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The hydrodechlorination of CCl4 with H2 was tested over several
silica-supported PdCl2-containing molten salt catalysts. The base
catalyst was PdCl2–(C4H9)4NCl/SiO2; CoCl2, CuCl2, or both were
doped into the catalyst as promoters to modify its activity, product
selectivity, and catalyst longevity. The catalysts converted CCl4 into
C1–C5 paraffins and C2–C4 olefins, CH2Cl2, CHCl3, CCl2CCl2, and
CHClCCl2. Doping CoCl2 into the PdCl2–(C4H9)4NCl/SiO2 catalyst
enhances its initial CCl4 conversion from 85 to 99.3%, shifts reac-
tion products toward more hydrocarbons, and also prolongs the life
of the catalyst. Addition of CuCl2 to the PdCl2–(C4H9)4NCl/SiO2

catalyst also improves the initial CCl4 conversion to 94.5% and has
an even stronger stabilizing effect on the catalytic activity, while
shifting reaction products toward C1-chlorocarbons. When both
CoCl2 and CuCl2 are added to the base catalyst, the promoted
catalyst exhibits the highest CCl4 initial conversion of 99.5% and
the greatest longevity among all four catalysts. The correspond-
ing specific activities for the above catalysts were of 0.636× 10−3,
1.154× 10−3, 1.139× 10−3, and 1.184× 10−3 mol CCl4/g cat min
at 130◦C, respectively. The promotional and product distribution
effects were attributed to the presence of CoCl2, CuCl2, or both as
additional Lewis acidic sites for activation of CCl4 molecules and
to the interaction of these additives with the Pd-containing active
centers in supported molten salt media. c© 1996 Academic Press, Inc.

INTRODUCTION

Containment and destruction of environmentally haz-
ardous halocarbons are of great importance in protecting
the atmospheric ozone layer and reducing harmful air
pollution. One promising approach is to use hydrogen
to convert them catalytically into hydrocarbons. Hy-
drodechlorination of CCl4 with H2 has been reported in
the literature on conventional heterogeneous supported
Group VIII metal catalysts. Among all volatile chlorocar-
bons carbon tetrachloride is the most difficult one to be
catalytically hydrodechlorinated because of its fouling on
these catalysts. These catalysts may be active initially but
have relatively short useful life.

1 To whom correspondence should be addressed.

Weiss and co-workers (1) studied the kinetics and
selectivity of this reaction on Pt/Al2O3 using a differential
mode for catalyst testing, i.e., the CCl4 conversion was
maintained at low levels (<8%). In a temperature range
of 12–123◦C and a pressure range of 60–790 Torr, they
measured an activation energy of 19.25 kcal/mol and
found CHCl3 and CH4 to be the main products from
the reaction, with only trace quantities of CH2Cl2 and
CH3Cl. They proposed that the formation of ·CCl3 radical
in the initiation step followed by addition of a hydrogen
atom to ·CCl3 accounts for CHCl3 while concerted, rather
than sequential, hydrogen addition to the adsorbed ·CCl3
accounts for CH4. Weiss and co-workers (2) also studied
the hydrodechlorination and oligomerization of CCl4 on
Ni/Y zeolites using a pulsed microreactor. At a reaction
temperature of 370◦C the coversion was initially high but
the catalysts were deactivated very rapidly. The observed
high selectivity toward CCl3CH2Cl (up to 40%) was
attributed to an oligomerization–termination step between
·CCl3 and ·CH2Cl following the sequential free-radical
propagation steps from CCl4. The overall reaction rate, in
turnover frequency, was estimated to be less than 0.01 mol
CCl4 converted per mole surface Pt per second.

The technique of carbon skeleton gas chromatography
(3) was also used to study the hydrodechlorination of a
diluted mixture of CH2Cl2, CHCl3, CCl4 (1000–2000 ppm
in heptane). In this case, salts of all Group VIII transition
metals except Os were impregnated on Gas-Chrom Q GC-
column material to form the supported catalysts. The test
results showed 97–99% conversion of these chlorocarbons
and up to 97.7% product selectivity toward CH4 for the
most active Pd catalyst at 170◦C. The turnover rate was
estimated to be less than 0.06 mol CCl4 converted per mole
surface Pd per second at this temperature.

In a study by Drago and co-workers (4), novel catalysts
with strong acid sites were prepared by sequential treat-
ment of silica gel with a noble metal salt such as PdCl2,
K2PdCl4, RhCl3, or RuCl3 along with strong Lewis acids
such as AlCl3 and/or ZnCl2. These new solid acid cata-
lysts exhibit high catalytic activity for hydrodechlorination
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of CCl4 and dehydrochlorination/hydrodechlorination of
CH2ClCH2Cl. One catalyst, prepared by treatment of silica
gel support with PdCl2 and then with AlCl3, exhibited both
high activity and selectivity for hydrodechlorination of CCl4
toward CHCl3 at 90◦C and atmospheric pressure. Another
catalyst prepared by a reverse procedure, i.e., treating silica
first with AlCl3 and then with PdCl2, converted CCl4 at the
same reaction condition to hydrocarbons, with up to 10.1%
of CHCl3 appeared after 9 h on stream. However, these
catalysts were unstable and deactivated after about 18 h at
90◦C and much faster at 110◦C.

Supported molten salt catalysis (SMSC) is a special adap-
tation of supported liquid phase catalysis (SLPC) (5–12).
SLPC incorporates a liquid containing dissolved or dis-
persed catalyst, which coats the walls of the pores in the
support. Gaseous or vapor phase reactants diffuse through
the residual pore space, dissolve in the liquid phase, and re-
act at catalyst sites within the thin liquid film. The products
then diffuse back out of the thin film into the void pore
space and out of the support. The SLPC technique com-
bines the attractive features of homogeneous catalysis, such
as high specificity and molecular dispersion of the catalyst,
with those of heterogeneous catalysis, such as large inter-
facial area, less corrosion, ease of separation of products
and catalysts, and use of conventional reactors. Diffusional
problems normally found for reactions of gaseous reactants
in bulk liquids are almost nonexistent in the SLPC method
because of the thickness of the thin film (50 Å or less).

However, the SLPC method requires that the catalyst
liquid phase and all of its dispersed components must be
essentially nonvolatile; the use of molten salt eutectics as
the liquid phase reaction medium overcomes the solution
volatility problem. A large variety of molten salt eutec-
tics is available with melting points ranging from below
50◦C to above 1000◦C (13, 14). These molten salt eutectics
have been used as the liquid phase for dispersion of transi-
tion metals, metal oxides, and metal complex catalysts. The
SMSC technique is potentially applicable to any gaseous
or vapor phase reaction system over a temperature range
which is limited only by the melting point of the molten
salt eutectic or the thermal stability of the dispersed cata-
lyst. Inorganic molten salts, especially chloride salts, are
commonly used to form molten media.

