Offprinted from the Journal of The Chemical Society, Faraday Transactions 1, 1978, Vol. 74,

Kinetics, Thermochemistry and Mechanism of
Hydrogenolysis of Aliphatic Aldehydes on Ni-SiO,

By Kevin F. ScoTT,*f MOHAMMAD A. ABDULLA aND FaLan H. HuUSSEIN
Department of Chemistry, University of Sulaimaniyah, Iraq

Received 215 March, 1978

An investigation of the kinetics of the hydrogenolysis reaction of aliphatic aldehydes on Ni-5i0,
by stopped-flow chromatography is described and the rate plots fitted to theoretical equations which
reveal that the reaction proceeds in two kinetically discernible stages, one apparently by a Langmuir-
Hinshelwood mechanism and the other by a Rideal-Eley mechanism. These conclusions are
supported by the dependences of the rates on the hydrogen pressure, Thermochemical measurements
using a microcalorimetric device, have enabled the determination of the thermochemistry of a reaction
leading to a surface species. A discussion of the prevailing mechanism is presented.

The hydrogenolysis reaction on Ni-SiO, and other supported metal catalysts has
received wide attention in the literature, particularly in the case of the reaction of
hydrocarbons,!+ 2 where on nickel, the reaction has shown considerable selectivity
toward cleavage of terminal C—C bonds of hydrocarbon chains and in some cases
almost exclusive terminal cleavage.* Investigation of this reaction while operating
the catalyst in a * chromatographic ” regime provided new mechanistic information
and this paper describes an extension of this work wherein the functionality of the
terminal carbon atom is altered to a carbonyl group.

Molecules with functionality other than simple alkanes have received scant
attention with respect to the hydrogenolysis reaction; m particular the reaction of
aldehydes on metal catalysts does not appear to have been widely reported, although
investigations of aldehyde and alcohol adsorptions on Ni have been studied using i.r.
spectrophotometry.® The results of this present work indicate that a study of the
hydrogenolysis reaction using molecutes of different functionality may throwimportant
new light on the chemical mechanism involved. Investigations reported here were
of two kinds: a kinetic investigation in which the reaction was observed by stopped-
flow chromatography in a chromatographic system, using Ni-Si0, as a catalyst
and as a stationary phase to effect the separation of the products, and thermochemical
investigations where a microcalorimetric method was employed to measuie the
enthalpies of reactions occurring on the catalyst.

EXPERIMENTAL

Kinetic studies were carried out using a Varian model 920 gas chromatograph fiited
with an integral katharometer detector, and an external flame ionization detector, constructed
in the laboratory. The chromatograph was fitted with 1 and 3 m stainless steel columns
4.5 mm i.d., 6.7 mm o.d., checked for catalytic inactivity by blank experiments, and packed
with catalyst material. A stop-tap was inserted in the carrier gas supply directly before
the injection port, to allow stopped-flow chromatography to be carried out. The catalyst
was prepared as described previously,” from a chromatographic grade of silica gel (Silica
Gel for Adsorption Chromatography 60-120 mesh, B.D.H.) and nickel nitrate (Analytical
Grade, Riedel De Haan AG, Seelze, Hannover). The resulting catalyst was a uniform
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black colour and contained 2.3 % w/w nickel metal. After packing, the catalyst we
activated at 350°C using a hydrogen carrier gas (30 cm® min=!) for 1 h; this procedu
was repeated before each new kinetic experiment.

Hydrogen carrier gas was purified catalytically to remove traces of oXygen by passag
through Ni-SiO; catalyst at 250°C, and dried using liquid nitrogen traps and freshly activate
silica gel. Reagents were introduced by means of syringe injections ; in most experimen
aliquots of 4-5 mg were employed. The flux of product hydrocarbon issuing from tk
catalyst column was measured by interrupting the carrier-gas flow for periods of 1 min
intervals during the development of the reaction chromatogram, a procedure which generate
a chromatogram of the products from which the molar flux of each component could t
calculated.* The detectors were calibrated by introduction of measured amounts of alkane
and the catalyst was calibrated for its retention of alkanes so that retention times could
used for product identification.

