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Abstract

The kineties and mechanism of the Cn and Cd-
soap-catalyzed hydrogenation of oleic acid have
been studied. The reaction is first order in Cd
and H,, and also first order in Cu if the double
bond is completely preserved during reduction of
the carboxyl group to the hydroxyl group. It
will deviate from this order if the selectivity is
lower owing to an increased Cu concentration.
The reaction rate-determining step is independent
of the Cd concentration. Iis activation energy, of
13.4 keal/mole, corresponds to that of the chem-
isorption of hydrogen on Cu. Unsaturated and
saturated fatty acids of the same chain length
have the same reaction rate. A decrease of the
chain length causes a decrease in the reaction rate
and in the final degree of conversion. Water and
low molecular weight acids have an inhibitory
effect on the reaction. A reaction mechanism is
proposed which is based on the assumption that
cadmium oleate plays a double role: it stabilizes
the copper sol and is intermediate for the
hydrogenation.

Introduction

From the foregoing paper (1) it has been proved
that metallic copper is the active part of the catalyst
in a high-pressure hydrogenation of unsaturated fatty
acids to unsaturated fatty alcohols, using Cu and Cd
oleates as catalysts, In this paper a study of the
kineties of the reaction will be presented and a mech-
anism proposed for the catalyst and the reaction.

1 Present address: Dutch State Mines, Geleen, The Netherlands.
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Fia. 1. Influence of the olelc acid/paraffin ratio on the
hydrogen solubility. T: 250°C, P: 200 atm.

Experimental Procedures

The experiments were carried out batchwise in a
rocking autoclave system of stainless steel (1). To
eliminate the physical limitation of hydrogen diffusion
in the solution and to ensure proper sampling at the
beginning of the reaction, an inert solvent previously
introduced into vessel C is saturated with hydrogen
at the reaetion temperature and at a hydrogen pres-
sure which is about 50 atm. higher than the reaction
pressure. From vessel B a certain amount of the
reaetion mixture is injected into vessel C.

The inert solvent used is a mixture of paraffins,
consisting of 80% by weight of n-alkanes (from de-
cane to tetradecane), and the rest includes branched
and eyelic products. This saturated mixture is ob-
tained by the hydrogenation of a urea adduct frae-
tion of a-olefins. Its vapor pressure is low and does
not hinder the chemical analysis.

The solution of hydrogen in the paraffin-acid mix-
ture was determined at different acid concentrations
at 2560 C and 200 atm. The apparatus used was the
same as that of the current experiments. The paraffin-
acid ratio at point 8 of Figure 1 was selected. Then
100 ml of the paraffin mixture and 15 ml of oleic
acid were heated to the specified temperature under
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¥ia. 3. Influence of the hydrogen concentration on the
regetion rate.

different pressures and kept at these conditions for
2 hr, Sampling was effected through vessel F (1),
which was kept at the reaction temperature. The dis-
solved gas was expanded, eooled and its volume mea-
sured in a gas burette. The hydrogen solubility in
the paraffin-acid solution was plotted as a funetion
of the pressure and temperature in Figure 2. At
250 C and 250 atm. the solubility is 40 ml H,/ml
solution, resulting in an amount equivalent to 1.8
times the amount necessary for the complete hydro-
genation of acid to alechol. The H, concentration re-
mained constant throughout the experiment.

In all the experiments the solvent was saturated
for 2 hr after rveaching the desired pressure and tem-
perature, whereupon the reaction wmixture was
injected.

Analysis

The samples taken during an experiment varied
from 7 to 9 ml, First the metals were removed by
agitation with a solution of 2N HCI, and the oil layer
wag then extracted by ether and washed with water.
The etherous solution was dried on magnesium sul-
fate, filtered and evaporated in vacuum. From this
solution the acid value, saponification value, hydroxyl
value and iodine value were determined (2). As no
hydrocarbons were detected in the experiments up
to 300 C, the alechol percentage could be obtained by
substracting the amount of the ester plus acid from
100%.

Gas-chromatographic analysis were carried out in
some cases, mainly to verify the distribution of the
saturated and non-saturated compounds when the hy-
drogenation experimenfs included acids of lower
molecular weight. In these cases a Becker gas ehro-
matograph with a double flame ionization detector
model 5003-2 and a flame convertor type 2032-E were
used, with a copper column of 5 m length with an
ID. of 4 mm packed with 209% diethylene glycolsuc-
cinate on 60-70 mesh chromosorb W (acid washed
and DMCRS treated). The conditions are as follows:
carrier gas-nitrogen (28 ml/min); hydrogen (30 wml/
min) ; air {300 ml/min) ; injection point temperature
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190 C, initial temperature of the column 86 C during
6 min. ; Cy to Cio acids: programmation rate 4°/min;
Cis to Cyq acids: programmation rate 10°/min; final
temperature: 200 C; velocity of the paper of the re-
corder 2 em/min. The Cjp», Cis and Cis acids had
to be methylated and their high molecular weight
esters transesterified, whilst the acids of lower molec-
ular weight acids and their esters of high molecular
weight were detected as such.

