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Hydrogenolysis of n-Pentane on Nickel Catalyst

EIICHI KIKUCHI anp YOSHIRO MORITA

From the Department of Applied Chemistry, School of Science and Engineering,
Waseda University, Tokyo, Japan

Received November 18, 1968; revised April 22, 1969

The reaction of normal pentane and hydrogen on a nickel-silica gel catalyst was
studied in a flow system under a hydrogen pressure of less than 50 atm. Under the
range of temperatures studied (300-400°C), the predominant reaction was the con-
secutive removal of terminal methyl groups as methane, and the formation of
hydrocarbons containing one less carbon atom.

The product distributions varied widely with both variation of the partial pressure
of hydrogen and with the reaction temperature. At high partial pressures of hydrogen
or low temperatures mainly butane and corresponding amounts of methane were
produced. At low partial pressures of hydrogen or high temperatures the pentane
was more extensively degraded. Velocity of pentane hydrogenolysis increased with
partial pressure of pentane and was inversely proportional to partial pressure of Ho..
The results could be explained by the mechanism involving cracking of terminal

carbon-carbon bonds of adsorbed hydrocarbon radicals.

INTRODUCTION

In the hydrogenolysis of paraffinic hydro-
carbons over a nickel catalyst, attention
has mainly been given to the splitting of
ethane or propane (I-7). In the literature,
the hydrogenolysis of these hydrocarbons
was found to be strongly inhibited by hy-
drogen. Cimino et al. (8) showed that the
kinetics could be explained satisfactorily in
terms of a mechanism involving prelimi-
nary dehydrogenation of ethane to an un-
saturated radical C,H, on the surface, fol-
lowed by attack of the surface radical by
hydrogen. Most of the work described in
the literature, however, was carried out at
low temperatures and pressures less than
atmospheric.

Since catalytic hydrocracking has re-
cently been emphasized in petroleum in-
dustry, investigations of hydrogenolysis of
higher hydrocarbons (9-13) have also been
initiated. In these investigations, it has
been shown that, on nickel catalyst, the
splitting of C—C bonds proceeds selectively,
whereas on catalysts containing platinum,
tungsten, and rhodium [for example (12,

14)] isomerization and other reactions are
also accelerated. In the case of nickel cata-
lysts, interest has mostly been shown in the
selectivity in the splitting of C-C bonds.
Haensel and Ipatieff (9, 10) investigated
the selective demethylation of branched-
chain paraffinic hydrocarbons by reaction
with hydrogen, in which methyl groups not.
attached to a quaternary carbon were selec-
tively removed to leave neopentane as a
final product. In the hydrogenolysis of
straight-chain paraffins, it was observed by
Kochloefl and BaZant (13) that the predom-
inant reaction involved successive degra-
dation to methane and to paraffing contain-
ing one less carbon atom. The selectivity
in the splitting of the terminal C~C bond,
however, was somewhat lower in the
straight chain than in the hydrogenolysis
of branched-chain paraffins,

We have studied the hydrogenolysis of
petroleum hydrocarbons on nickel catalysts
with respect to the produection of methane
as one of the components of town gas (15,
16). In the present work, the hydrogenoly-
sis of n-pentane was carried out in the tem-
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perature range of 300-400°C, and under the
pressure of less than 50 atm. It was the
purpose of the present work to determine
the effect of the hydrogen pressure and re-
action temperature on the selectivity, and
also to consider the mechanism of this
reaction.

EXPERIMENTAL METHODS

Materials. Pentane used in the present
work was a commercial reagent denomi-
nated as G.R. grade. Its purity, determined
by gas chromatography, was nearly 100%.
Cylinder hydrogen was used after purifica-
tion by the Deoxo unit.