The use of organic molten salts such as tetraethylammo-
nium or tetrabutylammonium cations with trichlorostan-
nate or trichlorogermanate counterions as media for
hydrogenation catalysts was first reported by Parshall (15).
These catalysts included both elemental Pt or 5-coordinate
complexes such as [Pt(SnCl3)5]3− and [HPt(SnCl3)4]3−. A
phosphonium salt, (C6H5)3CH3PSnBr3, was used as well.
Among other hydrogenation and carbonylation reactions,
these catalysts were used for hydrodechlorination of vinyl
chloride to ethane at a pressure of about 2 atm and 105–
120◦C. It was further shown that catalysts containing water-

soluble triphenylalkylphosphonium chlorides or bromides
incorporated into an activated carbon support together
with salts of copper and palladium or rhodium acted as
catalysts for the selective hydrodechlorination of CCl4 to
CHCl3 (16). The state of the salts in a catalyst consisting of
CuCl2, Na3RhCl6, and (C6H5)3CH3PCl (10 wt% Cu, 0.044
wt% Rh, and 6.5 wt% (C6H5)3CH3PCl) supported on car-
bon and operated at 200◦C and 4 bar was not disclosed,
but we assume that part of the catalyst exists as a molten
salt. However, at the low (C6H5)3CH3PCl to Cu molar ratio
described, we also suspect that at least part of the copper
was present in the solid state as Cu(II) and Cu(I) salts, or
elemental Cu.

Our research work focuses on the use of silica-supported
PdCl2-containing molten salt catalysts to study the hy-
drodechlorination of CCl4. Tetrabutylammonium chloride
was chosen as the main molten medium because of its low
melting point (42◦C) and its relatively good stability. A
PdCl2–(C4H9)4NCl/SiO2 molten salt catalyst will form the
basis for comparison with other similar catalysts promoted
by addition of either CoCl2 or CuCl2 or both. In this study
we report our findings on these catalysts including their ac-
tivity, product distribution, and stability.

EXPERIMENTAL

Materials

The chloride salts used as catalyst precursor compounds
included palladium (II) chloride (PdCl2), cobalt (II) chlo-
ride hydrate (CoCl2 · 6H2O), copper (II) chloride hydrate
(CuCl2 · xH2O), and tetrabutylammonium chloride hydrate
(C4H9)4 NCl·H2O. Palladium (II) chloride was purchased
from Johnson Matthey, cobalt (II) chloride was from EM
Science, and copper (II) chloride and tetrabutylammonium
chloride were from Aldrich. The copper (II) chloride was
dried at 110◦C to remove H2O before weighing. The sil-
ica support (CS-1022) with high purity and large pores was
donated by the PQ Corporation. It has a N2 pore volume
of 1.35 cm3/g, an average pore radius of 125 Å, and a sur-
face area of 200 m2/g. The SiO2 particles were crushed and
sieved to 40–60 mesh size before use in catalyst preparation.
The GR-grade carbon tetrachloride was purchased from
EM Science. Both H2 gas (>99.8%) and He gas (>99.99%)
were obtained from Air Products; each gas was further pu-
rified by passing it through a gas drier and an oxygen trap
(Alltech).

Catalyst Preparation

All catalysts were prepared by the method of incipient
wetness impregnation. The chloride salts, weighed to ap-
propriate amounts, were dissolved in a flask with an excess
amount of methanol that had a few drops of concentrated
HCl added to it. The dissolution of PdCl2 in methanol was
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slow compared to other chloride salts and required constant
stirring of the solution for up to 10 h. Fresh methanol was
added occasionally to maintain the same solution volume
during this process. After all chloride salts were completely
dissolved, excess methanol was allowed to evaporate to
reduce the volume of the solution. No crystallization or
precipitation was observed during evaporation, and the so-
lution remained clear (orange-yellow for PdCl2 and CuCl2
solution; green for CoCl2-containing solution). The silica
support was dried at 110◦C for 2 h before use. The volume
of the solution necessary for impregnation was estimated
based on the total pore volume of the silica support and
also from a blank test with only methanol. This was about
3 ml solution per gram dried SiO2. The SiO2 particles were
added to the solution for impregnation; the solution con-
taining the chloride salts was drawn into the support pores
by simple capillary action. The material was left standing in
open air (under a fume hood) to dry overnight, and then it
was further dried at 120◦C for 1 h.

Microreactor System

The testing of catalysts for hydrodechlorination of CCl4
was carried out in a microreactor system shown in the
schematic diagram in Fig. 1. It consisted of four major com-
ponents: (i) the inlet gas and liquid feed lines with flow
control devices, (ii) a reactor tube with an IR heating fur-
nace, (iii) a reactor exit pressure/flow control assembly with
a gas sampling valve, (iv) a computer-controlled GC. The
flow rates for the two gases used in this study, H2 and He,
were each controlled by mass flow controllers (Brooks In-
strument, Model 5850E) with a flow range of 0–250 sccm.

FIG. 1. A schematic diagram of a microreactor system.

CCl4 as a liquid at ambient temperature was delivered at a
precise flow rate by a liquid syringe pump (ISCO, Model
LC-5000). The liquid was vaporized in the transfer line
heated by heating tapes (at about 120◦C) before mixing
with the H2 gas. The transfer line from the point of mixing
to the reactor inlet was also heated and the temperature
was maintained at about 120◦C to avoid condensation of
CCl4. The 12′′ reactor tube was 3/8′′ o.d. and had extension
tubes connected on both ends via VCR-type connection
with ring gaskets for ease of catalyst loading and removal.
A preheater was coiled around the exterior of the reactor
tube. The reactor tube was placed along the axial center
within the focal zone of a quad-elliptical infrared heating
chamber (Research, Inc., Model E4-25). The outer surfaces
of the reactor tube and the preheater tube were preoxidized
in air (blackened) to reduce IR reflectivity and enhance IR
absorptivity. The temperature of the catalyst bed, which was
located in the center section of the reactor tube, was mea-
sured directly by an inserted thermocouple and was moni-
tored and controlled by a temperature controller (Omega,
Model CN-2011). The reactor outlet flow was regulated by
two metering valves, and the transfer line was heated to
about 135◦C to avoid condensation of any C2-chlorocarbons
formed as reaction products. A pneumatically actuated six-
port gas sampling valve provided on-line gas sampling to a
gas chromatograph. The gas chromatograph (HP 5890 Se-
ries II, Hewlett–Packard) was equipped with a 5′ × 1/8′′ o.d.
nickel tubing column packed with 100–120 mesh HayeSep
R polymer beads (Alltech), and the products were detected
by TCD. The GC data were collected through an advanced
computer interface (Dionex) connected to a 486DX/33 PC.
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All GC data processing was performed using Dionex GC
software.

Catalyst Testing

The reactor tube was partially filled with coarse SiC par-
ticles (about 20 mesh) on the exit end held between quartz
wool plugs to help position the catalyst bed near the center
section of the tube. For catalyst tests in the integral mode,
the catalyst bed consisted of about 0.6 g of catalyst particles
diluted in about 4.5 g of 40–60 mesh SiC particles (about
2.5 cm3 in volume). This mixture was packed into the reactor
and held in place between quartz wool plugs. The catalyst
was first pretreated with 30 sccm of He gas at 120◦C for
about 1 h to purge the system, remove air and moisture
from the catalyst, and also to homogenize the molten salts
inside the silica pores. The temperature of the catalyst bed
was then adjusted to the desired reaction temperature be-
fore the introduction of CCl4 and H2 mixture. For all the
runs the CCl4 (liquid) and the H2 (gas) flow rate were set at
0.01 ml/min and 23 cm3/min, respectively, corresponding to
a CCl4 : H2 molar ratio of 1 : 10. The reaction was carried out
at temperatures between 90 and 150◦C and at 1 atm. The
product mixture was sampled periodically by the sampling
valve connected to the on-line computerized GC.