Raw Material

Oleie acid from different origins was used. How-
ever, no influence of the different purities was observed
in the eourse of the hydrogenation reactions. The
acid used in these series of experiments had the fol-
lowing values: Aecid value (AV): 204; saponification
value (SV): 206; iodine value (IV): 95, hydroxyl
value (OHV): 0.

Preparation of the Metal-Soaps

Two methods were followed to prepare the metal-
soaps. The first is the one already described in the
preceding paper (1), the second was by treating the
acid with a 10% alcoholic solution of NaOH on a
water-bath. The Na salt was cooled on ice and an
aqueous solution of the desired cation added (as salt
solution) dropwise during vigorous stirring., The
precipitate formed was filtered, washed with water
and afterwards with small amounts of alcohol to
eliminate the water, and was finally kept in vacuo
to evaporate the aleohol residues.

It is very important that the metal-soap should be
completely dry, otherwise no reproducible results will
be obtained as the reaction may even be entirely
inhibited,

Kinetics

The kinetic measurements were carried out with
oleic acid, while Cu and Cd oleates were added as
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catalysts. The reaction rate is independent of the
acid concentration in the studied range. The catalyst
concentration is expressed in relation to the amount
of oleic acid,

Analyzing the progression of the reaction, it was
observed that in the beginning there is a sharp de-
erease in the acid concentration and inerease in the
ester coneentration. The amount of alechol increases
slowly. When the ester concentration has achieved
its maximum, the alecohol percentage inereases sharply.

Influence of the hydrogen and cadmium concentra-
tion. Figures 3 and 4 show the influence of the M-
concentration at 250 C and of the Cd concentration
at 260 C and at 250 atm. Both show a first order
character. The higher the Cd concentration the higher
the ester content on completion of hydrogenation,
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Fig. €, Influence of the temperature on the reaction rate.
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which may be explained by the reaction:
A+ CdOl; == B + Cd(OH),

It may be mentioned that with the aid of x-ray dia-
grams Cd (OH)s was found in samples of the reaction
produet precipitated towards the end of the reaction,
when more than 5 mole % of cadmium oleate was
used.

Influence of the copper concentration. Figure b
shows two different aspects of the influence of the
copper concentration at 250 C and 250 atm. In the
absence of Cd this influence follows a parabolic curve,
but in the presence of Cd it is directly proportional
to the Cu concentration up to a certain value which
roughly corresponds to the limit at which the reaction
is still selective for the carboxyl group and bends
then fo a parabolic form.

Influence of temperature. In plotting the logarithm
of the reaction rate against 1/T in the temperature
range of 240 to 275C, a straight line is obtained
(Fig. 6). The slope is equivalent to an activation
energy, E,, of 13.4 keal/mole and is independent of
the cadmium concentration.

Influence of the chain length of the fatty acid. 1t
is observed that saturated and unsaturated fatty
acids have the same reaction rate when, for instance,
erucic acid {Csp), oleie acid and 10-undecylenic acid
are hydrogenated to their unsaturated alcohols in
comparison with behenic (Caz), stearic and undecanoie
acids. It seemed praectical to study further the in-
fluence of the chain length by using the saturated
acids and plotting the relative reaction rate or rela-
tive final degree of conversion as a function of the
numbers of carbon atoms (Fig. 7). In every case
15 m! of the acid was injected into 100 ml of the
solvent.

The addition of an aldehyde to a mixture of Cu
and Cd soaps and their acid, did not show an in-
hibiting effect on the hydrogenation of the acid to
the aleohol. The aldehyde will react to aleohol very
slowly and the final conversion degree is low. It is
probably partly dimerized at the commencement of
hydrogenation. A versatic-9 acid (a mixture of highly
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¥i¢. 8, Influence of the addition of acetic acid on the
reaction rate, T: 250°C; P: 200 atm,

branched C, acids)?! was likewise included in the
experiments, but no reaction at all oceurred.

Effect of adding a low-molecular actd and water.
Acetic acid and water proved to have an inhibitive
effect on the final degree of conversion (Fig. 8 and 9).
The samples were reddish brown, but a turbidity was
already observed after a few minutes in the reactor
with 100 mole % Hy0. The percentage of added
moles was based on the amount of oleic acid.

Discussion

The preceding paper (1) pointed out that a copper
sol is the active part of the catalyst system and would
therefore lend itself as an agent for the hydrogenation
of acids to the corresponding alcohols. Although the
presence of cadmium soap is indispensable for a
selective reaction of the carboxyl group towards the
double bond, the activation energy of the reaction is
independent of the cadmium oleate concentration,
which indicates that the adsorption or desorption of
hydrogen on the copper catalyst is the most probable
rate-determining step of the reaction.