Catalyst. The nickel catalyst used in the
present work contained 8.0 wt % nickel,
and was prepared from nickel carbonate
precipitated on silica gel. The silica gel
used as the support was obtained by cal-
cination (800°C, 3 hr) of the hydrogel pre-
cipitated from sodium silicate by addition
of hydrochloric acid. The acidity of the
support was determined by amine titration
{n-butyl amine) with dimethyl yellow
(pKa 3.3) as indicator. It was in the range
8.44 102 to 9.83 X 10°* meq/g. These
values probably indicate that the catalyst
used is essentially neutral. The catalyst
was caleined at 450°C for 2 hr in air.

Apparatus and procedures. The hydro-
genolysis was carried out in a flow system
schematically illustrated in Fig. 1. Hydro-
gen was admitted from a high pressure
cylinder into the apparatus after a purifica-
tion (Deoxo unit) to remove oxygen impur-
ity. The gas flow rate was measured by an
orifice-type flow meter. The pentane was
added quantitatively to the hydrogen flow
from cylindrical pump. The gases were pre-
mixed and preheated prior to the reaction.

The reactor was constructed from a 10
mm inside diameter stainless steel (SUS
27) tube of 270 mm length with a constric-
tion near the middle to hold the catalyst
basket. About 30-100 mg of the catalyst
(crushed to particles of a size from 30 to
60 mesh) was packed, diluted with 10- to
30-fold inactive carborundum to remove
the heat evolved by the reaction. The total
volume of the catalyst bed was 3.0 ml. A
magnesia coated chromel-alumel thermo-
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couple was placed at the center of the cata-
lyst bed.

Prior to reaction, the catalyst was re-
duced to 550°C for 7 hr by hydrogen. By
such treatment, catalytic activity and se-
lectivity did not change appreciably for
about 5 hr in our reaction conditions. And
then the catalyst was reactivated in hydro-
gen stream for 1 hr prior to another reac-
tion period. As methane was not observed
in the effluent gas during the reaectivation,
deposition of carbonaceous material on the
catalyst was considered to be negligible.

Fic. 1. Flow sheet of the reactor assembly: 1,
nitrogen cylinder; 2, hydrogen cylinder; 3, Deoxo
unit; 4, flow control valve; 5, pressure gauge; 6,
flow meter; 7, preheating block heater; 8, reactor;
9, reactor heater; 10, liquid hydrocarbon feed
pump; 11, thermocouple; 12, pressure control
valve; 13, pressure gauge; 14, gas sampling cock
(6 ways); 15, gas chromatographic unit.

After the reduction of the catalyst, the
catalyst was cooled to the reaction tem-
perature in a stream of hydrogen. The
pressure and flow rate of hydrogen were
adjusted by a pressure control valve and
a needle valve, respectively, and then the
pentane was admitted to the hydrogen
stream. Feed rate of pentane was in the
range of 1.74 % 10~* ~ 6.96 X 10-3 moles/
min, and ratio of flows of hydrogen to
pentane was changed in the range of 5 ~
100. Feed ratio of hydrogen/pentane and
also total pressure were changed to examine
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Fic. 2. The partial pressure of various hydrocarbons observed during the decomposition of pentane
(2.0 atm) with hydrogen (30 atm) at 350°C: @, pentane; @, butane; (J, propane; ©), ethane; O, methane.

effect of partial pressure of components.
About 5 min were required to reach steady
state of the reaction system, The effluent
gas in the following 10 min was analyzed.

The products were analyzed by a gas
chromatographic unit connected to the re-
actor, by using a thermal conductivity de-
tector. The chromatographic column was
packed with DOP/Celite (3 m) 4+ DMF/
activated alumina (1 m), and the carrier
gas was hydrogen.

REsurnTs

The products of n-pentane hydrogenoly-
sis included all the normal paraffins con-
taining one to four carbon atoms. Isomer-
ization was not observed in the course of
the hydrogenolysis under our conditions.
The reaction products are shown in Fig. 2,
with variation of the reciprocal space veloc-
ity (W/F), where W is weight of catalyst
(g), and F is molar feed of pentane (moles/
min), respectively.

