
JOURNAL OF CATALYSIS 74, 136-143 (1982) 

Hydrodechlorination and Oligomerization of Carbon Tetrachloride 
over Nickel Y Zeolites 

ALVIN H. WEISS AND SUSAN VALINSKI 

Worcester Polytechnic Institute, Worcester, Massachusetts 01609 

AND 

GENADI V. ANTOSHIN 

N. D. Zelinskii Institute of Organic Chemistry, USSR Academy of Sciences, Moscow B-334, USSR 

Received January 10, 1981; revised November 19, 1981 

A pulsed microreactor was used to study the reaction of carbon tetrachloride with hydrogen at 
370°C over NiNaY, NiCuNaY, NiCrNaY, NiCoNaY, and CuNaY. Nickel was present at about 30 
wt%. Activity was in the above order when catalysts were incompletely reduced at 370°C. NP in 
NiCoY was measured to be 40% of the total Ni by X-ray photoelectron spectroscopy. Upon 
complete reduction at 53O”C, NiCoNaY became the most active and most selective catalyst for 
production of 1,1,1,2-tetrachloroethane (I). The highly specific conversion of CCl,-O.40 mole 
Cl&CH,Cl/mole Ccl, at 80-100% conversion-is postulated to proceed by a free-radical mecha- 
nism initiated by HZ dissociation on the metal HI * 2H ., followed by hydrodechlorination 
propagation reactions such as Ccl, + . H + . CC& + HCI, CH,C& + . H + . CH,Cl + HCI and 
oligomerization termination reactions such as . CC&, + . CH&I + Cl&CH,Cl. Catalyst activity 
and selectivity to I correlated with the order of Ni diffusion out of the supercages. Outside, on the 
crystallite, hydrogen from the gas stream is readily available, and hydrodechlorination is favored 
by excess hydrogen. Inside the supercage there should exist a relative deficiency of hydrogen, and 
oligomerization could be favored. That the latter process proceeds inside the supercage is evi- 
denced by the abrupt deactivation of the catalysts after a highly active initial period. The deactiva- 
tion would be related both to HCl generation and to formation of higher-molecular-weight oligo- 
mers inside the zeolite. In the absence of metal, NaY is inactive. It is probable that the NP inside 
and outside the supercage is not of a different nature, but the proportions in effect tailor the catalyst 
selectivity. Such a remarkable selectivity to CIJCCHpCl was not anticipated. 

INTRODUCTION to 20 atm and a temperature range of 80 to 
110°C. The catalyst used was 0.04 wt% pal- 

Busch and St&e (I) found in 1916 that ladium on pumice. Mechanisms involving 
carbon tetrachloride was reacted to corn- the formation of both hydrogen and chloro- 
pletion with hydrogen at 25”C, atmospheric form radicals were proposed to account for 
pressure, in aqueous or alcoholic potassium the formation of both CHCL and C2Cls. The 
hydroxide solutions. Pd on CaCOs was authors assumed molecular hydrogen dis- 
used as a catalyst. sociation on the catalyst surface. They pos- 

Cremer et al. (2) and then Vance and tulated that the CC& * radicals are transfer- 
Bauman (3) found that complete conver- red from the catalyst surface to the 
sion of atomic hydrogen into HCl could be surrounding liquid medium. Subsequent 
had by reaction with carbon tetrachloride. radical dimerization predominates, since 

Besprozvannyi et al. (4, 5) investigated more hexachloroethane than chloroform 
carbon tetrachloride hydrogenation in n- was formed. 
heptane solvent in the pressure range of 4 The large formation of C&l, under liq- 
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uid-phase conditions is an indication that 
oligomerization as well as hydrodechlorina- 
tion occurs in the system. However, Weiss 
et al. (6) reported that, in the gas phase, in 
the range of 12 to 123°C 50-700 Torr He, 
using 0.5% Pt on r)-A&O3 catalyst, no hex- 
achloroethane was observed. The only 
products produced were by hydrodech- 
lorination-CHC& and CHI. They also pos- 
tulated a free-radical mechanism involving 
adsorbed molecules and radicals. 