Thermochemical measurements were carried out using a microcalorimeter system whic
was 2 modification of the design of Jones er al.5 Pringipally, the modification invelve
replacing the bed of the calorimeter with a packing of the supported metal catalyst, aroun
a filament, being chosen of the same metal as on the catalyst support. The calorimete
consisted of a Pyrex tube nominally 6 mm o.d., and 4 mm i.d. which contained a coil ¢
nickel wire of total length 40 cm, of diameter 0.33 mm, wound in a helix 1.9 mm in diamete,
Copper connecting wires were brazed 10 each end, and the coil surrounded by a packing ¢
the supported Ni-SiO;. The packing material was retained by plugs of glass wool, an
glass capillary tubing was used to connect the calorimeter to the chromatographic colum
which followed it. A chromatographic grade of silica ge! was used as a stationary phas
in the latter, and the column effluent fed directly to a flame ionization detector.

The temperature of the filament was controlled by a self-balancing bridge circuit use
by Jones et al.® and by Wolstenholme,® which achieved the balance of a bridge (of whic
one arm was the filament) by varying the bridge current. The nickel filament and othe
bridge resistors were calibrated using 2 Wayne Kerr autobalancing bridge (Type B642
A coil of resistance 0.363Q at 20°C, and of temperature coefficient 0.0064°C1, could b
heated to 600°C, using currents of up to 2.4 A, while dissipating up to 10W. A certai
degree of lagging (using glass wool) around the calorimeter was advantageous in reducin
noise caused by draughts, although excessive lagging was undesirable since for quantitativ
measurements of exothermic reactions, a reasonable standing power dissipation was requirec

Under our conditions, a stream of 30 cm® min~' of dry hydrogen was used as a carrie
gas, and reagents in quantities of 0.2-10 mm? were introduced into the carrier stream throug
a septum cap above the calorimeter. The injected material was allowed to fall first on to
plug of glass woo!l maintained at 200°C by an external heater, before entering the calorimete
since the material then entered as a sharp plug, which led to greater precision in the therms
measurements. The amount of heat abstracted from or supplied to the calorimeter as
result of any reaction occurring was determined by recording continuously the voltag
across the filament which, together with a knowledge of the resistance of the filament at it
operaling temperature, could be used to compute the power dissipation. The integra
with respect to time of the change in power dissipation during a reaction was then a measur
of the enthalpy of the reaction under the experimental conditions.

The microcalorimeter system was checked for quantitative behaviour by measuring th
enthalpies of reactions which could be reacted to completion to gas phase products. Sucl
reactions included : the hydrogenation of benzene, the comnplete hydrogenolysis of n-hexan
to methane, and the complete hydrogenolysis of propanal to methane and water. [In al
these cases measured enthalpies corresponded within 10 % to the accepted values.

CHROMATOGRAPHIC PROPERTIES OF THE Ni-510, CATALYST

Since stopped-flow reaction chromatography has been the principal method for deter
mining the kinetics described in this paper, the chromatographic properties of the Ni-$i0
catalyst are important and deserve brief description. In cases like those described here
where investigations are carried out without a separate analytical chromatographic ¢olumn
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the general requirements are that the catalyst should be able to resolve reactants and products
under conditions of reaction, and the chromatographic capacity of the catalyst should be
such that the concentrations of products generated by flow-stops under reaction conditions
are those which result in linear chromatography (i.e., the relevant range of the adsorption
isotherm should be lincar). The catalyst used in these studies fulfilled both of these
requirements.