For catalyst tests in the differential mode, the catalyst bed
contained 5–40 mg of catalyst particles diluted in about 4
g of 40–60 mesh SiC particles. The testing procedure was
the same as that in the integral mode. The CCl4 : H2 mo-
lar ratio was set constant at 1 : 10 and CCl4 (liquid) and H2

(gas) flow rates were set in the ranges of 0.01–0.03 ml/min
and 23–69 cm3/min, respectively. This corresponds to a total
feed gas flow between 25.3 cm3/min and 75.9 cm3/min and
a residence time between 2.0 and 5.9 s. The reaction tem-
perature was varied between 100 and 140◦C. The CCl4 con-
version for each run was maintained between 1 and 5% to
ensure differential conditions within the reactor by chang-
ing the catalyst weight and varying the flow rate of the feed
gases. Under these testing conditions, no appreciable cata-
lyst deactivation was observed for the catalysts during the
first 2–3 h of reaction when GC data were collected except
for the PdCl2–Bu4NCl/SiO2 base catalyst, for which fresh
catalyst sample was charged to the reactor at each temper-
ature and GC data were collected during the first hour on
stream when the activity of the catalyst was stable. One of
the catalysts was also tested in a powder form (by crushing
the 40–60 mesh catalyst particles and diluting with powder
of the same SiO2 support) under identical reaction con-
ditions to examine the effect of pore diffusion inside the
catalyst particles.

Product Analysis by GC-MS

Liquid products were trapped in a glass U-tube (i.d.,
10 mm; height, 150 mm) positioned between the reactor
outlet and the outlet transfer line and connected by means

of 1/8′′ stainless steel tubes and rubber plugs. The U-tube
was half immersed into a Dewar flask partially filled with
liquid N2 to just below the bottom of the tube and the top of
the Dewar was covered with aluminum foil. Cold gaseous
N2 inside the Dewar provided sufficient cooling for liquify-
ing, but not for solidifying, HCl formed in hydrodechlo-
rination. After passing the reaction mixture through the
trap for 3 h, the trap was disconnected from the reac-
tor and slowly warmed to ambient temperature to remove
HCl and other substances with boiling points below room
temperature. The residual liquid was transferred to a vial
containing solid NaOH and dried CuCl2 (HCl and water
scavengers, respectively), and stored overnight before GC-
MS analysis. GC-MS analysis was performed on a TRIO-
1 GC-MS (Fison Instruments) equipped with an HP 5890
GC (Hewlett-Packard) with 15-m× 0.32-mm i.d. capillary
column covered by 1 µm DB-1 stationary phase (J & B
Scientific). The resulting mass spectrometry patterns were
compared to a data base library included in the Fison In-
struments software.

Pore Volume Measurements

A supported molten salts catalyst is characterized by its
liquid loading, defined as the fraction of the total pore vol-
ume of a carrier occupied by the melt. The pore volumes
of all catalysts were measured with a pulse technique us-
ing Micromeritics Pulse Chemisorb 2700. Both the carrier
gas (95% N2–5% He mixture) and the adsorbing gas (pure
N2) were purified by passing through gas driers and oxygen
traps. First, the nitrogen gas was condensed into the catalyst
pores at liquid nitrogen temperature; then it was allowed
to reach equilibrium with the flowing N2–He mixed carrier
gas at a flow rate of 16 cm3/min to achieve 95% N2 satu-
ration. The condensed nitrogen inside the pores was then
allowed to evaporate at room temperature in the flowing
N2–He mixed carrier gas. The amount of nitrogen desorbed
was measured by a thermal conductivity detector. The same
experiment was also performed on a pure silica sample for
comparison. Each experiment was performed at least two
times to check for data consistency and the averaged value
was reported.

Transmission Electron Microscopy (TEM)

A Hitachi H-600 electron microscope operating in both
bright and dark field mode with an accelerating voltage
of 100 kV was employed to perform TEM measurements.
To avoid catalyst contamination by SiC and quartz wool
particles and to facilitate catalysts removal from a reactor,
samples of molten salt catalysts (A)–(E) for TEM measure-
ments were prepared without SiC diluent, with glass wool
plugs instead of quartz wool and in a glass tube (i.d., 8 mm)
instead of a stainless steel reactor. A batch of 40–60 mesh
SiC used as a preheater (∼5 cm long) was positioned up-
stream and separated from the catalysts by a glass wool



         

168 WU, LETUCHY, AND EYMAN

plug. After purging with He as described above, the cata-
lysts were treated with H2 : CCl4 mixture (10 : 1) at 130◦C
for 36 h and then cooled in He flow to room temperature
and removed from the reactor. The catalysts were ground
separately with an agate mortar and pestle, suspended in
methanol, and placed on a copper grid (400 mesh). For all
catalyst samples, at least three different areas on the same
grid were measured.

RESULTS

Characterization

A total of five silica-supported PdCl2-containing molten
salt catalysts were synthesized for this study, and tetrabutyl-
ammonium chloride was used as the molten medium in all
cases. The organic salt tetrabutylammonium chloride has a
relatively low melting point (about 42◦C). Simple melting
tests showed that after dissolving PdCl2, CoCl2, and CuCl2
in Bu4NCl in the same mole ratios as for the supported
catalysts, the resulting mixture had a melting point of about
60◦C.

Table 1 shows the compositions for all five catalysts in
weight percentage; the numbers in parentheses indicate the
molar ratios between the chloride salts. Note that the first
four catalysts were prepared with about the same PdCl2
loading (3.2 wt%) and also roughly the same total salt
loading such that the liquid loading in these catalysts could
be kept almost equal and the effects of doping CoCl2 and
CuCl2 could be investigated. The PdCl2 content of the last
catalyst was only 1/4 of that of the other four catalyst and
its total salt loading was about the same as the others.