In this present work we decided to see if 
the selectivity of the gas-phase reaction 
could be deliberately controlled by using 
NiNaY catalysts in which diffusion of Ni” 
to the exterior of the crystallite was af- 
fected by the presence of transition metal 
element ions C?+, Co2+, and Cu2+. We also 
checked the performance of CuNaY. All of 
the catalysts were prepared at the Zelinskii 
Institute of Organic Chemistry of the USSR 
Academy of Sciences. They have been 
characterized in great detail by Minachev, 
Antoshin, Spiro (7) with Yusofov (8) and 
with Savostjanov (9). 

EXPERIMENTAL 

Purified hydrogen was used as the 
reactant/carrier gas in the hydrode- 
chlorination reactions and prepurified air 
was used to produce the hydrogen flame in 
the flame ionization detector. The carbon 
tetrachloride was reagent grade with purity 
greater than 99.9%. 

The zeolite catalysts used in this study 
were 

0.20 Ni NaY (X = 5.2), 

0.28 Co NaY (X = 3.9), 

0.28 Cr 0.34 Ni NaY (X = 3.9), 

0.18 Cu NaY (X = 3.4), 

0.32 Co 0.31 Ni NaY (X = 3.9), 

0.30 Cu 0.29 Ni NaY (X = 3.9), 

where X = Si02/A1203 ratio. Experiments 
were also made over NaY (X = 5.36) and 
these showed that the unexchanged NaY 

zeolite does not produce any appreciable 
conversion of the reactants involved. Since 
the NaY zeolite is catalytically inactive in 
these reactions, the Y zeolite acts only as a 
support for the active metal catalyst. 

The pulse microreactor used in these in- 
vestigations was connected to a chromato- 
graphic column inside a gas chromatograph 
oven. The reactor was a &in. stainless- 
steel tube inserted in an aluminum bronze 
block and heated by two 150-W cartridge 
heaters. A thermocouple, positioned in a 
thermowell located in the reactor tube 
above the catalyst bed, was used to deter- 
mine reactor temperature. The block and 
the reactor tube were covered on four sides 
by firebrick insulation. The microreactor 
unit was connected to the injection port of a 
Varian Aerograph model 1200 FID gas 
chromatograph. 

Some of the reactions (at 370°C tempera- 
ture of reduction) were carried out in a 
Perkin-Elmer 900 FID chromatograph. In 
the Perkin-Elmer system, the injection 
port of the gas chromatograph was used as 
the reactor tube. A IO-ft x +-in. o.d. 10% 
(wt) squalane-Chromosorb W column was 
used for the separation of the carbon te- 
trachloride-hydrogen reaction products. 

An experiment involved weighing and 
placing 1.5-2 mg of catalyst powder be- 
tween two quartz wool plugs in a quartz 
liner. The liner was then inserted into the 
stainless-steel reactor tube where the cata- 
lyst was pretreated in situ by reduction in 
hydrogen at either 370 or 530°C for 2 h, 30 
cm3/min Hz, 24 psig. 

After reduction of the catalyst, the reac- 
tion temperature was adjusted to 370°C and 
reactant was injected into the carrier gas 
stream. 

RESULTS AND DISCUSSION 

Reactions and Products 

The reaction of carbon tetrachloride with 
hydrogen over these catalysts involves not 
only hydrodechlorination of carbon te- 
trachloride to produce chloroform, methy- 
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lene chloride, methyl chloride, and meth- 
ane, but also oligomerization. Dimers and 
higher oligomers are produced, and these 
oligomers also undergo hydrodechlorina- 
tion. At least 12 products are formed in the 
reaction. Each product peak was given a 
peak number, and most of them were posi- 
tively identified. The products are listed in 
Table 1. 

Pulse sizes used in these studies ranged 
from 0.05 to 0.6 ~1. A l-c11 syringe was used 
to measure and transfer the liquid reactant 
samples through a septum in the injection 
port into the carrier gas stream. The carrier 
gas, 30 cm3/min hydrogen, is also the reac- 
tant gas. The reaction temperature was 
maintained at 370°C for all runs regardless 
of the catalyst reduction temperature. The 
CC& reactant evaporated into the H, carrier 
gas stream was passed over the catalyst bed 
and the products flowed into the chromato- 
graphic column. 