Injection of any of the reactant aldehydes onto a threc metre catalyst column at tempera-~
tures up to 200°C resulted in reaction products only being eluted from the column, the
retention of the aldehydes being extremely long. Even after following a reaction for several
hours, there was no indication that the reactant had moved any significant distance along the
column. This behaviour of the reactants was satisfactory for three reasons ; first, the time for
whicl the reaction could be studied was not limited by the retention time of the reactant ;
second, during the progress of the reaction, the reactant remained effectively in the first
section of the column leaving a maximum column length for separation of the products ;
and third, the number of catalytic siteés occupied by the reactant was fixed which results in a
simpler theoretical treatment (see below),
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FiG. 1.—Chromatographic retention volumes (in column dead volumes) for n-alkanes on Ni-SiO,
catalyst : () ethane, (&) propanc and {c) n-butane,

Hydrocarbon products were, however, eluted more rapidly from the catalyst column and
could be conveniently separated in periods up to 10 min under reaction conditions. The
chromatographic characteristics were determined before investigation of reactions by injecting
n-alkanes on to the column at different temperatures ; the results are shown in fizg. 1 where
the corrected retention volumes (expressed in column dead volumes) are plotted against the
reciprocal of the absolute temperature. At all temperatures investigated methane was
eluted at the column dead volume as an unretained peak, and other hydrocarbons retained
up to ten column dead volumes were eluted symmetrically using injection amounis of up
to 1073 mol.

RESULTS
KINETIC RESULTS AT 2 atm HYDROGEN PRESSURE
The results presented here indicate that the reactions undergone by aliphatic
aldehydes C,-C, with hydrogen in the presence of a Ni-SiO, catalyst to yield volatile

products can be represenied by
RCH,CHO+H, - RCH; +CH,+H,0 D
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RCH,CHO+H, -+ RCH,CH;+H.0 (ID)
RCH3+H2 - RH+CH4 erc. (l[])

Over the whole range of experimental conditions (130-206°C and 0.01-2 atm
hydrogen pressure) reaction (1) has been found to be the predominant reaction, with
reaction (II) accounting for <4 %, of the total stoichiometry, and reaction (ILI)
insignificant below 180°C.2 Both reactions (I1) und (It} increase in significance
with increasing temperature ; at 300°C at 2 atm hydrogen pressure methane and
water are the only products. However, it is reaction (1}, the principal reaction
in the experimenial temperature range, which is the subject of detailed study in this
paper. Almost exclusive cleavage of the carbon—carbon bond at the alpha position
has been observed, cleavage of bonds further along the carbon chain amounting to
2-3 %, as a proportion of the volatile products in the case of both straight- and
branched-chain aldehydes at temperatures up to 180°C.
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Fi1. 2.—Rates of production of ethane and methane against time for the hydrogenaolysis of propanal
at 177°C: {O) ethane production; (@) methane production.

When an aliphatic aldehyde is introduced into a previously activated Ni-SiO,
catalyst colurnn, under the above reaction conditions, the two hydrocarbons from
reaction (1) are gemerated as a result of two separate rate processes. Under the
conditions studied, the methane production was invariably slower than the production
of the higher hydrocarbon. Fig. 2 illustrates the process in the case of propanal,
where the rates of methane and ethang production are plotted against time for an
experiment in which 4.8 mg of propanal was syringe-injected into a previously
activated 3 m Ni-SiQ; column at 177°C. The principal features of the plots are
that both rates pass through a maximum and decay away with time, that the methane
production is zefo at zero time, and the rate of production of ethane has a non-zero
starting value. The areas under the profiles give a measure of the total stoichiometry
of the reaction; under the conditions of fig. 2, approximately 2.3 x 10-* mol of
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ethane, 1.3 x 10~ mol of methane and <10 7 mol of propane were generated from
an injection of 8.3 x 10°5 mol of aldehyde. The balance of carbonaceous material
which remains on the catakyst, and which reacts only slowly at the reaction temperature
was substantially recovered as methane when the column was heated to 350°C under
hydrogen and the catalyst restored to its original condition.

