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Abstract—Along with hydrodechlorination, the formation of C; and higher hydrocarbons takes placein aflow
systemin the presence of catalysts containing 0.5-5.0% Pd supported on a Sibunit carbon carrier at 150-230°C.
In the entire range of conditions examined, the reaction products are primarily methane, C,—C, hydrocarbon
fractions, and Cg traces. The catalysts are stable in operation, and a high conversion of CCl, was retained for a
long time interval. The nonselective formation of linear and branched hydrocarbons is indicative of a radical

mechanism of the process.

INTRODUCTION

Palladium catalysts are widely used in the hydro-
dechlorination reactions of organic compounds [1, 2].
In the presence of hydrogen, successive hydrodechlori-
nation of polychlorinated hydrocarbons usually occurs
on these catalysts. Recently, catalytic systemsin which
various carbon materials are used as a support are of
particular interest. Thus, the hydrodechlorination of
chlorobenzenes [3] and dichlorodibenzodioxines [4]
can efficiently be performed with catalysts containing
palladium supported on a Sibunit carbon carrier. Car-
bon-supported palladium catalysts were also used in
the liquid-phase hydrodechlorination of CCl,. The
reaction resulted in the formation of a set of completely
and partially hydrodechlorinated products [5] and HCI.
Hydrogen chloride formed in the reaction is usually
considered as a catalytic poison, and alkaline agentsare
used for its neutralization. At the sametime, it is well-
known that the presence of acid sites in metal-contain-
ing catalysts is a necessary condition for oligomeriza-
tion and skeletal isomerization reactions. The Bronsted
acidity on the surface of aumina dramaticaly
increased in the presence of CI- ions. Therefore, in the
reforming of crude oil, chlorine-containing organic
compounds are added to the starting material to keep
theisomerization activity of catalystsat ahigh level [6].
The formation of oligomer products with chains
longer than two carbon atomsin the hydrogenolysis of
organochlorine compounds was detected, for exam-
ple, CH,Cl,_,onNi, Co, and Fe catalysts[7] or CH;Cl
and CH,Cl, on titanium films [8]. We suggested that
the oligomerization of hydrodechlorination products
would also take place in the presence of carbon-sup-
ported palladium catalysts. CCl, isthe most convenient
and informative probe. Sugiyamaet al. [9] used CCl, to
modify methane oxidative dimerization catalysts con-
taining MgO/MgSO,; they considered the formation of

Cl in anear-surface region of the catalyst asareason for
an increase in the ethylene yield. A new direction of
CCl, transformations to form higher hydrocarbon
products would make it possible to indirectly activate
methane in order to involve natural gasin deep conver-
Sion processes.

In this work, we studied the hydrodechlorination of
CCl, in a hydrogen flow at atmospheric pressure and
temperatures of 150-230°C in the presence of
Pd/Sibunit catalysts with different palladium concen-
trations to experimentally examine the formation of
hydrocarbons higher than C,.

EXPERIMENTAL

The preparation procedure for 0.5-5.0% Pd/Sibunit
catalysts (henceforth referred to as Pd/C) used in this
study involved theimpregnation of asupport with apal-
ladium chloride solution followed by the evaporation of
the solvent and metal reduction either with sodium
borohydride in an agueous ethanol solution at the ratio
Pd/NaBH, = 1/3 or with molecular hydrogen at 500°C
for 4 h. A Sibunit carbon material [2] with thefollowing
characteristics was used as a support: S, = 370 m?/g;
porevolume, 0.4 cm?®/g; micropore volume, 0.15 cm?/g;
and particle size, 0.5 mm.

The catalysts reduced with NaBH, were stored in
ethanol.