The value of 13.4 keal/mole found for the activation
energy agrees well with values of 14,1 and 13 keal/
mole for the activated adsorption of hydrogen on
reduced oxide powders of copper (3) and with the
para-ortho hydrogen conversion on a copper film (4)
respectively. This last-mentioned conversion indicates
the chemisorption of hydrogen, not considering the
mechanism which prevails (4,5). Other values for
the activation energy of reactions on copper have been
found, as for example, the hydrogen-deuterium reac-
tion on foils (23.1 keal/mole) (4), and on siliea-
supported metal (8 kcal/mole) (6). The ammonia-
deuterium exchange reaction on evaporated films
yvielded values of 13.4 keal/mole (7).

Experiments on desorption of hydrogen from cop-
per powders, showed that sites equivalent to an ad-
sorption energy up to 14 kecal/mole were desorbed at
150 C (8), which is in aeccordance with experiments
carried out by heating the precipitate obtained by
adding ethyl aleohol to the reaction produect (9).
The enthalpy of activation AH* may be calculated
by :

AH* = E,-RT
(10)
AH* = 12.4 keal /mole.

R 569; of 2,2-diisopropylpropansic acid, 29% of 2,3,4,4-tetvamethyl

pentanoic acid and 159% of several highly branched Co acids.
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Fig. 9. Influence of the addition of water on the reaction
rate, T: 250°C; P: 200 atm.

This value for the activation enthalpy is higher than
the one found for the adsorption heat of the para-
ortho hydrogen conversion (8 kecal/mole). It may
also be compared to the values found by calorimetry
techniques in the case of the activated adsorption of
hydrogen on reduced copper oxides (9 keal/mole)
and copper powders (10 keal/mole) (11). The small
discrepancy may be due to a lower coverage of
the catalyst surface.

From Figure 5 the following aspects become ap-
parent: the reaction without cadmium at a cerfain
concentration of copper is faster than in the presence
of Cd; secondly, the reaction follows a first order
rate in the presence of Cd, increasing in order rate
only after reaching the maximum selectivity limit.
Substracting the rates of the reaction with Cu only
from those with Cu and Cd, starting from the maxi-
mum selectivity limit, a straight line is obtained
which will follow the first order path (dotted line
in the figure). This indicates an inhibitive character
of the Cd soap, preventing the hydrogenation of the
~COO group. But it was also verified that the reae-
tion is first order in Cd. This might mean that
selective hydrogenation would not be achieved by
reaction with the acid directly, but via the Cd oleate.
The smaller polar ion will be preferentially adsorbed
to the polar surface, and the larger apolar oleate
chain remains in the solution. Atoms or molecules
when adsorbed on surfaces are much more accessible
to the other molecules and hence far more reactive
than in their original state. Termolecular reactions
being ruled out in adsorbed films, the following mech-
anism is now proposed:
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F1e. 10. The proposed mechanism for the Cu-Cd double
layer.

%‘he dlouble layer would be formed as represented in
g, 10.

As the reaction is independent of the aecid con-
centration, it would seem quite reasonable to suppose
that the ester (E) formed by the reaction between
aleohol (A) and acid (Z), will not be hydrogenated.
The equilibriam of the reaetion:

Z+A=E+H,0

is established very guickly. At a certain stage of the
reaction, when the acid coneentration is very low and
is needed to react with the Cd oleate intermediate or
Cd(OH)s, the equilibrium will shift to the left,
achieving the final conversion at an ester content
which depends upon the Cd oleate concentration.
The reaction rate of the selective reduction, being
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first order in Cu, Cd and Hsy is expressed as:

R=k(Cu)(Cd)(Hy) [1+C/(k:(Cd))]
Rea =k (Cd) + C  (for cadmium only)

Where C is the extrapolated reaction rate when the
Cd concentration is nil, and Req the reaction rate
depending only upon the Cd concentration.

=5.3-10* (g mole/g)? see?
k; = 3.7-10°8 sec?
i» for 5 mole % Cu
C =1.2-10"7 g mole (g sec)?

For other values of the Cu-percentage the ratio C/ky
is constant,

Figure 7 shows that the reaction rate and the final
degree of conversion decreases with the chain length
of the fatty acid. The same dependence on chain
length holds good for the stabilization of sols (12).
For example, oleic acid and stearic acid have the same
stabilization effect on graphite suspensions in benzene
but lower-molecular acids have a lesser effect. It may
be concluded that cadmium soap of lower-molecular
fatty acids would not stabilize the copper particles
as well as it homolognes longer chain compounds.
Alcohols do not stabilize sols as well as acids of the
same chain length (18). Water would inhibit the
reaction by hindering the adsorption of the surface-
active agent, in this case the Cd soap. Experiments
pointed out that 5% of water added to an organosol
conld destroy it within 12 hr (14).

In the case where the reaction is not selective the
double-bond saturation occurs in the first phase of
the reaction. This is due to the reaction of adsorbed
hydrogen of the non-stabilized particles with the
double bond, followed by agglomeration. The coarser
particles will settle and cease to be active owing to
the fact that their surface is too small and the amount
of adsorbed hydrogen negligible. It is known that the
equilibrium coverage of hydrogen measured on a
copper film is low (5).

No geometrical or positional isomerization takes
place during selective hydrogenation, with or without
the use of the paraffinic solvent (15).
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