[t appears from these observations, and particularly from the zero methane produc-
tion rate at zero time, that the reaction generates products as a result of consecutive
reactions, which could be represented by the following scheme :

A'l Ci
i (+) 2 + 3
RCH,CHO - \A,/ — C, - CH,+H,0
+RCH,
where A and C represent adsorbed species. The stoichiometric results (e.g., those
above) indicate that, at the experimental temperature, only a proportion of these
species, labelled A, and C,, is active, and the balance is inactive (labelled A, and C,),
only reacting when the temperature is raised. We now turn attention to the investi-
gation of the kinetics of the reaction occurring in the experimental temperature range
indicated by the horizontal processes, 1, 2 and 3 in the above scheme.

From the observation that the rate of ethane production in fig. 2 has an initial
non-zero value it is concluded that the adsorption process L is rapid compared with
further steps. In the development of the kinetic equations for product formation
process 1 can, therefore, be eliminated. The possible factors which, at a constant
temperature, could control the rate of generation of the two hydrocarbon products
from the catalyst surface are : surface concentrations of A and C, surface concentra-
tion of hydrogen, and hydrogen gas pressure. Under conditions of constant
hydrogen pressure, the last of these will be absorbed into an experimental rate
constant and further, if the hydrogen pressure is such as to render the available
catalyst sites effectively fully covered with adsorbed hydrogen (i.e., the situation
prevailing at the top of the hydrogen adsorption isotherm), the surface hydrogen
concentration will be given by the total number of available sites less those occupied
by other surface species.

By setting up differential equations corresponding to the various dependences of
the rate of generation of the hydrocarbons on these factors, solving these equations
numerically and comparing with the experimental data, it was possible to identify
those rate equations which generated functions most closely followed by the experi-
mental data. The simplest of these rate equations are as follows :

dA

d—t" = —kyA(M—A,—C/n), n
and

dcC

= = BloA(M~4,~CIm—ksC, @.

where A, represents the surface concentration of that species, C represents the total
concentration of the C, and C| species, and M is a parameter which is a measure of
the total number of available sites on the catalyst surface which are involved in the
reaction. # is a parameter which takes into account the different numbers of active
sites occupied by C relative to A.  k; and k&, are rate constants and Big a parameter
which represents the proportion of species A, which reacts to give the reactive species
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C,. Thus (M —A,—~C/n) represents the concentration of hydrogen on the catalyst
surface, and the equations can be solved by writing € in terms of 4, and C, from the
total stoichiometry, and inserting a boundary condition that the initial concentration
of A occupies a fraction f of the total surface sites. It is important to abserve that
these rate equations which gave optimum agreement with the experimental data,
indicate that species A, reacts at a rate controfled by surface hydrogen, and species
C, reacts with a rate independent of surface hydrogen.

TaABLE 1 ——COMPARISON OF EXPERIMENTAL AND THEORETICAL VALUES FOR THE RATES OF
PRODUCTION OF HYDROCARBONS IN THE HYDROGENOLYSIS OF PROPANAL ON Ni-8i0; At 177°C

rate of production of hydrocarhon/mol min-1: 107

time

fmin ethane methane

23 8.3] (8.69) 0.83 {0.64)

6.4 8.45 (8.56) 1.71 {1.6%)

924 7.94 (3.10) 2.07 (2.26)
12.4 7.33 (7.37 2.50 (2.66)
16.4 6.40 (6.12) 2.64 (2.94)
19.4 4.94 (3.11) 3.00 (2.98)
22.4 4.06 (4.14) 3.00 (2.90)
25.5 298 (3.26) 2.86 (2.75)
28.5 2.44 (2.51) 2.7 (2.53)
1.4 1,78 (1.91) 2.34 (2.29)
44 1.48 (1.42) 211 (2.03)
37.4 1.30 (1.05) 1.97 (1.78)
40.4 1.15 (0.77) 1.7 (1.54)
43.4 1.03 (0.56) 1.57 (1.32)

Theoretical values shown bracketed.

