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ABSTRACT 

The reaction order with respect_to hydrogen was found to be higher 
than unity and increased with increasing temperature in the vapor- 
phase hydrogenation of methyl oleate in the presence of a support- 
ed nickel catalyst. These findings may be of certain interest in 
understanding the role that hydrogen plays in fat hydrogenation 
selectivity. Two reaction mechanisms were discussed to explain the 
high reaction order. The two  reaction models  were shown to give 
the same rate equation. 

INTRODUCTION 

It is well known that the study of the intrinsic activity and 
selectivity of a solid catalyst in liquid-phase hydrogenation 
is rather complicated. This is particularly the case in the fat 
hydrogenation process. The reaction system will be simpli- 
fied if the triglycerides are replaced by the corresponding 
methyl esters. A decisive improvement may be obtained 
when, as described recently (1,2), the study is performed as 
a vapor-phase hydrogenation of these methyl esters. 

The present study of vapor-phase hydrogenation of 
methyl oleate is a part of a series of papers dealing with the 
influence of various factors on the selectivity of fat hydro- 
genation. 

PREVIOUS KINETIC WORK 

No work concerning kinetic studies of vapor-phase hydro- 
genation of methyl oleate has hitherto been reported in the 
literature. Previous kinetic work referred to here deals with 
liquid-phase hydrogenation of oleic acid in triglycerides or 
as a methyl ester. 

Wisniak and Albright (3) studied the hydrogenation of 
cottonseed oil and found that a probable mechanism in- 
cluded a reaction between adsorbed hydrogen on the cata- 
lyst and an unsaturated fatty acid in the liquid phase, i.e., 
an example of the so-called "dive bomb"  reaction mech- 
anism. The rate of reaction was found to be proportional to 
the hydrogen pressure raised to the power 0.6. 

M~rk (4) objected to Wisniak's and Albright's mechan- 
ism and was of the opinion that both unsaturated fatty acid 
and hydrogen are adsorbed on the surface of the catalyst 
and also compete for the same active sites. Despite the fact 
that M~rk assumed an adsorption of the two reactants, he 
supposed that the chemical reaction proceeds between ad- 
sorbed unsaturated fatty acid and hydrogen molecules in 
the liquid phase. This reaction mechanism, together with 
the assumption of Langmuir adsorption, resulted in a rate 
equation which was first order with respect to hydrogen at 
low hydrogen pressure and half order at high hydrogen 
pressure. The half order may explain the value 0.6 found by 
Wisniak and Albright at high pressure and the first order 
agrees with the observations made by the same authors at 
low pressure. 

The hydrogenation of methyl oleate in the liquid phase 

in the presence of a palladium-on-carbon catalyst was 
shown by Cordova and Harriott (5) to be a half-order reac- 
tion with respect to hydrogen. 

Hashimoto et al. (6) evaluated data from hydrogenations 
of cottonseed oil performed by Eldib and Albright (7) and 
by Wisniak and Albright (3), and found the reaction to be 
half order with respect to hydrogen in the hydrogenation of 
linoleic acid and first order in the hydrogenation of oleic 
acid. Hashimoto presumed that the two reactants are 
adsorbed on the surface and that the reaction in the first 
step gives a half-hydrogenated adsorbed complex, which 
subsequently reacts with adsorbed hydrogen. Under certain 
simplified assumptions, Hashimoto mentioned that it was 
possible to derive a rate equation on the basis of this mech- 
anism which may explain the experimental results with 
respect to the influence of the hydrogen pressure. 

Similar results have also been reported by Pihl and 
Sch66n (8), who found that the reaction order with respect 
to hydrogen incrcascd with increasing temperature. At 190 
C, the reaction order was found to be 1.32 in the hydro- 
genation of oleic acid in cottonseed oil. 

EXPERIMENTAL 

Hydrogenations 

Hydrogenations were carried out with the same equipment 
and under the same reaction conditions with regard to the 
mass transfer steps as described previously (2). The same 
applies to the method of calculating the rate of reaction. 

Catalyst 

The carrier (alpha-alumina) and the procedure of catalyst 
preparation were the same as those used in a recent study 
of the hydrogenation of methyl linoleate in the presence of 
a supported copper catalyst (2). The catalyst was also con- 
ditioned in the same way prior to hydrogenation. The 
nickel content  was 0.1%and the H 2 uptake in the adsorp- 
tion study was 0.86 x 10 -3 mol H/kg catalyst. 