The catalytic experiments were performed as
described below. After drying in an air flow, aweighed
sample (0.2 g) of the catalyst was placed into a quartz
reactor and heated in an H, flow to areaction tempera
ture and then allowed to stay at thistemperaturefor 1 h.
A bubbler with a known amount of CCl, was heated to
60°C, and hydrogen (2 I/h) was passed through it.
Then, a CCl,—H, mixture was supplied to the reactor.
Therate of CCl, supply was6 x 10-2 g/min. At thereac-
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Fig. 1. Composition of the products of vapor-phase CCl, conversion at 150°C in the presence of Pd/C catalysts with the following

Pd content: (a) 0.5, (b) 1.0, (c) 2.0, and (d) 5.0%.

tor outlet, samples were taken using agas-tight syringe.
Waste gases were passed through distilled water, which
was titrated after the experiment with a 0.25 mol/l
NaOH solution in the presence of methyl red to deter-
mine the amount of HCI released. In some instances,
the products were frozen at the temperature of liquid
nitrogen and unfrozen into agastrap evacuated to 103 torr
after the reaction. Then, they were analyzed on a chro-
matograph coupled with a mass spectrometer.

Mass spectrometric analyses were performed on a
Finnigan MAT 112S GC-MS instrument with electron
ionization (E; = 70 eV; ionization chamber tempera-
ture, 20-230°C; DB1 column, 60 m; 40-200°C) or
using an ion trap (Al,05;(KCl) capillary column, 30 m;
20-200°C). In both cases, argon was used as a carrier
gas. To protect the column from HCI, a syringe was
equipped with a tube containing solid KOH.

Gas samples were analyzed by GLC: Porapak Q
column, 2 m; carrier gas, N,; detector, FID; column
temperature, 100-130°C.

The particle-size distribution of the metal in the cat-
alyst was determined from small-angle X-ray scatter-
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ing data obtained with a KRM-1 chamber in the 26
anglerangefrom 7' to 7° using CuK,, radiation (Ni filter)
and amplitude discrimination.

The particle size in a surface layer was determined
by electron microscopy. Electron micrographs were
obtained on aJJEM-2010 instrument (Japan) with aresolu-
tion of 0.14 nm and an accelerating potential of 200 kV.
Samples were prepared from a suspension in ethanol; a
drop of the suspension was placed onto a copper sup-
port coated with a carbon film.

Chemically pure CCl, was used in this study after
distillation.

RESULTS AND DISCUSSION

The vapor-phase conversion of CCl, in the presence
of hydrogen and 0.5-5.0% Pd/C catalysts reduced
using sodium borohydride occurs with the formation of
products of partial hydrodechlorination (primarily
CH;Cl) and alkanes. Table 1 and Fig. 1 summarize the
composition of reaction productsat 150°C according to
GC-MS (with electron ionization) and GLC data,
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Fig. 2. Composition of the products of CCl, conversion at (a) 150 and (b) 230°C in the presence of a5.0% Pd/C catalyst reduced in

H, at 500°C.

respectively. It can be seenin Table 1 and Fig. 1 that, of
the expected products of partial CCl, hydrodechlorina-
tion, only the products of deep hydrodechlorination—
methane and CH,Cl (in the presence of a catalyst con-
taining 5.0% Pd) or CH,Cl, (in the presence of a cata-
lyst containing 0.5% Pd)—were present in the mixture.
In addition, considerable amounts of C,—C5 hydrocar-
bons as isomer mixtures were detected in the products
of catalysis. Thus, our hypothesis on the possible oligo-
merization of tetrachloromethane hydrodechlorination
products was supported by experiments.

Data presented in Table 1 were calculated without
considering methane formed because it cannot be
determined by GC-M S with electron ionization. At the
same time, Fig. 1 indicates that methane was a major
product in all cases. Its concentration in the products of
catalysisvaried from ~10 to ~70% depending on the Pd
concentration in the catalyst and on the catalyst time-
on-stream. Consequently, the real concentration of
higher hydrocarbons in the products of catalysis is
lower than that given in Table 1.

Table 1. The composition of the products of CCl, conver-
sion averaged over time on 5.0% Pd/C at 150°C (according
to GC-M S with electron ionization)

Products* Concentration, wt %
Fraction C, 26.3
Fraction C5 37.6
CH,Cl 2.7
n-Butane 124
Other C, hydrocarbons 7.7
n-Pentane 19
CCl, 112

* Methane cannot be detected in the products by this technique.

