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To investigate the influence of mass transport on double bond migration, methyl 
oleate was hydrogenated at different temperatures using Ni/SiG catalysts with rela- 
tively narrow, medium and wide pores. From the product distribution obtained- 
expressed as a function of time-a dimensionless number T was derived, being the 
ratio between the rate of double bond migration and the rate of disappearance of 
methyl 9-octadeceoate irrespective of the configuration of the double bond. 

The r value varied between 1.0 and 1.7 from which it was concluded that the 
double bond migration proceeds here via a stepwise mechanism and that r values 
larger than 1.0 must be ascribed to mass transport hindrances in the catalyst 
particles. 

INTRODUCTION to mass transport effects occurring during 

Dutton et al. (1) investigated the migra- the hydrogenation of methyl oleate. A 

tion kinetics and the cis-tram rearrange- quantitative method is derived for estab- 

ment of the double bond in methyl oleate lishing mass transport hindrances concern- 

during its hydrogenation on carbon sup- ing doub1e bond migration. 
ported platinum and palladium catalysts. 
Their publication also gives some data on 

EXPERIMENTAL 

deuterium exchange. Starting from the The experiments were carried out in 

Horiuti-Polanyi mechanism (2)) Dutton batch. An amount of 30 g methyl oleate 

et al. calculated the composition of the (for composition, see Table 1) was in- 

reaction products, which agreed fairly well TABLE 1 
with the one observed. However, the influ- COYPOSITION OF METHYL OLEATE 
ence of mass transport effects and chemical 
behavior-depending on position and geom- Location 

etry of the double bond-was not included double bond Percentage 

in their model. Taking into account these ~~ 
influences results in a reaction scheme 

6 0.05 

hardly suitable for mathematical treatment 
7 0.38 
8 

or for simulation or calculation on a com- 
0.26 

9 96 
puter because too many parameters are 10 0.3 
involved. 11 3.5 

In this investigation we have studied the 12 0.7 
mass transport effects and the effect of the 
position and geometry of the double bond traduced into a stirred reactor while hy- 
on the isomerization kinetics taking place drogen was introduced (1 atm) above the 
during the hydrogenation of unsaturated ester level and thoroughly dispersed in the 
fatty acid esters. Attention is also drawn liquid with rapid stirring (3000 rpm, cor- 
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responding with a dispersed energy of 70 
W/kg oil). The experiments were made at 
temperatures varying between 50 and 
175°C. Next, 50 mg catalyst-reduced in 
situ-was added. The hydrogen required 
for the hydrogenation process and the re- 
duction of the catalyst had been purified 
by passing it through a column filled with 
a copper catalyst (ex: BASF) and subse- 
quently t,hrough a column with eeolite for 
removing traces of oxygen and water. Any 
catalyst poisons, present in the unsaturated 
esters, were removed by chromatography 
over an alumina column using light petro- 
leum as a solvent. After the reaction time 
had elapsed, the reaction mixt,ure was 
cooled and the catalyst removed by filtra- 
tion. The catalysts were prepared by pre- 
cipitating nickel with soda or sodium 
hydroxide from nickel sulfate solution on 
guhr as a carrier. The precipitation con- 
ditions for catalyst C were adapted, result- 
ing in a catalyst with very narrow pores 
and giving a pore volume of 60% against a 
pore volume of catalysts A and B of 80%. 
The pores of the catalyst particles were 
generally slit-shaped. For further data see 
Table 2. 