Hydrogen flow through the column was 
determined by the use of a bubble soap 
meter. Flow measurements were made with 
the reactor at 370°C and the column at room 
temperature. 

The squalane column used in the carbon 
tetrachloride reaction study was main- 
tained at 90°C for all the 370°C temperature 

TABLE 1 

Observed Products in CCI, + Hz Reaction 

Peak No. Identification Molecular 
Diameter 

(A) 

1 Methane 3.6 
2 Ethane 4.4 
3 Propane 5.5 
4 Methyl chloride 4.5 
5 Butane 5.1 
6 Ethyl chloride 5.5 
9 Methylene chloride 5.4 

10 l,l-Dichloroethane 5.3 
11 Chloroform 5.9 
12 Carbon tetrachloride 6.4 
13 1, I-Dichloropropane 5.2 
14 1 , 1,1,2-Tetrachloroethane 6.7 
15 Hexachloroethane 6.8 

of reduction runs except for a few runs 
using the Perkin-Elmer gas chromato- 
graph. In these runs the column was pro- 
grammed from 40 to 90°C at ZO”C/min. All 
of the experiments made over the catalyst 
reduced at 530°C were made using the Var- 
ian Aerograph system. The commonly used 
peak height times width at half-height 
method was used to calculate peak areas in 
most of these experiments. The Perkin- 
Elmer gas chromatograph was connected 
to an electronic integrator which calculated 
the peak areas. 

There are no peaks 7 and 8. For some of 
the catalysts, a peak between peaks 6 and 9 
was detected and tentatively identified as l- 
chloropropane. Another peak located be- 
tween peaks 13 and 14, identified as l,l, l- 
trichloroethane, was observed from some 
catalysts as a minor product. 1,2-Dichlo- 
roethane, 1,1,2-trichloroethane, 1,1,2,2-te- 
trachloroethane, and pentachloroethane 
were not detected in the product. Propane, 
I-chloropropane (tentatively identified), 
and 1,l -dichloropropane (tentative identi- 
fication) were the only three-carbon com- 
pounds observed. Although butane (ten- 
tative identification) was detected, no 
chlorinated four-carbon hydrocarbons were 
observed. 

Identifications were made by comparing 
average retention times of the peaks repre- 
senting each product compound with the 
retention times of pure gases and chlorin- 
ated hydrocarbon liquids injected into the 
gas chromatograph at the carrier gas flow 
rate and column temperature used in the 
reaction gas analysis. Tentative ident- 
ifications were logical guesses consid- 
ering also what the peaks were identified 
not to be as well as boiling point, which 
would determine the retention time in the 
squalane column used. 

At low conversions, the main products 
were chloroform, hexachloroethane, and 
1, 1,1,2-tetrachloroethane. At higher con- 
versions, the main product was 1, 1, 1,2-te- 
trachloroethane. 

The formation of all of the observed 
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TABLE 2 

CCI, + H2 Reaction Scheme for Observed 
Products 

I. Free-radical initiation reaction 
HZgH. + .H 

II. Hydrodechlorination propagation reactions 
Ccl, + .H+ .CCls + HCI 
. Ccl, + Hz -+ CHC& + . H 

CHCI, + . H + CHCls + HCI 
CHC& + Hs -+ CH&l, + . H 

CHeClz + H + . CHoCl + HCI 
CH,Cl + Hz + CHsCl + . H 

CH&I + H -+ CH3 + HCI 
.CHs+H,+CH,+ .H 

III. Oligomerization termination reactions 
CCls + CCI, -+ ClllCCCl~ 

. CC& + . CH,CI -+ CIJCCHLCl 
CC& + CH, + CI,CCH, 

CHICl + . CH&l -+ CIH,CCH,CI 
CH,CI + CH3 --, CIH&CHa 

CHJ + CHJ --, H,CCH, 

products can be described by a free-radical 
scheme involving initiation by hydrogen 
dissociation, propagation reactions that 
result in hydrodechlorination products, and 
termination reactions between adsorbed 
free radicals that result in oligomerization 
products. Table 2 shows this scheme for the 
observed one- and two-carbon species. The 
two-carbon species can undergo the hydro- 
dechlorination reactions, of course, gener- 
ating free radicals that can oligomerize and 
hydrodechlorinate further to the observed 
three- and four-carbon species. 