TABLE 2.—VALUES OF PARAMETERS WHICH GAVE OPTIMUM CORRESPONDENCE BETWEEN
THEORETICAL AND EXPERTMENTAL RESULTS IN THE HYDROGENOLYSIS OF ALDEHYBES

Mimot k2 fmol-t

reactant temp{°C x 105 min-t k3jmin-1 El B I
propanal 155 4.2 860 0.022 3 0.27 0.71
propanal 161 3.45 2200 0.030 3 0.29 0.65
propanal 174 34 3100 0.057 3 0.43 0.74
propanal 177 3.1 3900 0.066 3 0.58 0.64
n-butanal 151 11.0 170 0.01% 4 0.28 0.48
n-butanal 162 6.6 420 0.026 4 0.61 0.48
n-butanal 172 6.9 920 0.048 4 0.55 0.48
2-methyl propanal 1525 11.0 200 0.019 4 0.41 0.50
2-methyl propanal 160 8.8 480 0.026 4 0.39 0.68
2-methyl propanal 173 8.7 1000 0.050 4 0.47 0.65

-The results of curve fitting the experimental data to the functions of eqn (1) and (2)
are shown in table 1, for the reaction of prepanal at 177°C. A close correspondence
is observed between the experimental values and the predicted values for the rates
of production of the two hydrocarbon products. The values of the various para-
meters found for optimum correspondence, for different temperatures and different
reactant aldehydes, are shown in table 2.

As would be expected, the value of M, which represents the number of sites
involved in the reaction, increases with increasing size of reactant molecule, and
this trend is also reflected in the fraction f of these sites which are initially occupied
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by reactant, which decreases with increasing reactant molecular size. The value of
M also decreases with rising temperature, and this may be due to the increase in
velocity of the adsorption process. As expected the rate constants increase with
temperature ; &, at a fixed temperature has a value which is approximately invariant
with reactant molecule, while %, decreases by a factor of ~4 on going from
propanal to the butanals. This suggests that the step 3 {characterised by 43) is
essentially the same in all cases while step 2 changes in character with reactant
molecule.

n (ky/mol—! min-1)
n (kz/min—*)

S 1 . 1
220 2.25 2.30 2.35 240
10° KT

Fici. 3.—Arrhenius plots for the production of hydrocarbons in the hydrogenolysis of aldehydes :

@. propane production from n-butanal; 4. propane production from 2-methyl propanal; H.

cthane production from propanal ; O, methane production from n-butanal ; A, methane production
from 2-methyl propanal; [, methane production from propanal.

The parameter » has no great influence on the curve fitting in the range 3-6, and
so values were chosen in this range to correspond to the expected carbon numbers of
the species A relative to C. The factor B increases with rise in temperature; this
is expected since it reflects a crude species activity distribution, and a greater propor-
tion will react at higher temperatures.

TABLE 3.—ARRHENIUS DATA FOR THE HYDROGENOQOLYSIS OF ALDEHYDES
on Ni-Si0; AT 2 atm HYDROGEN PRESSURE

RCH;, production rate methane production rate
logia {4/ E logo (A/ E
reactant min~1 mol-1) JkF mol-1! min-1) 1kT mol-1
propanal 14.6+0.5 94+ 10 81410 8045
n-butanal 17.84+0.5 130435 6.7+0.5 70+5

2-methyl propanal 17.14+0.5 120+ 5 1.5+0.5 7545

The Arrhenius plots for the production of methane and the higher hydrocarbon
RCH, from propanal, butanal and 2-methyl propanal, are shown in fig. 3 and the
Arrhenius parameters are listed in table 3. This table shows that both the pre-
exponential factor, and the activation energy of the reaction step which leads to the
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higher hydrocarbon, increase with increasing reactant molecular weight, but the
parameters associated with the formation of methane are unaffected within experi-
mental error.  This is expected if the species which is hydrogenated to give methane
is the same in each case.