Results from N2 pore volume measurements showed that
pure SiO2 had a pore volume of 1.351± 0.005 cm3/g (av-
eraged over three runs), which agrees with the supplier’s
specification. The measured values of the pore volume for
the silica-supported molten salt catalysts are in the narrow

TABLE 1

Composition and Properties of Silica-Supported Molten Salt Catalysts

Liquid loading
Composition Total Pore volume Film thickness

Catalyst (mole ratio) salt wt% (cm3/g cat) Measured Calculated (Å)

SiO2 0 1.351 0 0 0
A 3.25% PdCl2– 22.2 1.147 15.1 15.8 10.3

18.94% Bu4NCl/SiO2 (1 : 3.7)

B 3.25% PdCl2–2.39% CoCl2– 22.1 1.14 15.6 14.5 9.4
16.47% Bu4NCl/SiO2 (1 : 1 : 3.2)

C 3.13% PdCl2–2.39% CuCl2– 23.4 1.126 16.6 16 10.5
17.84% Bu4NCl/SiO2 (1 : 1 : 3.6)

D 3.21% PdCl2–1.17% CoCl2–1.21% CuCl2– 22.9 1.152 14.7 15.3 9.9
17.27% Bu4NCl/SiO2 (2 : 1 : 1 : 6.9)

E 0.82% PdCl2–1.20% CoCl2–1.26% CuCl2– 21 1.191 11.8 14.2 9.2
17.73% Bu4NCl/SiO2 (1 : 2 : 2 : 13.9)

range 1.12–1.19 cm3/g SiO2 apparently because of the sim-
ilarity in their total salt loadings, as shown in Table 1. The
values for the liquid loading were calculated based on the
pore volume data and they were in the range of 11.8–16.6%.
However, the numbers should be regarded strictly as the
“solid loading” since the measurements were performed at
near liquid nitrogen temperature (77 K), which was much
below the melting point of the chloride salt mixture. These
low values of liquid loading are anticipated because the
total salt loadings are relatively low.

A straight cylindrical pore with open ends was applied
as an ideal model in calculations of the catalyst liquid load-
ings based on their salt loadings, densities of each chloride
salt, and the pore volume and the average pore radius of
the silica support. The model also assumed that the vol-
ume of each salt component is additive upon mixing and
that the salt mixture is uniformly distributed on the inner
wall of the cylindrical pore. The calculated values are also
listed in Table 1 for comparison with the measured values.
In all cases, the calculated value for liquid loading closely
matched that from experiment, indicating that the catalysts
were well prepared and most of the chloride salts were de-
posited inside the silica pores instead of being deposited
on the exterior of the silica particles. The small differences
between the two sets of values could be due to nonideality
of the pores or experimental error. The average molten salt
film thicknesses, also calculated from this model, are listed
in the last column of Table 1. A very thin film (9–11 Å)
of chloride salts was coated on the pore walls in the silica,
corresponding to only a few molecular layers.

TEM measurements were performed to determine if Pd
particles were forming in the supported catalysts during
CCl4 hydrodechlorination and, if they did, the uniformity
of their distribution. It was shown that bright field images
of all catalysts, which had performed CCl4 hydrodechlo-
rination for 36 h before measurements, had dark images
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(particles); in dark field, almost all particles remained dark,
indicating that these particles were not metallic Pd. For
three of the five catalysts treated for 36 h, samples of PdCl2–
Bu4NCl/SiO2 (A), PdCl2–CuCl2–Bu4NCl/SiO2 (C), and
PdCl2–CoCl2–CuCl2–Bu4NCl/SiO2 (D) catalysts contained
1–2 bright spots per 300–900 nm2. They looked like metallic
spots of 5–15 nm in diameter (by considering the particles
spherical), partially covering larger dark particles. Cata-
lysts B and E did not possess any metallic particles.

CCl4 Hydrodechlorination

For the purpose of direct comparison between all cata-
lysts, the amount of catalyst loaded into the reactor tube
was kept at about 0.6 g for all the runs in the integral mode.
The CCl4 conversion was calculated as the ratio of carbon
in the products to the total amount of carbon, including
unreacted CCl4. Figure 2a shows the test results as CCl4 con-
version versus reaction time for the first four catalysts listed
in Table 1, i.e., PdCl2–(C4H9)4NCl/SiO2, PdCl2–CoCl2–
(C4H9)4NCl/SiO2, PdCl2–CuCl2–(C4H9)4NCl/SiO2, and
PdCl2–CoCl2–CuCl2–(C4H9)4NCl/SiO2 (D, with 3.21 wt%
PdCl2). The reaction temperature was 130◦C with other pa-
rameters as described above. The PdCl2–(C4H9)4NCl/SiO2

catalyst initially showed a CCl4 conversion of about 85%,
but its conversion dropped appreciably in the next 15
h. With addition of CoCl2 the initial CCl4 conversion
increased to 99.3% and deactivation occurred at a much
slower rate than with the PdCl2–(C4H9)4NCl/SiO2 cata-
lyst. The results for both PdCl2–CuCl2–(C4H9)4NCl/SiO2

and PdCl2–CoCl2–CuCl2–(C4H9)4NCl/SiO2 (D) showed
striking stability for CCl4 conversion over a period of
more than 50 h. The initial CCl4 conversions were 94.5
and 99.5% for the two catalysts, respectively. The addition
of CuCl2 appeared to prolong significantly the life of
both the PdCl2–(C4H9)4NCl/SiO2 and PdCl2–CoCl2–
(C4H9)4NCl/SiO2 catalysts. The initial CCl4 conversion was
between 60 and 85% at 110◦C for all four catalysts.

Figure 2b compares the results of CCl4 conver-
sion versus time at 130◦C for two PdCl2–CoCl2–CuCl2–
(C4H9)4NCl/SiO2 catalysts. The second catalyst (E, with
0.82 wt% PdCl2) contains only 25% PdCl2 as in the first cat-
alyst (D) (see Table 1) but has the same amounts of CoCl2,
CuCl2, and (C4H9)4NCl. While the first catalyst showed ex-
cellent stability for CCl4 conversion, the second catalyst
had an initial CCl4 conversion of 73% and was stable for
the first 8 h. It was deactivated gradually over a period
of about 23 h down to a CCl4 conversion of 57%. The
decrease in the initial CCl4 conversion is expected since
PdCl2 is the only active chloride salt in the catalyst. This
was proven by performing two separate experiments with
a CoCl2–(C4H9)4NCl/SiO2 and a CuCl2–(C4H9)4NCl/SiO2

catalyst, both of which showed near zero CCl4 conversion
under the same reaction conditions. Even with such a small
amount of PdCl2, the deactivation trend for the second

catalyst was much more gradual than that of the PdCl2–
(C4H9)4NCl/SiO2 base catalyst shown in Fig. 2a. This also
indicates the stabilizing effects of both CoCl2 and CuCl2 on
the PdCl2–(C4H9)4NCl/SiO2 base catalyst.

In Figs. 3a and 3b, hydrocarbon and chlorocarbon prod-
uct mole percents are plotted against time for the four cata-
lysts shown previously in Fig. 2a. Product distribution for
all four catalysts are also presented in Fig. 4a—after 2 h
on stream—and in Fig. 4b—near the end of the reaction
period. Because the catalysts can be separated into two
groups based on their longevity, namely A–B and C–D,
data in Fig. 4b represent product distributions for catalysts
A and B after about 12 h on stream and for catalysts C and
D after 47 h, with corresponding CCl4 conversions of 71,
95.2, 92, and 97%. For the PdCl2–(C4H9)4NCl/SiO2 base
catalyst, the products contain mostly C1–C5 paraffins and
C2–C4 olefins, with variable amounts of CH2Cl2, CHCl3,
CHClCCl2, and CCl2CCl2. In addition to those products
detected by GC, GC-MS analysis of condensed products
showed the presence of 1,1,3,4-tetrachloro-, pentachloro-
, and hexachlorobutadiene, and confirmed the absence of
CCl3CCl3. Because chlorinated butadienes were present in
trace amounts, they were not taken into account for calcula-
tions of CCl4 conversion and product distribution. The hy-
drocarbon percentage remained roughly constant between
66 and 78% during the course of the reaction, while prod-
uct distribution was gradually changing, with CH4, CH2Cl2,
and CHCl3 decreasing and C2H4, C3+-alkanes and C2HxCly
(CHClCCl2+CCl2CCl2) increasing.