The main product was methane through-
out the period of contact. The amount of
each product except for methane showed a
maximum. Shorter period of contact pro-
duced hydrocarbons with larger number of
carbon atoms. It is, therefore, reasonable
that the hydrogenolysis of pentane pro-
ceeds in consecutive steps. An analogous
course of hydrogenolysis has already been

observed by some authors [for example (9,
13)].

The pentane disappearance (—Ap¢,) and
methane formation (Ape,) were examined
by changing the partial pressure of hydro-
gen, without changing the partial pressure
of pentane. Conversion of pentane (X) can
be calculated by Eq. (1) and it is equal to
the decrease of pentane partial pressure
(—Apg;) divided by initial partial pressure
of pentane (pc;°), namely (—Apes/Pos’).

_ Ci + 2C,; 4 3C; + 4C,
~ Cp 4+ 2C; + 3C; + 4C, + 5C;
4
¥ 1C;
i=1
-5
> C;

1=1

X

where C, is molar fraction of the hy-
drocarbon containing » carbon atoms in
product. The initial veloeity of pentane dis-
appearance (V) and that of methane for-
mation (V¢,) defined as Egs. (2) and (3)
were obtained from the initial gradients of
the curves shown in Figs. 3 and 4, respec-
tively.

V = dX/d(W/F)
= —d(Apc,/pct)/d(W/F),  (2)
Ve, = d(Ape,/po®)/d(W/F). (3)
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Fic. 3. Dependence of pentane disappearance at
350°C (pc® = 0.5 atm) on the partial pressure of
hydrogen: 1, 2.5 atm; 2, 5 atm; 3, 12 atm; 4, 20
atm; 5, 30 atm.

Satisfactory linear relationships can be
obtained between the initial velocities of
pentane disappearance and the reciprocal
hydrogen partial pressure, as shown in Fig.
5. Velocity of pentane hydrogenolysis was
expressed in equation of type V==5K
P78 py,~1. The reaction is strongly sup-
pressed by hydrogen, and it seems likely
that hydrogen competes with the hydro-
carbon for adsorption sites on the metal
surface.

In Fig. 6, the ratios of the initial velocity
of methane formation to that of pentane
disappearance are plotted versus partial
pressure of hydrogen. The ratio is reduced
to unity by increasing the partial pressure

i
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of hydrogen or decreasing the reaction tem-
perature, but it does not become less than
unity.

Typical distribution and selectivity of
reaction products for a number of operating
conditions are summarized in Table 1.
Selectivity of each product was calculated
by Eq. (4).

4
Selectivity of C,Hanya = 5C,/ .21 1C,. (4)

The relations of the selectivities of prod-
ucts and conversion (X) are illustrated in
Figs. 7 and 8 for V¢, /V = 1.00 and 1.43,
respectively. As shown in Fig. 7, only meth-
ane and butane are initially formed, and
the remaining hydrocarbons are formed
successively in the case of Vo /V = 1.00.
On the other hand when the partial pres-
sure of hydrogen decreases, Vo,/V becomes
greater than unity, where ethane and pro-
pane are also formed as primary product
as well as methane and butane. In both
cases, the following relation is obtained for
the amount of the hydrocarbons formed, as
shown in Table 1:

= Cy + 2C; + 3Cs. (5)

This relation proves that the reaction pro-
ceeds by way of successive demethylations
and no cracking of C,. Values less than 1.0
could arise from splitting of other carbon-
carbon bonds than terminal, but the present

L
300

F16. 4. Dependence of methane formation on the partial pressure of hydrogen, for runs shown in Fig. 3.
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Fic. 5. Initial velocity of pentane disappearance
(V) vs. reciprocal partial pressure of hydrogen: 1,
pe = 0.5 atm, 400°C; 2, pes® = 2.0 atm; 350°C;
3, pe® = 0.5 atm, 350°C; 4, pcs® = 0.5 atm, 300°C.

values only slightly less than 1.0 are prob-
ably the result of analytical uncertainties.