In the presence of catalysts containing 1.0-5.0% Pd,
the conversion of CCl, wasrather high (~80-90%), and
thisvaluewasretained for at least 2 h. The catalyst con-
taining 0.5% Pd rapidly lost its activity. At the initial
stage, methane was the major product; subsequently,
higher hydrocarbons (C; and higher) appeared in the
products of catalysis. These data are evidence for the
fact that the reaction productsinitially modify the cata-
lyst surface. In the presence of 5.0% Pd/C, methane
was formed in considerable amounts at an early stage;
then, the formation of higher hydrocarbons beganinthe
reaction mixture. Inthis process, thetotal conversion of
CCl, gradually decreased. Thus, simultaneously with
the modification, the active surface of the catalyst was
somewhat poisoned with reaction products. This effect
was noticeableto asmall extent for catalystswith lower
Pd contents. The highest yields of C,—C; oligomers
were obtained in the presence of a catalyst containing
1.0% Pd/C: the concentration of C; hydrocarbonsin the
products of catalysis was as high as ~20%, and the con-
centration of C, was ~40%, which is higher than the
methane content.

Note that the products of partial hydrodechlorina-
tion (chloroform, chloromethane, and methylene chlo-
ride) were amost absent from the reaction mixture.
Thus, chloromethane was detected in the products of
catalysis only in the presence of a’5.0% Pd/C catalyst,
whereas in the presence of 0.5% Pd/C, which rapidly
lost its activity, up to 40% CH,CIl, was formed at the
initial period of the reaction when the catalyst was still
very active. It iswell known [2] that, upon the replace-
ment of chlorine atoms by hydrogen in polychloroal-
kanes, the energies of the remaining C—Cl bonds con-
siderably increased, and the last chlorine atom is most
difficult to abstract. Because of this, of al the products
of partial hydrodechlorination, we usualy detected
only CH;Cl and rarely CH,Cl, in the mixture.
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Fig. 3. Particle-size distribution of the metal in a Pd/C catalyst reduced with NaBH,4 according to small-angle X-ray scattering data.

It was reasonabl e to suggest that the catalyst surface
was modified with boronionsand acid sites appeared at
the stage of Pd reduction from the chloride by sodium
borohydride. It is well known that boron halides cata-
lyze ol efin polymerization and the addition and isomer-
ization reactions of hydrocarbons, and HCl is dso a
good activator of this process [5]. However, according
to elemental analysis, the concentration of boron in the
catalyst was as low as 0.005%. Figure 2 demonstrates
that a sample of 5.0% Pd/C reduced with hydrogen at
500°C according to a standard procedure also catalyzes
oligomerization, although its activity is not higher than
the activity of NaBH,-reduced samples with palladium
concentrations that are lower by afactor of five or still
lower. It isprobablethat boron interactswith HCI in the
course of the reaction, resulting in surface modification
with additional acid sites. However, it is unlikely that
this contribution is substantial because the boron con-
tent isinsignificant compared to that of HCI. It is more
likely that reduction by NaBH, under mild conditions
affectsthe dispersity of the active component in the cat-
ayst.

Indeed, we found by small-angle scattering (Fig. 3)
and electron microscopy (Fig. 4) that Pd nanoparticles
with asizeof 15-20 A wereformed in the course of cat-
alyst preparation. The particle-size distribution was
very narrow in samples with low Pd contents (0.5 and
1.0%), and particles with a size greater than 40 A were
absent (Fig. 3). Thus, the reduction with NaBH, is
favorable for the formation of a catalyst with a quite
uniform surface, which contains Pd nanoparticles.

Table 2 summarizestheinitia rates of CCl, conver-
sion (on fresh samples) depending on the Pd concentra-
KINETICS AND CATALYSIS  Vol. 41
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tion in the catalyst at different temperatures. It can be
seen that, with all of the catalysts examined, the rate of
reaction increased by a factor of ~1.5 as the reaction
temperature was increased from 150 to 230°C. The sta-
bility of catalysts reduced with sodium borohydride
also increased with temperature (Fig. 5), and the selec-
tivity remained almost unchanged. The catalyst activity
per unit concentration of the active component
increased with a decrease in the Pd concentration. The
sample of 0.5% Pd/C exhibited the maximal initia
activity at 230°C. A comparison of Figs. 1 and 5 dem-
onstrates that the stability of the low-percentage cata-
lyst in operation increased as the temperature increased
from 150 to 230°C; however, the activity dramatically
decreased after two hours of reaction. It islikely that a
more finely dispersed state of the metal on the support
surface is favorable for a more efficient use of the
metal; however, these uniform active centers are also