With the addition of CoCl2 the initial hydrocarbon per-
centage was increased by about 7% and it decreased grad-
ually with reaction time. The product distribution of hydro-
carbons and chlorocarbons was different from that of the
PdCl2–(C4H9)4NCl/SiO2 base catalyst. Addition of CoCl2
led to an increase in hydrocarbon products, especially in
C2H6 and C3+–alkanes, and to a decrease in chlorocarbon
products. During the reaction period, the percentage of
CH4, C2H6, CH2Cl2, and C2HxCly decreased, while CHCl3,
C2H4, and C3+-alkanes increased. For both catalysts A and
B, the CH2Cl2 yield was always smaller than that of CHCl3.

When CuCl2 or both CoCl2 and CuCl2 was added to
the base catalyst, the hydrocarbon yield was decreased and
the chlorocarbon yield increased. The main change in the
product distribution with CuCl2 addition was an increase in
both CH2Cl2 and CHCl3 and a decrease in CCl2CCl2 and
CHClCCl2. At the end of the reaction period, CH2Cl2 and
CHCl3 became the major products of CCl4 hydrodechlo-
rination for catalysts C and D, with CH2Cl2 yield higher
than that of CHCl3. Catalysts without Pd but with the same
concentration of other salts did not show any substantial
activity in CCl4 hydrodechlorination.

The rates of CCl4 conversion, expressed as specific activ-
ity (g mole CCl4 converted per gram catalyst per minute)
and turnover frequency (TOF, mole CCl4 converted per



      

170 WU, LETUCHY, AND EYMAN

FIG. 2. (a) Comparison of CCl4 conversion versus time for four PdCl2-containing molten salt catalysts: (A) PdCl2–(C4H9)4NCl/SiO2, (B) PdCl2–
CoCl2–(C4H9)4NCl/SiO2, (C) PdCl2–CuCl2–(C4H9)4NCl/SiO2, (D) PdCl2–CoCl2–CuCl2–(C4H9)4NCl/SiO2. The reaction was carried out at 130◦C and
1 atm with a CCl4 flow rate of 0.01 ml/min and a CCl4 : H2 molar ratio of 1 : 10. (b) Comparison of CCl4 coversion versus time for two PdCl2–CoCl2–
CuCl2–(C4H9)4NCl/SiO2 molten salt catalysts. Catalyst (D) contains 3.21 wt% PdCl2 and Catalyst (E) 0.82 wt% PdCl2. The reaction conditions were
the same as in (a).

mole PdCl2 per second) are presented and fitted with the
Arrhenius equation in Fig. 5 for the PdCl2–(C4H9)4NCl/
SiO2, PdCl2–CoCl2–(C4H9)4NCl/SiO2, and PdCl2–CuCl2–
(C4H9)4NCl/SiO2 catalysts. For computational purposes, it
was assumed that PdCl2 was the only active center for the

hydrodechlorination of CCl4 and that all PdCl2 molecules
in the molten salt liquid phase were accessible for the re-
action. The data showed a similar temperature dependency
of the catalytic activity for the PdCl2–(C4H9)4NCl/SiO2 and
the PdCl2–CuCl2–(C4H9)4NCl/SiO2 catalysts, but the data
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FIG. 3. (a) Comparison of hydrocarbon mole percent in products versus time for four PdCl2-containing molten salt catalysts: (A) PdCl2–
(C4H9)4NCl/SiO2, (B) PdCl2–CoCl2–(C4H9)4NCl/SiO2, (C) PdCl2–CuCl2–(C4H9)4NCl/SiO2, (D) PdCl2–CoCl2–CuCl2–(C4H9)4NCl/SiO2. The reaction
was carried out at 130◦C and 1 atm with a CCl4 flow rate of 0.01 ml/min and a CCl4 : H2 molar ratio of 1 : 10. (b) Comparison of chlorocarbon mole
percent in products versus time for the same four PdCl2-containing molten salt catalysts (A)–(D). The reaction conditions were the same as in (a).

for the PdCl2–CoCl2–(C4H9)4NCl/SiO2 catalyst exhibited a
stronger temperature dependency than the other two cat-
alysts. The measured apparent activation energies for the
three catalysts were 16.49, 15.84, and 22.78 kcal/mol, re-
spectively.

For the two PdCl2–CoCl2–CuCl2–(C4H9)4NCl/SiO2 cata-
lysts, the Arrhenius plots for the rates of CCl4 conver-
sion in specific activities and turnover frequencies are
shown in Fig. 6. The rate data indicated that although
the specific activities for the first PdCl2–CoCl2–CuCl2–
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FIG. 4. (a) Comparison of total product distribution at 2 h into experiment for four molten salt catalysts: (A) PdCl2–(C4H9)4NCl/SiO2, (B) PdCl2–
CoCl2–(C4H9)4NCl/SiO2, (C) PdCl2–CuCl2–(C4H9)4NCl/SiO2, (D) PdCl2–CoCl2–CuCl2–(C4H9)4NCl/SiO2. (b) Comparison of total product distribution
near the end of the reaction period for the same four PdCl2-containing molten salt catalysts (A)–(D) at the following time into experiment (CCl4

conversion): (A) 11 h, 71%; (B) 11 h, 95.2%; (C) 47 h, 92%; and (D) 97%. The reaction conditions were the same as in (a).

(C4H9)4NCl/SiO2 catalyst (containing 3.21 wt% PdCl2)
were much higher than those for the second PdCl2–
CoCl2–CuCl2–(C4H9)4NCl/SiO2 catalyst (containing 0.82
wt% PdCl2), the turnover frequencies for the second cata-
lyst were somewhat higher than the first. There was also
a greater temperature dependency for the second catalyst
than that for the first. The measured apparent activation en-
ergies for the two catalysts were 15.65 and 17.91 kcal/mol,
respectively.