The percentage of methyl stearate in the 
reaction mixture was determined by glc 
while the total trans content was calculated 
from ir measurements at 10.36 pm (5). 
About 50 mg of the reaction mixture was 
separated int,o a saturated, a cis and a 
bans fraction by tic on silica impregnated 
with silver nitrate, as described by de 

TABLE 2 
SOME CHBRSCTERISTIC VALUES OF THE Ni/SiOz 
CATALYSTS USSD; PARTICLE I~IAMETER 2-3 pm 

Catalyst A B C 

y0 of Ni in unreduced 47.2 43.6 45.6 
state 

Degree of reduction 
Mean size of Ni 

crystallite (A) 

97.9 89.2 79.4 
60 52 29 

Mean pore diameter 12 (6) 129 17 (50) 
c-b 

73 (94) 106 (50) 
Sanr(m2/g total Ni) 259 311 522 
SNi (mz/g reduced Ni) 72 84 151 

a The pore volume of catalysts A and C can be 
divided into two parts, each part corresponding to a 
mean pore diameter. The pore volumes, expressed 
in volume percentages, have been placed in pa- 
rentheses. 

Vries and Jurriens (4). The fractions were 
extracted with peroxide free diethyl ether. 
After removal of the et’her, the cis and 
bans fractions were separately ozonized 
in carbon disulfide at -80°C. The ozonides 
were reduced at 40°C using a large excess 
of triphenylphosphine. Finally, the mixture 
of aldehydes and aldehydic esters was an- 
alyzed by glc. The method of evaluating 
the gas chromatogram from which the 
double bond distribution (DBD) was finally 
calculated will be published elsewhere (5). 

RESULTS 

Table 3 shows the influence of catalyst 
texture on the overall composition of par- 

TABLE 3 
INFLUENCE OF CATALYST TEXTURE ON OVER.~LL COMPOSITION ACCORDIKG TO IIt AND GLC OF 

SOME S.IMPLES OF METHYL 0w.4~~ HYDROGEN.~TED AT 129°C 

Time 
(min) 

Catalyst’ A Catalyst, B Catalyst C 
~- 

trams Sat. Time tram Sat. Time tram Sat. 

(%) (%I (min) (%‘G) (o/c) (min) (%) (%I 

0.25 14 2.5 0.5 21 2.4 1 13.4 4.5 
6.58 28 6 0.9 34 4.6 2 23.4 10 
1.0 38 11.5 1.5 50 9.3 4 37.5 21.5 
2.0 44 21 3.0 57 23.2 6 38.9 34.5 
3.5 38 43.5 5.5 43 43.6 11 28.7 53 
5.0 29 57 7.7 28 62.7 14 24.9 56 
6.5 19 70 
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FIG. 1. Total trans content ar; a function of the percent,age of methyl stearate formed at 129°C on catalyst 
A (O), catalyst B (a), and catalyst C (a). 

tially hydrogenated methyl oleate as a cis equilibrium, as is sometimes assumed 
function of time. The catalyst with the (8). Especially the truns isomers with the 
narrowest pores forms fewer trans isomers double bond in the 8- or lo-position ac- 
than the other catalysts (see Fig. 1). In cumulate at the beginning, an effect which 
Fig. 2, the percentage of tram products increases with the accessibility of the cat- 
has been plotted against the percentage of alyst particles. Higher trams concentrations, 
methyl stearate formed at different temper- which greatly surpass the equilibrium value, 
atures, with catalyst A and methyl oleate can be obtained when the catalyst possesses 
(A,‘) as starting material. In Fig. 3 the wider pore diameters. From the present 
amounts-expressed in percentages of un- data it cannot be concluded whether, on 
saturated fraction-of some monoenes double bond migration, cis isomers are 
formed during hydrogenation have been formed preferentially and accumulation of 
plotted as a function of the percentage of tram isomers occurs because the cis isomers 
methyl stearate formed at 129°C on catalyst are removed preferentially, for instance by 
A. The tram/h ratios, which are also hydrogenation, or whether the accumula- 
given in Fig. 3, clearly show that the re- tion of trans isomers must be explained on 
action products are not formed in a tram/ the simple basis that these isomers are 

20 40 60 80 100 

---w % saturated 

FIG. 2. Total trans cont,ent as a function of the percentage of methyl stearate formed at 50 (a), 75 (0 j, 
100 (0) and 150°C (A) on catalyst A, using methyl oleate, Asc, as starting material. 
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FIG. 3. Percentages of some positional and geometrical isomers together with corresponding trans/cis 
ratios as a function of methyl stearate formed at 129°C on catalyst A: l tram isomer (in percentages of 
monoene fraction); 0 cis isomer (in percentages of monoene fraction); A trans/cis ratio. 