Chemicals and Analyes 

Methyl oleate and hydrogen were of an analytical grade 
quality, better than 99.9%purity. An on-line gas chroma- 
tograph was used for the analysis in the kinetic experi- 
ments. 

RESULTS AND DISCUSSION 

In all, 68 hydrogenations were performed at three different 
temperatures (148, 180, and 214 C) and at hydrogen pres- 
sures between 3.6 and 56 mbar and at oleate pressures be- 
tween 0.15 and 1.1 mbar. Nitrogen was in excess and the 
total pressure was 1 bar (=0.987 atm). The absence of a 
pore transport limitation was checked by a method devel- 
oped by Roberts (9). 
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FIG. 1. Reaction order with respect to hydrogen pressure. I corre- 
sponds to 95 % confidence limits. 

A complete report of the results in tables is not  possible 
either, from a publishing point of view. A typical run will 
instead be presented. 

The conditions of the inflow to the reactor in this run 
were: partial pressure of hydrogen: 18.52 mbar; partial 
pressure of methyl oleate: 1.252 mbar; total pressure: 
1.003 bar; nitrogen was the only gas component  besides 
hydrogen and methyl oleate; temperature: 179.0 C; and 
total inlet molar flow rate: 33.87/~ mol/s. 

The conditions of the outflow from the reactor were: 
partial pressure of hydrogen: 18.43 mbar; partial pressure 
of methyl oleate: 1.154 mbar; partial pressure of methyl 
stearate: 0.0983 mbar; total pressure: 1.003 bar; degree of 
methyl oleate conversion: 0.0983/1.252 = 0.0784; and 
temperature: 179.6 C. 

Since the mass of catalyst in the reactor was 2.3160 g, 
the rate of reaction may be calculated as 

33.87 X 1.252 
rate = X 0 . 0 7 8 4 / 2 . 3 1 6 0  X 1 0  -3  = 

1003 

One Example of a Typical Run 

In ordinary kinetic studies of fat hydrogenation performed 
batchwise, it is possible to follow the continuous change of 
the composition of the fat vs time of reaction. The rate of 
reaction is calculated indirectly from the slope of the iodine- 
value curve vs time. It is often possible to determine the 
rate of reaction for about ten different fat mixtures in one 
and the same run. The result of the hydrogenation is also 
easily reported by giving the content  of the various fatty 
acids as a function of time in a diagram. The present vapor- 
phase hydrogenation study is performed in a perfectly 
mixed reactor with continuous inflow and outflow. The 
reactor is, moreover, working at stationary conditions, 
which means that the composition of the gas in the reactor 
does not change with time. One important advantage of this 
technique is the possibility to calculate the rate of reaction 
directly from a material balance and not via the slope of a 
curve. Another advantage is the fact that mass and heat 
transport can be easily eliminated as rate-determining steps 
of the process. The disadvantage of this technique, is that 
the rate of reaction is obtained for only one composition 
of the reactant mixture in every run. It is therefore not easy 
to summarize the result of the hydrogenation in a diagram. 

1.43 ~ mol/s kg cat 

Reaction Order with Respect to Hydrogen 

The first step in the analysis of kinetic data is often a test 
of the influence of various factors on the reaction rate (10). 
A simple power rate equation was fitted to the experimental 
data in the introductory analysis. This calculation gave a 
reaction order (a) with respect to hydrogen which was 
definitely higher than unity (Fig. 1) and increased with 
increasing temperature. There is a certain risk that this high 
value of the reaction order was merely a computational 
artifact; this assumption is based on the phenomena that 
measurement errors randomly influencing the values of 
observed rates may be structured and highly correlated by 
the calculation procedure. In order to prove that the high 
value of the reaction order was indeed chemically based, 
some series of experiments were designed, in which all fac- 
tors except hydrogen pressure was kept constant. Since the 
inflow composition was controlled, it was not easy to find 
experiments with reactor and outflow conditions fulfilling 
these requirements. Therefore, it was necessary to include 
some series with a low content  df methyl linoleate (from 
another study) in order to obtain sufficient data (Table 1). 
The small content  of methyl linoleate may not influence 

TABLE I 

Influence of  Hydrogen Pressure on the Rate of  Format ion of  Methyl Stearate 

Temperature Oleate Linoleate Hydrogen r s 
(C) (mbar) (mbar) (mbar) (g mol/s kg cat) a 