The effect of water on the reaction rate was investigated by performing the
experiments using a carrier gas saturated with water vapour at 0°C. The reaction
followed a similar pattern as under dry conditions with similar rates, but the specific
activity of the catalyst was reduced, and the reactant occupied a longer section of the
reactor column. This resulted in approximately the same molar flux of products
from the column as under dry conditions, but the width of the stop-flow peaks
indicated that reaction was occurring in a section of catalyst approximately twice
as long,

INFLUENCE OF HYDROGEN PRESSURE ON REACTION

The differential equations which were found to correspond to the experimental
rate plots in the foreging seciion indicate that the reaction of the surface species A,
(to yicld the highe, hydrocarbon) depended upon the concentration of surface
hydrogen, while the reaction of species C, (to yield methane) was independent of the
hydrogen surface concentration. The influence of the hydrogen gas pressure was,
therefore, of importance,

log, ¢ {rate constant /min—1)}
U 1
w 1]
T T

1]
-~
F

1 1 1 - 1
-15 -1.0 -05 0

log,o (pyy, /atm)

F1c. 4.—Effect of hydrogen pressure on the rate of formation of () methane and (@) ethane in
the hydrogenelysis of propanal.

A series of experiments were carried out in which propanal was reacted in a
catalyst column using a nitrogen + hydrogen mixture as a carrier gas. The CoOmposi-
tion of the mixture was adjusted to give hydrogen partial pressures ranging from
0.01 to 2atm. The rates of production of methane and ethane (expressed as pseudo-
firdt-order rate constants) are plotted against the hydrogen partial pressure using
logarithmi¢ axes in fig, 4.
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by reactant, which decreases with increasing reactant molecular size. The value of
M also decreases with rising temperature, and this may be due to the increase in
velocity of the adsorption process. As expected the rate constants increase with
temperature; & at a fixed temperature has a value which is approximately invariant
with reactant molecule, while %, decreases by a factor of x4 on going from
propanal to the butanals. This suggests that the step 3 (characterised by 43) is
essentially the same in all cases while step 2 changes in character with reactant
molecule.

n (k, /mol-! min—')
n (k,/min~!)

A
.

) ! X b
220 225 230 235 240

1

10° K/T

Fi. 3.—Arrhenius plots for the production of hydrocarbons in the hydrogenolysis of aldehydes :

@, propane production from n-butanal; A, propane production from 2-methyl propanal; M,

ethane production from propanal ; O, methane production from n-butanal ; A, methane production
from 2-methyl propanal ; [J, methane production from propanal.

The parameter » has no great influence on the curve fitting in the range 3-6, and
so values were chosen in this range to correspond to the expected carbon numbers of
the species A relative to C. The factor B increases with rise in temperature; this
is expected since it reflects a crude species activity distribution, and a greater propor-
tion will react at higher temperatures.

TABLE 3.—ARRHENIUS DATA FOR THE HYDROGENOLYSIS OF ALDEHYDES
oN Ni-SiQ; AT 2 atm HYDROGEN PRESSURE

RCH; production rate methane production rate

logie(A/ E logyo (A/ E
reactant min~1 mol-1} JkJ mol—1 min~1} JkJ mol-t
propanal 14.6+0.5 94410 g.1+41.0 8045
n-butanal 17.84+0.5 130+ 5 6.710.5 70+ 5

2-methyl propanal  17.1 0.5 120+ 5 7.5+0.5 7545

The Arrhenius plots for the production of methane and the higher hydrocarbon
RCH; from propanal, butanal and 2-methyl propanal, are shown in fig. 3 and the
Arthenius parameters are listed in table 3. This table shows that both the pre-
exponential factor, and the activation energy of the reaction step which leads to the
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Fig. 4 shows that the rate of production of the higher hydrocarbon is substantiaily
invariant with respect to the hydrogen pressure. The slight decrease in rate as the
hydrogen pressure is reduced can be attributed to the lowering of the surface hydrogen
concentration which would accompany the reduction in pressure. In contrast to
this the methane production varies markedly with the hydrogen pressure, showing an
experimental order with respect to hydrogen of ~ 4-1.4. Whereas methane produc-
tion is dependent upon hydrogen pressure but independent of the surface hydragen
concentration, ethane production is independeat of hydrogen pressure, but dependent
upon the surface hydrogen concentration.  Thus the dependence of the reactions on
hydrogen is in accordance with the rate laws dctermined from curve fitting,