The kinetic data for all five silica-supported molten salt
catalysts were obtained from the Arrhenius plots previ-
ously shown in Figs. 5 and 6, and the values are presented

FIG. 5. An Arrhenius plot of the specific activity and the turnover frequency for three catalysts: (A) PdCl2–Bu4NCl/SiO2, (B) PdCl2–CoCl2–
Bu4NCl/SiO2, and (C) PdCl2–CuCl2–Bu4NCl/SiO2.

in Table 2. The preexponential factors were calculated
based on both the specific activity and the turnover fre-
quency, and the apparent activation energies were obtained
from the slopes of the Arrhenius plots. The preexponen-
tial factors and the activation energy for the PdCl2–CoCl2–
Bu4NCl/SiO2 catalyst were the highest and those for the
PdCl2–Bu4NCl/SiO2, PdCl2–CuCl2–Bu4NCl/SiO2, and the
first PdCl2–CoCl2–CuCl2–Bu4NCl/SiO2 catalyst (D) were
comparable. The values of kinetic data for the second
PdCl2–CoCl2–CuCl2–Bu4NCl/SiO2 catalyst (E) were some-
what higher than those of the three catalysts but lower than
those of the PdCl2–CoCl2–Bu4NCl/SiO2 catalyst. The result
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FIG. 6. An Arrhenius plot of the specific activity and the turnover frequency for two catalysts: (D) 3.21% PdCl2–1.17% CoCl2–1.21% CuCl2–17.27%
Bu4NCl/SiO2 and (E) 0.82% PdCl2–1.20% CoCl2–1.26% CuCl2–17.73% Bu4NCl/SiO2.

from the test on a powder sample of the PdCl2–CuCl2–
Bu4NCl/SiO2 catalyst indicated that the specific activities
and turnover frequencies were increased by only 10% over
the 40–60 mesh particle sample and the slopes from the
Arrhenius plots were virtually unchanged. Therefore, pore
diffusion through the catalyst particles was relatively in-
significant and the measured apparent activation energies
were essentially the intrinsic activation energies. The es-
timated errors for the measured activation energies were
within ±0.5 kcal/mol.

DISCUSSION

Mechanisms for Hydrodechlorination

Hydrodechlorination of CCl4 in the presence of H2 gas
over Ni/Y zeolites catalysts has been proposed to follow the

TABLE 2

Kinetic Data for Five Silica-Supported Molten Salt Catalysts

A1
a A2

b Ea

Catalyst Composition (mol g cat−1 min−1) (s−1) (kcal/mol)

A PdCl2–Bu4NCl/SiO2 5.47× 105 4.97× 107 16.49
B PdCl2–CoCl2–Bu4NCl/SiO2 2.64× 109 2.40× 1011 22.78
C PdCl2–CuCl2–Bu4NCl/SiO2 4.47× 105 4.22× 107 15.84
D PdCl2–CoCl2–CuCl2–Bu4NCl/SiO2

c 3.56× 105 3.28× 107 15.65
E PdCl2–CoCl2–CuCl2–Bu4NCl/SiO4

d 2.29× 106 8.33× 108 17.91

a Preexponential factor calculated based on specific activities shown in Figs. 5 and 6.
b Preexponential factor calculated based on turnover frequencies shown in Figs. 5 and 6.
c The catalyst contained 3.21% PdCl2, 1.17% CoCl2, 1.21% CuCl2, and 17.27% Bu4NCl by weight.
d The catalyst contained 0.82% PdCl2, 1.20% CoCl2, 1.26% CuCl2, and 17.73% Bu4NCl by weight.

sequential free radical mechanism with formation of ·CCl3,
·CHCl2, ·CH2Cl, and ·CH3 radicals in sequential steps in the
gas phase near the active catalytic sites at a relatively high
temperature (370◦C) and formation of C2-chlorocarbons
proceeds through termination reactions of the adsorbed
free radicals at the catalytic sites for conventional supported
catalysts (2). However, it is unclear exactly what mechanism
the reaction follows at relatively low reaction temperatures
(below 150◦C) for our supported molten salt catalysts. Un-
der these conditions, the gaseous free radical mechanism
seems unlikely but the adsorbed radical scenario (1) is more
reasonable. The adsorbed radical should be in a much lower
energy state than the gaseous free radical; therefore, it can
be generated at relatively low reaction temperatures.

For our molten salts, the active sites for activation
of molecular hydrogen and for adsorbed radicals or
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intermediates may take the form of either fine, suspended
Pd(0) particles or dissolved Pd(II) chloride complex in the
melt or both; they are present both on the surface and in the
bulk of the liquid thin film. According to the data listed in
Table 1, the film thickness of the molten layer is only a few
molecules. Diffusion of CCl4 and H2 through the thin film
should be unrestricted, and all Pd-containing catalytic sites
should be accessible to the two reactants. The thickness of
the thin film can be increased by increasing the molten salt
loading. The PdCl2 active site density within the catalyst
pores can also be increased by preparing a catalyst with
higher PdCl2 loading.

Another possibility is a nonradical mechanism for the hy-
drodechlorination with activation of CCl4 as proposed by
Drago and co-workers (4) for silica-gel–Lewis acid sites by
generation of a carbenium-like species such as silica-gel–
AlCl−3 CCl+3 , followed by a nucleophilic attack on carbon
by hydrogen activated by Pd species. Activation of CCl4 at
acidic sites with generation of the carbenium-like species
can be performed to some extent in our catalytic environ-
ment by Lewis acids such as Co(II) and Cu(II) and can be
followed by a nucleophilic attack on carbon by hydrogen
activated by elemental Pd or Pd(II) complexes in supported
molten salts. The reductive capability of the activated hy-
drogen, in the form of atomic hydrogen associated with
either Pd(0) or Pd(II) complexes or both, seems to be influ-
enced by the Pd environment in the presence of anions such
as CoCl2−4 and CuCl2−4 , as reflected from the final product
distribution indicating the extent of CCl4 hydrodechlorina-
tion. The actual hydrodechlorination mechanism for CCl4
could be determined by the final composition of Pd active
sites, and there is a possibility of coexistence of the two
reaction mechanisms.

Reaction Products

For the PdCl2–(C4H9)4NCl/SiO2 catalyst, product dis-
tribution is different from any one of the two types of
SG–AlCl2–PdCl2 catalysts (4). The latter produced mostly
CHCl3 or mostly hydrocarbons, in contrast to the former,
which produced, in addition to both CHCl3 and C1–C4 hy-
drocarbons, CH2Cl2 and substantial amounts of chlorinated
ethylenes CCl2CCl2 and CHClCCl2 and trace amounts of
1,1,3,4-tetrachloro-, pentachloro-, and hexachlorobutadi-
ene. The formation of these chloroalkenes can proceed
through the following dimerization, hydrogenation, and de-
hydrochlorination reactions:

2 · CCl3 ⇒ CCl3CCl3 [A]

CCl3CCl3 +H2 ⇒ CCl2CCl2 + 2HCl [B]

2 · CCl3 +H2 ⇒ 2CHCl3 or 2 :CCl2 + 2HCl [C]

2 :CCl2 ⇒ CCl2CCl2 [D]

:CCl2 +H2 ⇒ CH2Cl2 [E]

CCl2CCl2 +H2 ⇒ CHClCCl2 +HCl. [F]

Formation of chlorinated butadienes could proceed fur-
ther through similar reduction and dimerization reactions
of C2-chlorocarbons. Further chain growth could lead to
C6+-chloroalkenes and chloroalkanes and to formation of
polychlorinated hydrocarbons or coke-like species.