148 0.26 0.07 5.56 0.85 
148 0.26 0.09 3.57 0.43 

180 1.16 0 18.4 1.34 
180 1.17 0 11.5 0.71 

180 0.20 0.04 22.7 0.63 
180 0.20 0.05 11.5 0.30 

214 0.83 0.16 55.1 1.11 
214 0.84 0.17 38.1 0.57 

214 1.07 0 55.1 1.26 
214 1.07 0 26.7 0.30 

1.26 

1.31 

1.26 

1.78 

1.98 
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the value of the reaction order. 
In these particular experiments, where only the hydro- 

gen pressure was varied, the rate of methyl stearate forma- 
tion may be written as to 

01 +H.s#OI-H's, K H [31 

Methyl oleate is also adsorbed on a nickel site according 

r s = k p~= [11 

where k = constant dependent on temperature and on 
partial pressures of methyl oleate and methyl linoleate, r s = 
rate of formation of methyl stearate, PH~ = partial pressure 
of hydrogen; and a = exponent to be calculated. 

Table I confirms the result given in Figure 1 because the 
reaction order (a) with respect to hydrogen is higher than 
unity and increases with increasing temperature. 

Proposal of a Reaction Mechanism 

In previous papers on hydrogenation of methyl fatty esters, 
the reaction order with respect to hydrogen was found to 
be unity or less. It was realtively easy to propose a reaction 
mechanism which accounts for this reaction order. It 
appears more difficult, however, to find a reaction mech- 
anism where the reaction order is higher than unity and in- 
creases with increased temperature. There are two possible 
mechanisms which can reasonably explain the high reaction 
order found in this study. In the first one the coverage of 
the catalyst surface with methyl oleate is assumed to be 
enhanced in the presence of hydrogen. In the second mech- 
anism, the rate-determining step is assumed to be the 
hydrogenation of a half-hydrogenated radical of methyl 
oleate, which is supposed to be formed as an intermediate 
of the hydrogenation of methyl oleate (1 1). 

I. Enhanced adsorption of  methyl oleate in the presence of  
hydrogen. It is a well known experimental fact (10) for 
certain systems that, contrary to the Langmuir's theory of 
adsorption, two different compounds do not compete for 
the active sites but cooperate instead to give an enhanced 
adsorption. This adsorption may be explained by the 
formation of a complex between the two compounds and 
one or more active sites on the surface. The complex forma- 
tion may proceed in two steps. One of the compounds is 
adsorbed in the first step on an active site on the surface. 
This surface compound then may be regarded as a new 
active site onto which the second compound is bound in 
the second adsorption step. If this model of adsorption is 
applied for the hydrogenation of methyl oleate, we assume 
that hydrogen is first dissociatively adsorbed on nickel sites. 
Methyl oleate is then adsorbed on adsorbed hydrogen giving 
an adsorbed complex compound. The adsorbed hydrogen 
will thus act as a so-called effective site (12) or hydrogen 
site. The subsequent hydrogenation is assumed to proceed 
between this adsorbed complex compound and adsorbed 
hydrogen atoms. It is also assumed that the reaction be- 
tween methyl oleate adsorbed on an ordinary nickel site 
and adsorbed hydrogen atoms proceeds much more slowly. 
The first step of this mechanism is the formation of hydro- 
gen sites, H-s, which may be written: 

2s + H~ ~ 2H-s, KH~ [2] 

where s is an active site of the nickel surface. 
Adsorption of methyl oleate (01) on this hydrogen site 

gives the adsorbed complex on a nickel site according to: 

01 + s ~ 01"s, K01 [4] 

The surface reaction may thus be written: 

O1.H.s + 2H-s ~ St + H.s + 2s, k s [5] 

Methyl stearate (St) was found not  to adsorb at all on the 
surface. 