16
- 14
<412
A 4190
= 408
E
-f{ <06 =
= )
B o12r %’
: 104 §
-E 10 L 3
s -0z =
3 8f
=] 40
5L
L
2L [}

o |.\°m;9wg

1
Mo 200 300 400 B00 630 700

filament temperature/°C

Fia. 5—Hydrocarbon yiekl and heat change for the hydrogenolysis of propanal ; (@) ethang yields,
() methane yield, (A) heat change.

THERMOCHEMICAL RESULTS

Samples of aldehydes were introduced into the microcalorimeter while the filament
was maintained at different temperatures. The enthalpy of the reaction occurring
was determined from the change in power suppiied to the calorimeter as detailed
previously. The stoichiometry of the reaction was determined from the integration
of the peaks eluted from the chromatographie column which followed the calorimeter.
By varying the calorimeter temperature it was possible to vary the proportion of
injected aldehyde which underwent the various reactions (I)<(I[T) above, and also
the partial reaction yielding the higher hydrocarbon RCH, and jeaving a certain
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amount of surface species C remaining. The results are illustrated by fig. 5 where the
total enthalpy and the hydrocarbon yields are plotted against calorimeter filament
temperature in an experiment where 0.15 mg aliquots of propanal were introduced
by syringe. Below 150"C there is little Teaction, bul as the temperature is raised
first the higher hydrocarbon ethane is generated, followed by an increase in the yield
of methane at higher temperatures. Above a filament temperature of 400°C, the
ethane itself begins to hydrogenolyse, and finally as the temperature is raised to
600°C, complete reaction occurs to yield methane and water,

The reactions undergone by the aldehyde can be expressed by the three following
equations :

CH,CH,CHO — CH;CH, +C* (+ H,0) (1v)
CH,CH,CHO — CH,;CH; +CH,+H,0 v)
CH;CH,CHO — 3CH,+H,;0 (VD)
where C* represents the surface species which may or may not contain oxygen,
16
14+

1.0+

U6

04

[Q—=(Cy+ 3C2)AHV + C;nﬁHVI]”
=]
o
1

02

4] 1 ] 1 1 I 1 1 1 L

0 1 2 3 4 5 6 7 8 g 10

(Cy+2C;)/mol x 10°
F1a. 6.—Plot of eqn (3) for propanal.

Reactions (V) and (VI) are both complete reactions with readily calculatable enthalpies
while reaction (IV) is a partial reaction with a surface product. By writing down the
carbon atom mass balance equations, and a thermal balance equation and solving
these, it is possible to generate an expression from which the ¢nthalpy of reaction (IV)
is readily determined. For propanal this equation is:

Q—(Cy +3C)AHy+C,AHy = —AH(C +2C,)+constant 3)

where C; and C; are the molar yields of methane and ethane respectively, AH,y,
AHy and AH,, are the enthalpies of reactions (I'V), (V) and (VI), respectively, and Q
is the heat change measured. Fig. 6 shows a plot of eqn (3} using data in the range
180-480°C, using enthalpies of formation estimated at the mean catalyst temperature.
From the slope, the heat of reaction AHy was calculated to be — 170+ 5 kJ mo!-*.
Similar calculations in the case of the reaction of 2-methyl propanal gave a value
of —194+4 5 kJ mol-! for the heat of reaciton (IV),
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DISCUSSION

The hydrogenolysis of aliphatic aldehydes has been found to proceed with
essentially exclusive terminal C—C bond cleavage under the experimental conditions
outlined in this paper. This cleavage yields two fragments: an alkyl group, which
is hydrogenated rapidly to the corresponding alkane in the gas phase, and a C,
species which is hydrogenated at a measurable rate to methane in a scparate rate
process. From the product distribution with different reactants, it is likely that the
methane originates from the carbonyl group and the higher hydrocarbon from the
alkyl group since in no case in our experiments was extensive fragmentation of the
alkyl group observed.