formed in excess. It is also difficult to 
understand why after a certain degree of 
hydrogenation the trans/cis ratio decreases 
below the equilibrium value. Similar phe- 
nomena were also found with other catalysts 
and other reaction temperatures, except 
with the experiment performed at 50°C. At 
this temperature the isomerization process 
proceeded so slowly compared with the 
hydrogenation process, that no maxima 
were found in the trans curves. More data 
about these anomalous effects will be pub- 
lished elsewhere. 

DERIVATION OF MIGRATION RATE 

The migration rate of the double bond is 
derived for the total migration in both 
directions as well as for the migration in 
the direction of the ester group. These 
rates cannot be determined from the rate of 
formation of A, and A,, isomers, because 
these isomers are also susceptible to the 
migration process. However, the rate of 
migration of the original double bond can 
be approached by taking into account the 

double bond migrations of all the positional 
isomers formed during the reaction time. 
At the beginning of the reaction the cat- 
alyst surface is covered only with the 
original isomer, say Aoc, the coverage of 
which correlates with a certain migration 
rate of the double bond. However, as soon as 
other isomers are formed, the net number of 
double bond migrations from the g-position 
per unit of time decreases for two reasons; 
either the reaction products compete with 
Aoc for active sites, or they react to form A, 
isomers. In either case, it is better to con- 
sider the total number of net double bond 
migrations t’han the net number of migra- 
tion reactions of the double bond from the 
9-posit,ion. The total number of net double 
bond migrations, being the difference be- 
tween forward and backward double bond 
migrations, can easily be calculated from the 
composition. The contribution of a molecule 
with, for instance, the double bond in the 
7- (or ll-) position to the total number of 
net double bond migrations is two, inde- 
pendent of the formation of this molecule 
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via, for example, 9 + 8 -+ 7 or 9 + 8’+ 
7 + 6 + 7. In the latter case, four double 
bond migrations have occurred, but the 
actual contribution to the net number is 
still two. On the basis of this reasoning the 
total net number of double bond migra- 
tions in 109 molecules of monoene is given 
by 

8 

(1) 

where A,+i is the sum of the geometri- 
cal isomers with the double bond in the 
(9 + i)-position expressed in percentages 
of the monoene fraction. The effect of com- 
petition is, as it were, introduced by weight 
number i, because a A,+i molecule has used 
the catalytic surface at least i times to 
migrate its double bond from the 9- to 
the (9 + i)-position. Undoubtedly, also 
cis-tram rearrangements take place. These 
reactions have not been taken into account 
in Eq. (1). By plotting m vs time and 
taking the slope through the origin, a 
fairly good approximation is obtained for 
the rate of displacement of the double bond 
along the carbon chain. This method also 
allows the calculation of the reaction 
rates of the cis-tram rearrangement, the 
rate of disappearance of Age and Age” and 
the rate of the hydrogenation process itself. 
The asterisk denotes that the concentration 
of the product is based on the total reac- 

tion mixture, whereas in the other case 
the unsaturated products are expressed in 
percentages of the unsaturated fraction. 
The rate of double bond migration in the 
direct’ion of the ester group is derived from 

m’ = A,.-; . i. (2) 

The results are given in Table 4. The 
correctness of the data can be checked by 
means of the mass balance. It will be clear 
that in the monoene fraction, the rate of 
disappearance of ,A9 isomers-caused by 
migration of the double bond-added to 
the rate of formation of Ast, must be equal 
to the rate of disappearance of As’ found 
experimentally. 