If the reaction step 5 is assumed to be rate-determining 
of the hydrogenation, the rate of hydrogenation of methyl 
oleate is easily derived on the basis of the assumed mech- 
anism above to be 

kl P0, p3H/2 
r = [ 6 ]  

(1 + K H Pol) (1 +V~H2 pH ) 3 

where 

k '=ksKH K3H/2 

P01, Pu  = pressures of methyl oleate and hydrogen, 
112 

respectively, and r = rate of hydrogenation. 
As may be seen from Equation 6, the limiting reaction 

order with respect to hydrogen will be 1.5 at high tempera- 
ture, since KH2 in the denominator decreases with increas- 
ing temperature. At low temperature, the limiting reaction 
order will be zero. It should also be noted that adsorption 
of methyl oleate and hydrogen on nickel sites were assumed 
not to compete. This assumption seems to be most prob- 
able since methyl oleate is a much larger molecule than 
hydrogen (1 3). If methyl oleate and hydrogen compete for 
the active sites, the term K01 P01 has to be added to the 
second parenthesis in the denominator  of the rate Equation 
[6]. It is obviously very difficult to discriminate between 
these two models. Such a discrimination will be given in a 
forthcoming paper (14) and will be shown to favor the non- 
competition model. 

It should be observed that the rate-determining step 5 
has to include two atoms of hydrogen instead of one, in 
order to give the desired reaction order 1.5 with respect to 
hydrogen. If this reaction step, on the other hand, includes 
one hydrogen molecule instead of two adsorbed hydrogen 
atoms, the reaction order will still be 1.5 with respect to 
hydrogen, but the rate equation will be changed in other 
respects. The exponent  3 in the denominator is changed to 
the value one. It was easily shown by regression analysis of 
the kinetic data, that the mechanism including one hydro- 
gen molecule was less probable in comparison to that one 
given by Equation 5. This alternative mechanisrla, more- 
over, resulted in a change of the meaning of k' to k'  = 

ksK ~ K 1/2. The temperature dependency of k s calculated 
from this equation was found to be negative, which also 
decreases the probability of this second mechanism. 

H. Hydrogenation of a half-hydrogenated methyl oleate 
radical as a rate-determining step. Bond et al. (15), who 
studied the kinetics of the hydrogenation of acetylenic 
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T A B L E  II 

Kinetic Parameters  in the Rate  Equat ion  for  Methy l  Oleate  H y d r o g e n a t i o n  
in the  V a p o r  Phase 

k w 

mol K H • lO-a 
Number of Temperature (kg cat s)-I KH~ 
experiments (C) bar- 5/2  (bar-1) (bar-1) 

k s • 106 

(kg cat s)-I 

26 148 818 • 403 25.1 • 15.6 
24 180 37.7 • 13.0 4.1 • 2.1 
18 214 2.97 • 1.40 2.3 • 1.7 

284 + 120 6.81-+ 6 .36  
85.5 • 30 11.63 • 8.54 
16.8 + 6.7 18.75 • 19.90 

The K H values are from separate adsorption measurements to be published (16). All con- 
fidence ~mits are calculated at the 95% level. 
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FIG. 2. Residuals of react ion rate vs predicted react ion rate: a runs 
at 148  C, • runs at 180  C, o runs at 2 1 4  C. 

compounds, found that the reaction order with respect to 
hydrogen was 1.5 when the reaction was performed in the 
presence of a platinum catalyst. They found that the high 
reaction order could be explained by the assumption that 
the hydrogenation of a half-hydrogenated radical was the 
rate-determining step. It should be noted that Allen and 
Kiess (11) proposed as early as 1956 that a half-hydrogenat- 
ed radical could be formed as an intermediate in fat hydro- 
genation. Hashimoto et al. (6) also derived a rate equation 
on the basis of Allen and Kiess' mechanism, as mentioned 
above, giving half-order and first-order dependencies with 
respect to hydrogen. 

In the present study, the formation of the half-hydro- 
genated methyl oleate radical is given by Equation 3. This 
equation is the net equation of the adsorption process of 
methyl oleate as given by Equation 4 and the reaction 

01-s + H.S -~ 01.H.s + s [7] 

Moreover, Equation 5 shows the reaction between this 
radical and two adsorbed hydrogen atoms. If this reaction 
is assumed to be the rate-determining step, the rate of the 
process will be described by Equation 6. The t w o  reaction 
mechanisms proposed here will thus result in the same rate 
equation and it is thus impossible to discriminate between 
them by kinetic experiments. From a chemical point of 
view, it may be easier to accept the formation of a half- 
hydrogenated radical than the existence of a hydrogen site 
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FIG. 3. Residuals of react ion  rate vs h y d r o g e n  pressure at 214 C. 

which is active in the adsorption of methyl oleate on the 
surface. Therefore, the hydrogenation of methyl oleate will 
henceforth be discussed in terms of the radical mechanism. 