The C—C bond cleavage reaction which yiclds the higher hydrocarbon appears
from the kinetic dependences of its formation and by the order of the reaction with
respect to hydrogen pressure, to follow the Langmuir-Hinshelwood mechanism and
exhibits an apparent activation energy of 90-130 kJ mol~', which is a value very
much smaller than that reported for the hydrogenolysis of alkanes at 1 atm hydrogen
pressure 7 where values of between 360-550 kJ mol~! were observed.

Essentially to achieve C—C bond cleavage catalytically, the catalyst must provide
an environment in which the C—C bond energy is reduced. It has recently been
shown 7 that the probable mechanism by which this occurs in alkane hydrogenolysis
on Ni-S8i0,, is through the formation of multiple bouds from the carbon atoms
adjacent to the C—C bond to the metal surface. As each of these are formed
(endothermically in a series of surface equilibrium reactions} hydrogen is released
into the gas phase which gives a large positive entropy effect and consequently a large
pre-exponential factor in the experimental Arrhenius equation. At the same time
the endothermicity of the equilibrium steps accumulates in the apparent activation
energy, which is correspondingly very large. The reaction appears to exhibit a non-
catalytic activation energy but does in fact proceed at very low temperatures as a
result of the large value of the pre-exponential factor.  Here the catalytic environment
produces reduction of the C—C bond energy and, therefore, a low real activation
energy, but this process involves a series of endothermic reactions the enthalpies of
which make the activation energy appear larger.

In aldehyde hydrogenolysis, the requiremeat that the C—C bond energy be reduced
remains, if the reaction proceed catalytically. However, the Arrhenius parameters
observed in this case are quite ** normal ”*, and so the reduction in effective C—C bond
energy must be caused by some other mechanism, for which the presence of the
carbonyl group must ultimately be responsible. The thermochemical measurements
indicate that the C—C bond cleavage reaction in the case of aldehydes is considerably
exothermie, with a heat of reaction of some —{130-150) kJ mol-!, after allowing
for the heat of adsorption of the reactant molecule. If this heat of reaction were
due to the large heat of adsorption of species C compared to that of A, some of this
energy could be utilized in the C—C bond cleavage in a concerted reaction, in which
the C——C bond is broken as a new bond is formed between C and the surface. The
cleavage reaction could then proceed with only perhaps one or two C—metal bonds
to the surface in species A, thus giving the normal Arrhenius parameters observed.

From the kinetic rate equations, and the dependence of the reaction on hydrogen
pressure, the methanation of species C remaining after the C—C bond cleavage has
taken place, appears to proceed vig a Rideal-Eley mechanism, with the surface
species C reacting with hydrogen in the gas phase. Infrared studies * have indicated
the presence of acyl groups and what appears to be adsorbed CO on a Ni surface
after exposure to acetaldehyde. The acyl groups may well correspond to the species
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A, while the adsorbed CO would correspond to the species C. If this is correct,
the kinetics of the methanation of C should be close to those of the CO methanation
reaction. The order of the reaction of C with respect to the hydrogen pressure is
very close to that found for the CO methanation (+ 1.4 in both cases),® and the
activation energies are also similar (75 and §0-120 kJ mol~', respectively). Van
Herwijnan er al.° report that a Langmuir type model can be used to describe the
methanation of CO and suggest that an enolic species on the metal surface reacting
with hydrogen is the rate limiting step, aithough they were not able to distinguish
between Langmuir-Hinshelwood and Rideal-Eley behaviour since the variation in
hydrogen pressure was small in their experiments. [t seems that the intermediates
may well be the same in the two cases: either adsorbed CO or the enol form. The
reaction could then be represented by :

RCH,CHO
N RCOH,
N 10 T 0 OF
N s S s o
R—CH,-C--—->RCI, + CH CH ----» CH,
! ! i i
X X X XX +H,0.
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