A corresponding relation can be derived 
for Age* in the total reaction mixture. As 
a matter of fact, the rates of disappearance 
or formation in the total reaction mixture 
should be used. However, a fairly good 
approximation can be obtained by combin- 
ing the values for the monoene fraction 
and the rate of hydrogenation. The sum 
of these rates must be equal to the rate 
of disappearance of Age* in the total reac- 
tion mixture. The results of these calcula- 
tions are given in Table 5. The data ob- 
tained are consistent, as can be concluded 
from the mass balance given in this table, 
except for the experiments performed at 
175°C on catalyst A. In this case, the 

TABLE 4 
REACTION RATES FOR DOUBLE BOND MIGRATION, cis-tram REARRANGEMENT AND HYDROGENATION 

AT DIFFERENT TEMPERATURES AND ON DIFFERENT CATALYSTS. THE MIGRATION RATES ARE 
GIVEN AS NUMBER OF DOUBLE BOND MIGRATIONS PER 100 MOLECULES MONOENE 

PER MIN. THE OTHER RATES ARE EXPRESSED IN MOL yOO/~l~. 

Catalyst 
(dm’l @ml 
dt)t+o dtlt,o 

@Ad/ 
dth+o 

A 50 0.20 0.47 -0.35 -0.90 0.42 -2.0 1.2 
75 1.8 4.4 -3.7 -5.3 2.2 -8.7 3.6 

100 9 21 -17 -27 8 -37 7.8 
129 27 69 -52 -72 18 -80 11.3 
150 47 101 -64 -90 21 -98 15 
175 61 134 -80 -125 18 -165 19 

B 129 23 45 -45 -61 19 -67 7.5 
150 52 1.07 -84 -113 31 -120 11.5 

C 100 4.5 11 -5.8 -7.2 1.4 -9.8 2.6 
129 12 25 -14 -18 3.6 -22.5 5.0 

(d sat*/ 
dt)r+o 
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TABLE 5 
VALUES CALCULATED FROM THE MABS BALANCE TOGETHER WITH 

VALUES FOR THE CHARACTERISTIC RATIO r 

Catalyst co& - (dW/dt ) 1-0 aa 

A 50 0.90 0.77 
75 5.3 5.9 

100 27 25 
129 72 70 
150 90 85 
175 128 98 

B 129 61 64 
150 113 115 

C 100 7.2 7.2 
129 18 18 

a a = - (dA,ldth.+o + (dA#/dt)t+o = - (d&c/dth,o. 

- (&*/dt)t+o P rc 

2.0 2.0 1.1 
8.7 9.5 1.0 

37 33 1.0 
80 81 1.0 
98 100 1.5 

165 117 1.5 
67 72 1.0 

120 127 1.2 
9.8 9.8 1.5 

23 23 1.7 

b b = a $ (d’sak./dt)teo. = i (dA@*/dt)r,, 
c r = -2(dm’/dt)t,o/(dAy/dt)r,o. 

isomerization rate was so high that too 
few data could be obtained at the begin- 
ning of the reaction, leading to less reliable 
results. Table 5 also gives the ratio be- 
tween two different reaction rates indicated 
by r. 

DISCUSSION 

If we assume that the migration of the 
double bond from the g-position proceeds 
randomly, the value for (dm’/dt) t +O 
should be half that established for (dm/ 
c&)~,,,. Table 4 shows that this is not true. 
It is evident that the presence of 3.5% of 
AllC in the original product affects the value 
of m, so that even at equal rates of double 
bond migration in both directions 

(dm/dt) t&Al > 2(dm’/dt) t4. 

For this reason, twice the migration rate 
in the direction of the methyl group will 
be taken as the total rate of the double 
bond migration. 

If an unsaturated molecule could be fol- 
lowed on its way through a catalyst par- 
ticle, the following might be observed: 

(1) The molecule enters and leaves the 
particle without touching the catalyst 
surface; 

(2) Elastic collisions take place without 
entailing any chemical change of the 
molecule ; 

(3) The unsaturated molecule adsorbs 

and desorbs while retaining its original 
structure; 

(4) After adsorption, the molecule re- 
acts, resulting in a chemical change. 