DiscussioN

As a result of kinetics on the hydrogenol-
ysis of ethane and propane on nickel and
iron catalysts, Cimino et al. (8) postulated
that dissociation of the hydrocarbon into
adsorbed radicals and hydrogen takes place
on the metal surface.

CZHB = (C2H=>a -+ (6 - x)/2H2- (a.)

4

PHy (ATM)

Vc,/V

Fig. 6. Variation of Vg /V ratio with partial
pressure of hydrogen and reaction temperature:
300°C (), 350°C (0O), 400°C (@) for pcs® = 0.5
atm; 350°C (@) for pc? = 2.0 atm. ®; © and @.
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Fie. 7. Selectivities of produects at V,/V = 1.00
(350°C): O, methane; @, butane; (J, propane;
©), ethane.

This reversible dissociation was assumed
to be followed by the breaking of C-C
bonds on the surface by interaction with
hydrogen.

(CeH;). + Ha — CH, + CH.. (b)
This was believed to be the slow step in the
reaction, the removal of the monocarbon
fragments as CH, being rapid. A similar
mechanism was proposed for the hydro-
genolysis of propane, the initial step being
the dissociation;
GeH = (CsH,)a + (8 — z)/2Hs. (e)

As an alternative mechanism, is was pro-
posed by Anderson and Baker (12) that the
overall reaction velocity is controlled by
the velocity of product desorption, and that

2.0

e

o
T

Selectivity

0 10 20 30 40 50 60
X (%)
Fia. 8. Selectivities of products at V¢,/V = 1.43

(350°C): O, methane; @, butane; (p, propane;
©), ethane.
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product distributions can be determined
only by the velocity of adsorption/desorp-
tion. According to their proposition, mono-
carbon surface residues must be far more
numerous than any other since the ease of
adsorption/desorption increases markedly
in the sequence methane, ethane, propane.

It was observed in the present work that
product distribution changed widely with
variation of the partial pressure of hydro-
gen and with the reaction temperature.
With low partial pressure of hydrogen
and/or at high temperature, methane was
formed as the predominant product, with
relatively small amounts of higher hydro-
carbons as shown in Table 1. These product
distributions are similar to those observed
by Anderson and Baker.

On the other hand, with high partial
pressure of hydrogen and/or at low tem-
perature, the reaction of pentane yielded
corresponding amounts of methane and bu-
tane as primary product as shown in Fig.
7. In this case, product distributions can
hardly be explained by supposition that re-
action velocity is controlled by product
desorption.

From the results obtained in the present
work, amounts of methane were observed
as shown in Table 1 to be equal to C, +
2C; 4 3C, in many cases except for the
lowest partial pressure of hydrogen (2.5
atm, 350°C) and a high temperature
(400°C). From these observations it ean be
deduced that the splitting of C-C bonds
takes place at the terminal position of the
carbon chain, and not at the inner position.
And it was also found that in some cases
(at high partial pressure of hydrogen) the
formation of methane at zero conversion
was equal to the pentane disappearing and
for other conditions AC,; > —AC; as shown
in Fig. 6. Thus we may represent the situa-
tion as follows (the hydrogen atoms formed
by dissociation being omitted for sim-
plicity).

ﬁ/-c"H'o 'f/ CHe

GHo=— 95 QE’+E4\ L 9+Ez
LNCiC Nese
i .L3\\\\¢ o
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The adsorbed hydrocarbon radical will be
hydrogenated and desorbed if hydrogen
present is sufficient. However, when this
radical is exposed to a bare metal site, this
radical will be decomposed to a mono-
carbon radical and a radical having one
less carbon atom.

This situation ean be considered to be
essentially identical to the mechanism pro-
posed by Taylor et al. (8). The above
scheme leads to the expectation that prod-
uct distributions will be influenced by hy-
drogen pressure which affects the amount
of hydrogen adsorbed on nickel.
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