Reactions [A]–[D] were written by analogy with those
proposed by Assher and Vofsi (20), where both CCl3CCl3
and CCl2CCl2 but not C3+-chlorocarbons were formed
in reduction of CCl4 by Fe(II) in acetonitrile, and both
·CCl3 and :CCl2 were trapped by cyclohexene (20). In
contrast to that reported in this article, we did not ob-
serve CCl3CCl3. That means that ·CCl3 coupling does not
proceed in a hydrogen-rich environment (feed mole ra-
tio H2 : CCl4= 10 : 1) and PdCl2–(C4H9)4NCl molten salt
medium, or CCl3CCl3 was converted rapidly to CCl2CCl2
through dechlorination followed by chlorine reaction with
hydrogen. A nonionic mechanism was proposed for such
dechlorination reactions of gem-chloroalkanes in the pres-
ence of H2 over Pd/SiO2 at 300◦C (21).

Our results on reaction products (see Figs. 3a and 3b, 4a
and 4b) indicate that the PdCl2–CoCl2–(C4H9)4NCl/SiO2

catalyst leads to more hydrocarbons and fewer C1-chloro-
carbons than the base catalyst but the CuCl2-containing cat-
alysts give less hydrocarbons and more CH2Cl2 and CHCl3.
One can attribute these variations in product distribution
upon addition of promoters to the changes in hydrogena-
tion efficiency of these catalysts. It seems that the hydro-
genation capability of the base catalyst improves with the
addition of CoCl2 but is somewhat limited with the addition
of CuCl2. However, the observation of less C2HxCly for-
mation for the CuCl2-containing catalysts than the PdCl2–
CoCl2–(C4H9)4NCl/SiO2 catalyst and the base catalyst (see
Figs. 4a and 4b) suggests that the presence of CuCl2 can sup-
press the coupling reaction of the adsorbed C1-radicals and
probably the formation of polychlorocarbons (coke precur-
sors) at the Pd-containing catalytic sites.

Deactivation of the Base Catalyst

The deactivation of the PdCl2–(C4H9)4Cl/SiO2 molten
salt catalyst for hydrodechlorination of CCl4 in a hydrogen-
rich environment may be caused by one or more factors. In
an attempt to pinpoint the exact cause, we propose, with
supporting evidence, several possible deactivation mecha-
nisms including: (a) partial reduction of PdCl2 to fine metal-
lic Pd particles by the excess hydrogen present and sub-
sequent agglomeration of the Pd metal; (b) formation of
chlorinated oligomers/polymers, coke, PdC, or carbide-like
PdCHx species, blocking the active catalytic sites; (c) accu-
mulation of chloride ions inside the catalyst pores, possibly
replacing the surface hydroxyl group around the pore walls;
(d) slow evaporation or decomposition of tetrabutylammo-
nium chloride over time.

In a separate experiment, passing hydrogen gas through
a PdCl2–(C4H9)4NCl melt at about 130◦C indeed resulted
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in formation of some fine black Pd particles. However, most
of the PdCl2 (approximately 83%) was still dissolved and
remained in the (C4H9)4NCl melt after removal of the Pd
particles and upon further bubbling H2 or H2-CCl4 mixture
(about 16 vol% of CCl4). A continuous bubbling of the
H2–CCl4 mixture through the melt resulted in conversion
of about 14% of CCl4 to C1−3-hydrocarbons and CHCl3.
The observed low activity of the unsupported catalyst so-
lution compared to that supported on SiO2 may be due to
better interaction of reactant gases with the thin layer of
catalytic solution having a large interfacial area in the case
of supported catalyst. TEM measurements of all catalysts
performed after CCl4 hydrodechlorination for 36 h, showed
that some metallic particle formation occurred in the cata-
lysts A, C, and D and was absent in the catalysts B and E.
The length of the experiment allowed deactivation of cata-
lysts A, B, and E, while catalysts C and D still showed high
CCl4 conversion (Figs. 2a and 2b). Because the catalysts A–
D have the same Pd concentration of 2 wt%, usually visible
in TEM pictures of catalysts without molten salts when Pd
is in metallic state (17), it was concluded that in general the
Pd(0) agglomeration into metallic particles large enough
to be detected by TEM was not the major cause of deac-
tivation of the molten salt catalysts. Absence of metallic
particles on the TEM micrographs of the catalyst E while
they are present on the micrographs of the catalyst D could
be partially due to lower Pd concentration.

Detection of tetra-, penta-, and hexachlorobutadienes
in the gas phase can be considered as a direct evidence
of oligomerization of CCl4 around catalytic active sites.
It is highly possible that these oligomers would undergo
further transformation to form C6+-chlorocarbons (coke
precursors) and chlorinated coke, which are not volatile
at the reaction temperature of 130◦C and would block the
active sites.

The accumulation of chloride ions by means of exchange
of Cl−with the surface hydroxyl groups in the silica support
cannot be confirmed experimentally in the present study,
but it is likely to occur at 130◦C in the presence of excess
gaseous HCl. However, it is unclear how the accumulation
of Cl− will affect the catalytic activity of the molten salts,
although strong correlation between Cl− accumulation and
deactivation of conventional Pt/Al2O3 catalysts has been
established in two separate studies (18), possibly due to the
influence of Cl− on the rate of agglomeration of the Pt par-
ticles. Tetrabutylammonium chloride begins to decompose
at temperatures higher than about 170◦C, as shown by a
blank experiment with only (C4H9)4NCl/SiO2 in the reac-
tor tube. 1-Butene was detected as one of the decomposi-
tion products by GC. Bubbling hydrogen through a melt
of (C4H9)4NCl overnight also resulted in some evapora-
tion. While it is possible that all these factors play a role
in the deactivation of the PdCl2–(C4H9)4NCl/SiO2 molten
salt catalyst, it is most likely that the second factor is the

main cause for catalyst deactivation, simply because of the
observed promotional effects of CoCl2 and CuCl2. The in-
creased stability of the catalysts accompanying addition of
CoCl2 and/or CuCl2 could be due to conversion of excess
(C4H9)4NCl, after formation of [(C4H9)4N]2Pd2Cl6 (19),
into ionic complexes with anions such as CuCl2−4 , CoCl2−4 ,
and CuCl−3 , which interact with the Pd(II) active centers.

Promotional Effects of CoCl2 and CuCl2

The promotional effect of CoCl2 to enhance the catalytic
activity of the base PdCl2–(C4H9)4NCl/SiO2 molten salt
catalyst may be simply due to the fact that CoCl2 is a
sufficiently strong Lewis acid, which assists the breaking
of the C–Cl bond in the CCl4 molecule. The stabilizing
effect of CoCl2 on the base catalyst may be due to
interaction between CoCl2 or [CoCl4]2− and the PdCl2,
possibly in the form of a planar complex with two Cl atoms
bridging between a Pd(II) cation and a Co(II) cation:

This interaction somehow maintains a more favorable
hydrogenation environment around the PdCl2-containing
active centers, probably due to the electron withdrawing
effect of the Co(II) cation through the bridging Cl atoms,
which in turn causes a slightly more electron deficient
Pd(II) environment. This modified Pd(II) active center
would be more efficient in breaking the C–Cl and the H–H
bond. This is consistent with the higher hydrocarbon and
lower chlorocarbon contents in the reaction products for
the CoCl2-containing catalyst (see Catalyst B in Figs. 3
and 4), an indication of an improved hydrogenation capa-
bility. In addition, kinetics measurements on this catalyst
indicated a much higher preexponential factor and a
considerably higher activation energy than that of the base
molten salt catalyst (see Table 2). The former parameter is
an indication of an increase in collision frequency between
the reactant molecules and the Pd(II) active centers while
the latter is an indication of a change in the electronic
environment around the active centers. Although there is
a partial compensation effect from the two parameters in
the Arrhenius equation, the resulting effect is an increase
in the reaction rate for the CoCl2-containing catalyst.