The occurrence of any of these pro- 
cesses depends not only on the activity of 
the catalyst but also on the rate of mass 
supply to and mass removal from the 
catalyst surface. From the point of view 
of catalytic activity and selectivity, mass 
transport plays a significant role. Thiele, 
Sherwood, Satterfield and others [see (6)] 
derived rules for simple systems to predict 
whether hydrogen concentration gradients 
occur in the pores of the catalyst. How- 
ever, these rules are inadequate to indicate 
when transport phenomena influence the 
isomerization of reactants like methyl 
oleate. 

The hydrogenation of fatty acid ester 
molecules proceeds via a zero order reac- 
tion in unsaturated molecules, as can be 
derived from Table 3. The net rate at 
which the double bond moves from the 
original position to the 8- and lo-positions 
depends on the concentrations of the iso- 
merit products formed from the original 
A,-isomer, because the AR- and A,,-isomers 
give rise to the formation of As-isomers 
on account of the reversible character of 
these reactions. We are interested in the 
net amount of double bond displacements 
per unit of time and it will be clear that 
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for isomerization reactions the net rate in 
the pores of the catalyst is more sensitive 
to concentration gradients in fatty acid 
ester molecules than the rate of hydrogena- 
tion because the latter process is of zero 
order in unsaturated molecules. This implies 
that the rate of isomerization depends 
more strongly on the rate of mass trans- 
port of monoenes in the catalyst particles 
than the rate of hydrogenation does. 

The ratio 

r = - 2(dm’/dt) t.+o/(dA9/dt) t-c, 

given in Table 5, can be used as a source 
of information on the occurrence of trans- 
port hindrances influencing the process of 
double bond migration. In processes result- 
ing in double bond migration, a molecule 
may be subject to the following reactions: 

(1) During the residence time in the 
catalyst particle, the double bond migrates 
over only one carbon-carbon distance; 

(2) Because of readsorption, more than 
one double bond displacement per molecule 
can occur during the residence time in the 
particle; 

(3) The double bond migrates over more 
than one carbon-carbon distance during 
one sojourn to the internal surface of the 
catalyst particle ; as sub (1)) mass trans- 
port is so fast that only one such adsorp- 
tion process can take place per visit to 
the particle. 

A combination of the three reaction pro- 
cesses may occur. To some extent, the reac- 
tions that are possible have been idealized 
(see Fig. 4)) because in (1) and (2) it is as- 
sumed that the desorption rate of the un- 
saturated molecules is infiniteIy fast with 
respect to the rate of double bond migra- 
tion on the surface. 

Ratio r indicates the average number 
of double bond migrations occurring at 
time t + 0 in a molecule submitted to the 
process of double bond migration. Because 
of extrapolation to time t 3 0, the chance 
of a molecule reentering the catalyst par- 
ticle can be neglected; r thus reflects the 
double bond migrations occurring in mole- 
cules during time interval dt lying between 
t = 0 and t = dt. If we assume that a 
molecule which has penetrated a catalyst 

g&l (1) r;l 

(2) r-~r>l 

(3) r>1 & r>1 

FIG. 4. Scheme of the behavior of an unsaturat,ed 
molecule in the pores of a catalytic particle. (1) One 
reaction, (2) several reactions by readsorption and 
(3) several react,ions on catalyst surface. 

particle does not have a second oppor- 
tunity of reentering another or the same 
catalyst particle, r can be related directly 
to the above-mentioned processes (1) to 
(3), to which the original A, molecules are 
subject. In principle we can determine r 
by counting, during interval dt, both the 
number of double bond migrations and the 
number of original unsaturated molecules 
that has disappeared because of double 
bond displacements. The ratio between 
these numbers is then equal to T. From 
this it follows that 

r 2 1. 

