’ted against by the consecutive reaction Lq M 5 S. 
the degree of unsaturat,ion. In this work, the observed dependence be- 

I , 
175 155 135 115 95 75 55 35 

- Degree of unsaturation 

FIG. 2. Percentages of e&date formed (E), elaidate formed from linoleate (EL) and elaidate formed from 

oleate (Eo) as a function of degree of unsaturation. A correction has been made for the disappearance of 
elaidate by hydrogenation and isomerization. 
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FIG. 3. Proportion in which elaidate is formed 
from linoleate and oleate. 

tween composition and unsaturation can 
be explained by a ratio of the relative rate 
constants k, and &-a selectivity-of 21 
(see Fig. 5). 

The mechanism of this reaction might 
be represented as 

?-J -2 

4 t 

/ / 
Y% 2. o--oLo~o- _ - - /’ -- 
A 

I 3 
170 150 130 110 

- Dogrec of w-maturation 

FIG. 4. Proportion in which elaidate is formed from 
linoleate and from oleate, corrected for the difference 
in concentration of linoleate and oleate in the bulk. 

in which KL = JcaL/(IcdL + h+“) and K. = 
k,O/ (kd” + Ic,O) . This is in accordance 
with the observed dependence of the elai- 
date formation on the bulk concentrations 
L and 0: the ratio of AE,/O to AEL/L is 
constant (Fig. 4). 

However, it is evident from the low spe- 
cific radioactivity of methyl stearate 
(Table 2) formed at the beginning of the 
hydrogenation that the reaction scheme 
given above is of limited applicability. If 
the reaction kinetics could indeed be de- 
scribed by means of a consecutive reaction 
without a significant contribution from a 
“straight-through” reaction, the stearate 
specific activity would have been equal to 
that of the bulk oleate from which it is 
mainly formed. The specific radioactivity 

St 

0L %I 

SCHEME 1 

in which k, = adsorption constant; k,~ = 
desorption constant; k, = reaction con- 
stant; 0 = degree of coverage of catalyst 
surface; L = linoleate, M = monoene. 

On the basis of this scheme, the follow- 
ing relation can be derived between the 
ratios of the methyl ester coverage with 
respect to the ester concentrations in the 
bulk : 

of the methyl stearate formed at the be- 
ginning of the hydrogenation is, however, 
remarkably low. The conclusion that this 
must be due to a direct conversion of lino- 
leate to stearate was confirmed in an ex- 
periment in which linoleate instead of 
oleate was labeled. A more realistic kinetic 
scheme describing the composition of the 
bulk phase introduces a shunt reaction (4) : 

OL/L KL -=- 

00/o Ko 
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- Degree of unsoturation 

kz 

FIG. 5. Experimental data (points) and analog computer-drawn graph for L 2 M + S with kJk* = 21. 

The relative rate constants in this 
scheme can be calculated as follows: from 
the specific activity of the stearate and 

TABLE 3 

FORMATION OF St FROM M AND L 

oleate it is possible to calculate the pro- Sample 018 010 St StL StM AL/% 

nortion in which stearate is formed from 
bleate (St,) and from linoleate (St,) with 1 20.2 96 0.16 0.13 0.03 38 

the following formula, II 20.7 94 0.48 0.37 0.11 23 
III 21.5 89 0.78 0.60 0.18 23 

stI,/sto = ao/ast - 1 IV 21.0 81 1.3 1.00 0.30 24 

For the first four samples, the formation the help of an analog computer, the best 
of stearate from monoene is approximately fit was obtained with relative values for 
equal to the stearate formation from oleate: Ic,, k,, and Ic, of 63, 1, and 2.7, respectively, 
St, = StM. In Table 3, for the first four giving k,/lc, + k, = 17. The latter value 
linoleate conversion (AL) and the stearate approximates the value of 21 for Ic,/k, in 
samples, StL and StM are compared. Table the simple scheme. 
3 also includes the quotient of the The consecutive parallel reaction kinetic 
formation from L (St,). This quotient scheme is in accordance with the following 
(224) is approximately equal to k,/k, in mechanistic scheme, taking into account 
the afore-mentioned kinetic scheme. With the role of the catalyst surface: 

kL ------- a 

Ii 

4 

SCHEME 2a 
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According to this scheme, there is no com- tion of elaidate from 1inolea’;e and oleate 
plete exchange between monoene from the gives an approximation of the reactivities 
bulk (M) and adsorbed monoene (0,). The of linoleate and oleate. 
monoene has already reacted before it can Therefore, the above-mentioned data 
be desorbed. can be expressed as follows: 