A similar interaction between CuCl2 or CuCl−3 and
PdCl2-containing active centers may be prevalent as well.
However, the stronger promotional effect by CuCl2, es-
pecially in catalyst stability, may be more complex since
CuCl can be formed as a stable compound during hy-
drodechlorination of CCl4. Two interacting catalytic cycles
(one for Pd(0)/Pd(II) and the other for Cu(II)/CuCl/Cu(0))
with seven possible steps are proposed to account for
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the remarkable stabilizing effect of CuCl2 on the PdCl2–
(C4H9)4NCl/SiO2 molten salt catalyst:

PdCl2 +H2 ⇒ Pd+ 2HCl [1]

2CuCl2 +H2 ⇒ 2CuCl+ 2HCl [2]

2CuCl2 + Pd⇒ 2CuCl+ PdCl2 [3]

CuCl2 + Pd⇒ Cu+ PdCl2 [4]

CuCl+ CCl4 ⇒ CuCl2 + ·CCl3 [5]

Cu+ CCl4 ⇒ CuCl+ ·CCl3 [6]

Pd+ 2CCl4 ⇒ PdCl2 + 2·CCl3. [7]

Although all the above reaction steps are thermodynami-
cally feasible, it is not known if they all proceed under the
reaction condition, and whether Pd(0)⇀↽Pd(II) conversion
is substantial for CuCl2-containing catalysts. Rate constants
for Steps [3], [4], and [7] in the proposed mechanism have to
be large enough to ensure that deactivation of the catalyst
does not proceed by Pd agglomeration. A reaction of CuCl
with CCl4 (Step [5]) performed in an acetonitrile solution
containing LiCl at 22◦C reached a quasi-equilibrium with
as low as 1–5% conversion of Cu (I) into Cu(II) (20). At the
higher temperature used in our case the equilibrium may
be reached quickly, favoring the formation of Cu(II). Step
[4] in the above mechanism also suggests the formation of
Cu(0), which may interact with Pd(0) to form bimetallic Pd–
Cu clusters. It is unlikely, because of the reactivity of Cu(0)
with CCl4 (Step [6], (22)), that Cu metallic particles would
grow to a size detectable in TEM measurements. Similarity
of TEM results for Pd- or Pd–Cu-containing catalysts A, C,
and D showed that the presence of CuCl2, unlike CoCl2,
did not eliminate the growth of metallic aggregates (most
probably Pd(0)) to particles of a size detectable by TEM.

Although the rates of CCl4 hydrodechlorination were in-
creased with the addition of CuCl2 (see Fig. 5), the sig-
nificant effect of CuCl2 was to stabilize the activity of the
PdCl2–Bu4NCl/SiO2 base catalyst (see Fig. 2a). In contrast
to CoCl2, the addition of CuCl2 resulted in formation of
more CH2Cl2 and CHCl3 in the products (see Fig. 4), an indi-
cation of a reduced hydrogenation capability of the catalyst.
Kinetics measurements on the PdCl2–CuCl2–Bu4NCl/SiO2

catalyst showed a somewhat lower value for the activation
energy than that for the base catalyst, suggesting an elec-
tronic effect of CuCl2 on the Pd(II) active center which is
opposite to that caused by CoCl2.

The measured reaction rates and activation energies
for the PdCl2–CuCl2–Bu4NCl/SiO2 and the first PdCl2–
CoCl2–CuCl2–Bu4NCl/SiO2 catalyst were almost identical
(see Fig. 5 and 6), but the activation energy for the sec-
ond PdCl2–CoCl2–CuCl2–Bu4NCl/SiO2 catalyst was some-
what higher than that of the PdCl2–Bu4NCl/SiO2 base
catalyst (see Table 2) yet lower than for the PdCl2–CoCl2–
Bu4NCl/SiO2 catalyst. In the case of the second PdCl2–

CoCl2–CuCl2–Bu4NCl/SiO2 catalyst, PdCl2 may be utilized
more efficiently than the first catalyst because of the some-
what higher measured turnover frequencies (see Fig. 6). The
fact that the measured reaction rates were approximately
proportional to the PdCl2 content in the supported molten
salt catalysts may indicate that activation of molecular hy-
drogen is the rate limiting step for hydrodechlorination of
CCl4. Furthermore, the fact that the addition of CuCl2 or
CoCl2 alters the product distribution toward CH2Cl2 and
CHCl3 or toward hydrocarbons, respectively, suggests the
possibility of modifying or even controlling the selectivity
of a certain desired product by doping one or more appro-
priate promoters.

CONCLUSIONS

Our results from five silica-supported PdCl2-containing
molten salt catalysts with CoCl2 or CuCl2 or both
promoters, i.e., PdCl2–(C4H9)4NCl/SiO2, PdCl2–CoCl2–
(C4H9)4NCl/SiO2, PdCl2–CuCl2–(C4H9)4NCl/SiO2, and two
PdCl2–CoCl2–CuCl2–(C4H9)4NCl/SiO2 catalysts with dif-
ferent PdCl2 concentration, indicate in all cases high initial
activities for the hydrodechlorination of CCl4 in a H2 at-
mosphere at 130◦C. However, the PdCl2–(C4H9)4NCl/SiO2

base catalyst with 2 wt% Pd tends to deactivate appreciably
with time. Doping CoCl2 into the PdCl2–(C4H9)4NCl/SiO2

catalyst enhances its initial CCl4 conversion and the specific
reaction rate, shifts the reaction toward formation of more
hydrocarbons, and also prolongs the life of the catalyst.
Addition of CuCl2 to the PdCl2–(C4H9)4NCl/SiO2 catalyst
also improves the initial CCl4 conversion and the specific
rates and has an even stronger stabilizing effect on the
maintenance of the catalytic activity. When both CoCl2
and CuCl2 are added to the base catalyst, they show a
synergistic effect as the promoted catalyst exhibits the
highest CCl4 initial conversion and the greatest longevity
among all four catalysts. The product distribution is also
shifted to some extent from hydrocarbons to partially
hydrodechlorinated chlorocarbons. The second PdCl2–
CoCl2–CuCl2–(C4H9)4NCl/SiO2 catalyst with four times
lower PdCl2 concentration has lower specific activity but
higher turnover frequency than the first catalyst, indicating
more efficient use of PdCl2. The observed promotional ef-
fects are attributed to interactions between Pd-containing
active centers with either CoCl2 or CuCl2 or both, resulting
in more stable active centers. These modified active centers
are expected to have less tendency to cause oligomerization
or polymerization of CCl4 to form polychlorocarbons or
coke which lead to catalyst deactivation.
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