Table 2. Rates of CCl, conversion on fresh catalysts with
different Pd contents

Reaction Weal, »
Catalyst o 4
temperature, °C mol (g of Pd)~ min

0.5% Pd/C 150 0.29
" 230 041
1.0% Pd/C 150 0.14
" 230 0.21
2.0% Pd/IC 150 0.07
" 230 0.11




Fig. 4. Electron microscopic pattern of 5.0% Pd/C reduced
with NaBHy.

more sensitive to catalytic poisons. In contrast, the
5.0% Pd/C catalyst reduced with molecular hydrogen
lost its stability with temperature.

In the second use of a catalyst without additional
activation, the short-term restoration of its activity fol-
lowed by a rapid drop was observed. It is likely that a
polymer film isformed on the surface via carbon chain
growth, and more severe conditions for catalyst recov-
ering are required to remove this film.

The mechanism of formation of oligomer products
in the hydrodechlorination of tetrachloromethane is
poorly known. It was suggested that the reaction pro-
ceeds by the interaction between dissociatively
adsorbed molecules with monoradicals [8]; otherwise,
the reaction involves carbenes [5]. The presence of
structural isomers in the products and the absence of
chlorine derivatives of condensed hydrocarbons sug-
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Then, this radical either undergoes complete dechlori-
nation to form methane (111) or reacts with other prod-
ucts of partial dechlorination (carbenes, hydrocarbon
radicals, etc.). In thelatter case, carbene species can be
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Fig. 5. Composition of the products of CCl, conversion in the presence of Pd/C catalysts with the (a) 0.5 and (b) 1.0% Pd content

at 230°C.
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inserted into the radical—surface bond (IV) to increase
the length of the hydrocarbon chain. We detected des-
orbed C, and higher hydrocarbonsin the gas phase. The
interaction between radicals adsorbed on adjacent sites
(V) can also take place, resulting in the formation of a
hydrocarbon film on the surface.

Thus, the coupling of the hydrodechlorination reac-
tion of tetrachloromethane with the oligomerization of
hydrodechlorination products to hydrocarbons C,~C,
opens up new possibilities for the use of methane and
its chlorine derivatives in organic synthesis and for the
synthesis of valuable products on this basis.

ACKNOWLEDGMENTS

We are grateful to Dr. N.S. Kulikov (Moscow State
University) for hisassistance in performing quadrupole
mass spectrometric analysis and interpreting the data.
This work was supported by the Russian Foundation
for Basic Research (project no. 98-03-32159) and the
Leading Scientific Schools of Russia Program (grant
no. 96-15-97469).

KINETICS AND CATALYSIS Vol. 41 No.6 2000

REFERENCES

1. Pinder, A.R., Synthesis, 1980, p. 425.
2. Lunin, V.V. and Lokteva, E.S., 1zv. Ross. Akad. Nauk,

Ser. Khim., 1996, no. 7, p. 1609.

. Simagina, V.1., Stoyanova, I.V,, Litvak, V.V., et al., Proc.

8th Int. Symp. on Heterogeneous Catalysis, Varna, 1996,
p. 485.

. Simagina, V.I., Litvak, V.V., Stoyanova, 1.V., et al., l2v.

Ross. Akad. Nauk, Ser. Khim., 1996, no. 6, p. 1391.

. Dasaeva, G.S,, Treger, YU.A., Moiseey, |.1., et al., Khim.

Prom-st., 1996, no. 6, p. 347.

. Gates, B.S,, Katzer, J.R., and Schuit, G.C.A., Chemistry

of Catalytic Processes, New York: McGraw-Hill, 1981.

. Barneveid, W.AA.A. and Ponec, V., J. Catal., 1984,

vol. 88, no. 2, p. 382.

. Anderson, J.R. and McConkey, B.H., J. Catal., 1968,

vol. 11, no. 2, p. 54.

. Sugiyama, S., Miyamoto, T., Hayashi, H., and Moffat, JB.,

Bull. Chem. Soc. Jpn., 1996, vol. 69, no. 1, p. 235.