Catalyst Activity 

Figure 1 shows that at 370°C reduction 
temperature, the catalyst activity at 370°C 
declined in the order: NiNaY > NiCuNaY 
:> NiCrNaY > NiCoNaY > CuNaY, for 
both high and low conversion pulses over 
the reduced catalyst (0.05 and 0.5-d reac- 
tant pulse sizes used). The activity was ini- 
tially high for a characteristic period for 
each catalyst, and then it fell rapidly. Fig- 

ure 1 also shows that after the 530°C reduc- 
tion, reaction at 370°C the activity of the 
catalysts declined in the order: NiCoNaY 
> NiCuNaY > NiCrNaY > NiNaY > 
CuNaY. 

Selectivity 

Figure 2 shows selectivity charts of the 
major products CC&CH.JZI, CHC&, and 
C&l, for all of the catalysts at both 370 and 
530°C reduction. Selectivity is calculated 
on a carbon atom basis to correct for the 
dimerization. Ccl, conversion was at 370°C 
reaction temperature in both cases, and 
was varied by varying the size of the Ccl, 
injection. 

The specificity of the catalysts to l,l, 1,2- 
tetrachloroethane is remarkable. There is a 
change in the order of this selectivity at the 
two reduction temperatures: 

370°C: NiNaY > CuNaY 
> NiCrNaY > NiCuNaY > NiCoNaY, 

530°C: NiCoNaY > NiNaY 
= CuNaY = NiCrNaY > NiCuNaY. 

Table 3 shows the results of X-ray photo- 
electron spectroscopy of these catalysts. 
Perhaps incomplete reduction of Ni ex- 
plains the shift of NiCoNaY from a low- 
activity catalyst, poorly selective to 
Cl&CH&l at 370°C reduction, to a highly 
active and selective catalyst when reduced 
at 530°C. NiCrNaY and NiCuNaY do not 
seem to have any selectivity advantage for 
the oligomerization to Cl&CH2C1 com- 

TABLE 3 

Nickel Content of Catalysts by X-Ray 
Photoelectron Spectroscopy 

Reduction Temp.: NiO/ZNi (%) 

WC SOOT 

NiNaY 90 100 
NiCoNaY 290 100 
NiCrNaY 60 100 
NiCuNaY 40 loo 
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REDUCTION 

, 1 

4 
CUMULATIVE gm CC&/ gm CAT 

FIG. 1. Deactivation of catalysts may be a combination of oligomer accumulation in zeolite cavities 
and change in acidity due to HCI generation. 

pared to either NiNaY or even to CuNaY. 
The latter catalyst does not contain nickel. 
It is quite selective, although of low activ- 
ity. 

For the nickel catalysts, the selectivity to 
C13CCH2Cl appears to correlate with the 
order of diffusion of nickel out of the super- 
cages. This order is: NiNaY > NiCoNaY > 
NiCuNaY > NiCrNaY. Table 1 also lists 
the molecular diameters of the various 
products. Molecular diameters were calcu- 
lated according to the method of Hirsch- 
felder et al. (10) using viscosities estimated 
from critical properties (1 Z). All of the 
products are small enough to enter into or 
egress from the Y supercage. Thus, the se- 
lectivity phenomena to produce oligomers 

might be explained on the basis that hydro- 
dechlorination mainly occurs on nickel 
sites exposed to gas-phase Hz outside the 
zeolite cage. Inside the cage, where there is 
a lower availability of Hz, there is an oppor- 
tunity for condensation to occur (instead of 
hydrodechlorination) on the nickel sites. 
Such logic is also supported by the ob- 
served rapid activity decline of the catalyst 
after an initial period, suggesting that oligo- 
mers that are too large to egress eventually 
form and accumulate within the Y cage, 
blocking it. 