Ratio r = 1.0 indicates a situation in which 
every A, molecule submitted to double bond 
migration gives isomers with the double 
bond in the 8- or lo-position during the 
first residence time in the catalyst particle, 
or in other words: a A9 molecule can only 
be converted into a A, or a A,, isomer 
during time interval dt lying between 
t = 0 and t = dt. In this case the double 
bond migration must be characterized as 
a stepwise pr0cess.l 

Only one migration step occurs during 
one visit to the catalyst surface and, more- 
over, mass transport in the catalyst par- 
ticle is so fast that a molecule does not 
undergo a second migration reaction during 
its residence time in the catalyst particle. 
Thus, a clear pronouncement can be made 
if r is 1.0, corresponding with reaction pro- 
cess (1). However, the r value becomes 

‘A similar method as described here is applied 
by Dwyer et al. (7) for mass transport hindrances 
occurring in porous catalysts during deuterium 
exchange in neopentane. 
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ambiguous when it is found that r > 1.0, 
because reactions (2) and (3) and a com- 
bination of these reactions result in r values 
deviating from 1.0. Only in the pores of 
the catalyst do differences in r arise; this 
depends on what happens inside the cata- 
lyst-the progress of the double bond 
migration may be influenced by mass trans- 
port leading to readsorption or by catalytic 
intrinsic activity resulting in several double 
bond displacements during one visit of the 
molecule to the catalyst surface. In the 
former case, the 1‘ value within the pores 
is equal to 1.0, whereas in the latter case 
a higher value will be found. Unfortunately, 
samples cannot be drawn from the interior 
of the catalyst particles so that it is im- 
possible to conclude on the basis of an 
r value measured outside these particles 
whether, for example, A, isomers are pri- 
mary migration products (due to the in- 
trinsic activity of the catalyst) or must 
be regarded as secondary products formed 
as a result of readsorption during the resi- 
dence time of the molecule in the catalyst 
particle at the beginning of the reaction. 
However, when it is assumed that the 
intrinsic activity of the catalyst is inde- 
pendent of its texture, such as pore diam- 
ctcr distribution and size of the metal 
crystallites, then severe transport hin- 
drances must be reduced considerably by 
using catalysts with wider pores, resulting 
in decreasing T values. 

From Table 5 it can be concluded that 
between 50 and 129”C, the double bond 
at A!,~ migrates step by step when catalysts 
arc used with pores equal to or wider than 
those of catalyst A. When catalysts with 
smaller pores (catalyst C) are used, severe 
transport hindrances occur, resulting in 
high T values and a low selectivity for 
isomerization (Fig. 2) as far as the amount 
of trans isomers formed are representative 
of the amount of positional isomers formed 
from Aoc. At temperatures above 129”C, 
r strongly increases when catalyst A is 
used. However, the effect of temperature 
on r can be reduced considerably by using 
catalyst B with wider pores. This means 
that the reaction rates for double bond 
migration found with catalyst A above 

129°C are limited by mass transport effects. 
Similar trends are observed when Ast is 

used as a starting product. However, the 
rate of double bond migration strongly 
depends on the configuration. It has been 
found that the trans double bond migrates 
3-4 times faster than the cis double bond 
does. For this reason, mass transport starts 
playing a role at lower temperatures when 
As’ instead of A,~ is used (established by 
experiment). 

Summarizing, the following conclusions 
can be drawn: 

1. In methyl oleate the double bond 
migration proceeds via a stepwise mech- 
anism from t,he 9-position. 

2. The intrinsic catalytic activity result- 
ing in a stepwise double bond migration 
can be used as an important tool to estab- 
lish when mass transport of fatty acid 
esters starts playing a role in the process 
of double bond migration. Thus, the ap- 
parent multiple mechanism (r > 1) for 
double bond migration found at high tem- 
peratures and with catalysts with narrow 
pores must be ascribed to readsorption of 
unsaturated molecules during their resi- 
dence time in a catalyst particle. 

3. The geometrical isomers are not 
formed in a trans/cis equilibrium. The 
trans/cis ratio changes drastically during 
the hydrogenation. Maxima for tram iso- 
mers arc observed, which is in contrast to 
what was found, for example, during the 
isomerization of I-butene where, generally, 
maxima for cis-2-butene are obtained 
(Q-11). 
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