It should be noted that Bond (15) proposed the rate- 
determining step to be a reaction between the half-hydro- 
genated radical and one hydrogen molecule. The disadvan- 
tages of this alternative mechanism were discussed under 
section I and this mechanism was found to be less possible 
in comparison to the mechanism including two adsorbed 
hydrogen atoms of the rate-determining step 5. 

Estimation of Kinetic Parameters 

There are two parameters, k' and K ~ ,  to be estimated from 
the kinetic experiments. The equilibrium constant KH2 
was separately estimated from adsorption measurements 
reported elsewhere (16). Since the rate of reaction may be 
calculated directly from the difference of inflow and out- 
flow conditions of the reactor (see above), the constants 

k' and K H were easily calculated by regression analysis. 
The calculation was performed separately for each tempera- 
ture. The results are given in Table II. 

A residual analysis in Figure 2, where the difference be- 
tween the experimental and predicted reaction rates is 
plotted vs predicted values, shows that the rate equation 6 
may be accepted for statistical reasons. There is some doubt 
concerning the residuals at high reaction rates, however, so 
the goodness of fit should be checked at high pressure and 
high temperature. Since the hydrogen pressure is a key vari- 
able in the proposed mechanism, the residuals of the reac- 
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FIG. 5. The equilibrium constant K~ vs l iT.  

t ion rate vs the hydrogen  pressure were checked at first 
hand. As can be seen f rom Figure 3, there is a certain t rend 
of the residuals. It is obviously rather diff icul t  to predict  
correct  values with rate Equat ion  6 at large values of  pH 2. 
The explana t ion  (cf. Table I and Fig. 1) is that  the experi-  
menta l ly  found  react ion order  with respect  to hydrogen  
was higher  than 1.5 at the highest tempera ture .  The l imiting 
value o f  the react ion order  was 1.5 in rate Equa t ion  6 and 
it is there fore  reasonable to assume that  the predic ted  
values are too  low at high hydrogen  pressure. It is possible 
to fo rmula te  an al ternat ive react ion mode l  giving a l imit ing 
react ion order  of  2.0. This model  presupposes that  the 
adsorbed hal f -hydrogenated  radical reacts with hydrogen 
adsorbed on effect ive sites. This react ion mode l  was, how- 
ever, re jected for  chemical  reasons. 

The t empera tu re  dependence  of  k s and K H was calculat- 
ed f rom Figures 4 and 5, respectively,  which show that  
these dependencies  agree well with the Arrhenius  and van ' t  
Hof f  laws. The  act ivat ion energy E and the entha lpy  of  
fo rmat ion  of  the hal f -hydrogenated me thy l  oleate  radical 
were es t imated  according to a weighted l inear least squares 
regression calculat ion giving E = (26.5 • 0.9) k J /mo l  and 
- A H  H = (67.3 -+ 41) kJ /mol .  The limits are 95% conf idence  
limits. 

The equi l ibr ium cons tant  K H adsorpt ion  of  the half- 
hydrogena ted  methy l  01eate radical given in Table II may 
be compared  with the adsorpt ion equi l ibr ium cons tant  K01 
for the adsorpt ion o f  methy l  oleate. F r o m  a recent  s tudy 
by Lidefel t  (17), the value of this cons tant  was found  to be 
K 0 1 : 1 . 3 4  X 103 , 0.27 X 103 , and 0.06 x 103 bar -1 at 
148, 180 and 214 C, respectively. These values may be 
compared  with the values 25.1 x 103 , 4.1 x 103 and 2.3 
x 103 bar -1 for K H at the corresponding temperatures .  It 
is obvious f rom equi l ibr ium considerat ions  that  methy l  
oleate is more  readily adsorbed as a ha l f -hydrogenated  
radical than as me thy l  oleate. Compar ing  the adsorpt ion 
en tha lphy  of  me thy l  oleate given by Lidefel t  (17) 
(-AH0x = (75 +- 6) k J /mo l )  with the adsorpt ion  enthalpy 

of  the adsorbed hal f -hydrogenated  radical, we find that  
they are o f  the  same order  o f  magni tude.  

It may  f inal ly be no ted  that  the act ivat ion energy is 
rather low. We in tend to discuss this c i rcumstance  in more  
detail in connec t ion  with the results f rom a similar s tudy 
concerning the hydrogena t ion  of  methy l  l inolea te  to be 
published.  
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