If only the major product of the reaction, 
CCl&H&l, is considered, a descriptive 
(but of course not real) reaction can be writ- 
ten: 
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REDUCTION 
530” c 

/ 

Ni Co 

a 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 10 
C Cl, CONVERSION 

FIG. 2. At low conversions CHCls, C&&, and CCI,CH,CI are produced in equal proportions. At high 
conversion CCI,CH,CI is the main product. 

2CC1, + 3H, + CCl&H&l + 4HCl. 

For the reaction to occur only once, four 
atoms of chlorine must be removed by hy- 
drodechlorination for each time that a con- 
densation to the ethane derivative occurs. 
Thus, in terms of reaction events, a highly 
selective catalyst is mainly a hydrochlorin- 
ation catalyst-four hydrodechlorination 
events occur for each oligomerization 

event. This suggests the readily available 
active sites outside the zeolite cage are 
those that are used for hydrodechlorination 
and that the hydrodechlorinated radicals 
may then enter the cages to oligomerize. 

CONCLUSIONS 

When this work was initiated we had no 
idea whatever that it would result in such a 
selective process to produce 1 ,1 ,I ,2-te- 
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trachloroethane from carbon tetrachloride 
and hydrogen. The reaction at 370°C is ca- 
pable of producing about 0.4 mole of 
Cl&CH&l from each mole of CC& at about 
80-100% conversion, using either NiNaY 
reduced at 370°C or NiCoNaY reduced at 
530°C. CuNaY is somewhat less selective, 
but nevertheless it is a low-activity effec- 
tive catalyst. The degree of reduction of the 
copper was not checked. 

In the case of the nickel-exchanged NaY 
catalyst, it is the nickel metal that is clearly 
the catalytic agent, the amount of Ni” being 
a function of reduction temperature. The X- 
ray photoelectron diffraction measure- 
ments established this point. However, the 
zeolite environment is central to the tailor- 
ing of the reaction system. Nickel that has 
migrated out of the supercage behaves dif- 
ferently than Ni” inside the supercage. This 
is controlled by the temperature of reduc- 
tion and, more importantly in this work, the 
presence of transition metals in the impreg- 
nated NaY which affected the Ni” diffusion 
to the exterior. Selectivity in this case cor- 
responded to the diffusion order of NiO: 

NiNaY > NiCoNaY 
> NiCuNaY > NiCrNaY. 

It appears that Ni” on the exterior of the 
crystallite effects hydrodechlorination, 
both from the diffusion order and the ready 
availability of hydrogen at the particle sur- 
face. Inside the zeolite, the abrupt deacti- 
vation after an active period is a reasonable 
suggestion of oligomer formation and accu- 
mulation in the cavity. The Y structure 
should not have been degraded by the HCl 
formed, but certainly the acidity of the en- 
vironment would have been increased. 

The evidence suggests that the differ- 
ence in behavior of Ni” inside and outside 
is due to neither the zeolite structure per se 
nor to different kinds of NiO. Hydrode- 
chlorination is favored on Ni” sites where 
hydrogen is present in great excess, OligO- 

merization is favored on Ni” sites where 
there is a dearth of hydrogen. In this 

present system, four hydrodechlorination 
events are stoichiometrically required for 
each oligomerization event to produce Cl3 
CCH&l from Ccl,. Thus, the secret to tail- 
oring the catalyst in this system is some 
optimal distribution of Ni inside and out- 
side of the zeolite cage. The cage itself 
serves the function of providing a hydrogen 
partial pressure lower than that of the gas 
stream, permitting the oligomerization re- 
action that is unfavored at high hydrogen 
partial pressure to proceed. Studies on 
chemically similar nickel on amorphous sil- 
ica-alumina catalysts would confirm these 
hypotheses if they showed that, in the ab- 
sence of the zeolite cage, oligomerization is 
not important. 
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