So the specific activity of the monoenoate 
adsorbed on the catalyst surface (Q, ) will 

krL . &,/kro . Bo = Q in separate 

not be equal to aM but to as: 
hydrogenations 

and 
(Y&4 = as 

This specific activity is determined by the kTL * hjkTQ . B. = 5 for the combined 

mass streams from L and M to the cata- experiments. 

lytic surface to yield &. 
The kinetic information given so far can 

Assuming k,L/k,o being equal in the two 
situations, the following relation is then 

be summarized in a mass stream scheme. found: 
For equal concentrations of L and M in 
the bulk, the following relative figures are BL 

obtained : 0 
- combined 
eo 

=40x 2 
0 

BepE3%3+.4%. 

The stream from L to &, is the net result 
of an adsorption and desorption process. 

The seleetivities in this scheme are de- 
termined by the contributions of the differ- 
ent reaction paths: 

k&z = 
krL a 61. . kdM . BM 

k,M . M . kTM . f?M 
= 63, 

Wkz + k3) 

zz krL . oL. kdM . oM 
k,M . M . k,M . 6M + k,.L . 6~ * krM . &II 

= 17. 

The relative contribution of linoleate to 
the formation of elaidate (EL) is, as we 
have seen, five times larger than that of 
oleate (Eo). In separate experiments with 
linoleate and oleate it was shown that, 
under similar conditions, the isomerization 
reaction from 0 to E is about 8 times as 
fast as the hydrogenation reaction from L 
to E. The contribution of oleate to the 
formation of elaidate is therefore decreased 
by a factor of 40 in the combined experi- 
ment. It is known that the relative forma- 

The decrease in the ratio Bo/& by a factor 
of 40 is responsible for the selectivity ob- 
served and for the low amount of E. at 
the beginning of the reaction. This is in 
agreement with other investigations by 
Coenen and Boerma (1) in which it was 
qualitatively shown that in selective rape- 
seed oil hydrogenation, monene is hardly 
isomerized at the beginning of the hydro- 
genation. Similar conclusions were reached 
by Hilditch and Moore (5) and Van 
Vlodrop (6). 

These quantitative conclusions only hold 
for the present experimental setup and con- 
ditions, such as reaction vessel, stirring in- 
tensity, hydrogen pressure, and type and 
amount of catalyst and methyl esters. The 
reason is that the reaction constants of 
the surface reactions-regarded as first- 
order rate constants-are in fact pseudo 
first-order, since the hydrogenation surface 
reaction rate may be expected to depend 
either linearly or quadratically on eH (the 
surface occupation with hydrogen atoms). 
This magnitude, however, will depend on 
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experimental conditions (7). A decrease in Thij description ij also valid in the 
stirring intensity or hydrogen pressure or present hydrogenation experiments with 
an increase in catalyst concentration will the nonconjugated methyl linoleate. How- 
lower BH and, therefore, also k,L and kYM, ever, according to the literature (9), con- 
possibly without affecting the other rate jugated intermediates play an important 
constants, so that the ratio of the reaction part in the mechanism of selectivity. In- 
constants will also be influenced. vestigations in this direction are in progress. 

A further complication arises from the 
fact that the reactions in the catalyst pore 
system (2) may be partly diffusion-con- 
trolled. This may lead to significant con- 
centration gradients in the pores. These 
effects, if they contribute significantly, will 
tend to weaken the effect of adsorption 
monopolization. In this sense, the different 
ratios should be considered as minimum 
values, which may be significantly higher 
for a perfectly accessible (nonporous) 
catalyst. 
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