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Abstract

v-Aluminais modified by carbon coverage and the resulting carbon covered alumina is used in the preparation of supported
Pd catalysts with varying Pd loadings. The prepared catalysts have been characterized by BET surface area, CO-chemisorption,
X-ray diffraction and temperature programmed reduction (TPR). The catalytic activities of these catalysts have been tested for
the selective hydrogenolysis of dichlorodifluoromethane to difluoromethane. TPR studies reveal that fresh Pd/CCA catalysts
at lower Pd loading (up to 4 wt.%) exhibit features of Pd@d (decomposition op-PdH,) along with Pd/C (reaction of CI
with hydrogen) and beyond 4 wt.%, only Pd/C features are observed. TPR of spent catalysts reveal the increase in the intensity
of B-PdH, with increase in Pd loading indicating the reorganization of Pd particles during the course of hydrogenolysis
reaction. TPR of CCA and active carbon supports showed that the nature of carbon is somewhat different in CCA and active
carbon. XRD data has shown that some amount of uncovered alumina is converted into its hydroxide fluoride. High selectivity
to HFC-32 (~95%) over 4 wt.% Pd/CCA catalyst at a reaction temperature of @26 attributed to the beneficial role of
carbon coverage op-alumina.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Hydrogenolysis; TPR; Dichlorodifluoromethane; Carbon covered alumina

1. Introduction hydrofluorocarbons (HFCs) with zero ozone depleting
_ ) _ potential (ODP) and they are also useful as CFC al-
Dichlorodifluoromethane (C@F») is a large ton-  ternatives [2,3]. Palladium-based catalysts have been
nage chlorofluorocarbon (CFC) used extensively in jidely studied for selective hydrogenolysis of CFCs
refrigeration and air-conditioning. CFCs have been g optain useful products. Conversion of GE
identified as chief components in depleting the strato- (CFC-12) over a catalyst under hydrogen vyields
spheric ozone, creating holes in the layer [1]. There CH.F, (HFC-32), an 0zone benign substance useful as
has been worldwide ban on the production and usage deep refrigerant. Several studies have been focused
of CFCs, stipulating cut-off dates. However, the ex- g the role of support [4-10], palladium black as a
isting stocks need to be disposed off safely. Selective ,gdel catalyst [11], the influence of a second metal as
hydrogenolysis of CFCs over suitable catalysts yields 5 promoter [6,12—14], the reaction kinetics [5,6,9] and
reaction pathways [14]. Microwave heating [15] and
high temperature reduction [16] have been used to ob-
fax: +91-40-7173387. i . I tain poorly dispersed supported Pd catalysts. Recently
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compared [17]. Choosing a right support is important
in getting high catalytic activity and selectivity to-
wards HFC-32. It has been reported that while PdAIF
is more selective in yielding HFC-32, Pd/graphite is
more selective for Ciiformation in the hydrogenoly-
sis of CFC-12 [5]. Carbon covered alumina (CCA) has
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in reduced PCCAZ2 is found to be 20wt.%. The de-
crease in carbon content in reduced catalyst compared
to that of the pure support may be attributed to: (i)
contribution of Pd in the catalyst and (ii) gasification
of carbon during reduction.

XRD analysis of fresh, reduced and used catalysts is

been reported to be a superior support for promoted carried out on a Siemens D5000 X-ray diffractometer

Ru catalyst for low temperature ammonia synthesis at using Cu kx radiation.

atmospheric pressure [18]. CCA possesses the benefi- CO-chemisorption capacities of the catalysts are de-
cial properties of both alumina and carbon, like good termined at room temperature on an all glass high vac-
mechanical strength (due to the presence of alumina), uum unit using double isotherm method assuming a
reduction in metal-support interaction (due to the pres- chemisorption stoichiometry of 1:1 between CO and

ence of carbon that covers the alumina). In view of the Pd [20]. The dispersion, metal surface area (MSA)

beneficial role of carbon coverage on alumina, we have and Pd particle size (PS) in catalyst are calculated ac-
investigated Pd supported CCA as a catalyst for selec- cording to the procedure described by Scholten et al.
tive hydrogenolysis of CFC-12 to HFC-32. The results [21]. Experimental details and procedures are as de-

on the effect of Pd loading, #CFC-12 ratio, reaction
temperature and GHSV on the conversion of CFC-12
and selectivity to HFC-32 and CHare reported in
this communication. The catalyst characteristics car-
ried out by XRD, CO-chemisorption, and TPR are
correlated with catalytic activities wherever possible.

2. Experimental

Commercial v-Al,O3 (Harshaw, BET SA:
260t g1) is crushed and sieved to 18/25 BSS and
then calcined at 400C for 3h. The CCA support is

scribed by Mahata and Vishwanathan [20]. Prior to
CO-chemisorption experiments, the catalystis reduced
in the H, flow (40 ml/min) at 400 C for 4 h. BET sur-
face areas of the reduced catalysts were determined
by N, adsorption at-196°C.

A lab made equipment fabricated by us is used
to carry out TPR experiments. A microprocessor
controlled sensitive conductivity meter (sensitivity
0.1uS; cell constant= 0.98; M/s Systronics, India)
is used to determine the conductivity of a KOH solu-
tion (0.005 M) kept between the outlet of the reactor
and TCD/FID-gas chromatograph (GC). The KOH
solution neutralizes the HCI/HF formed during re-

prepared by taking this alumina in a quartz reactor and duction of the catalyst. The details of this setup and
passing nitrogen saturated with cyclohexene vapor experimental procedure adopted are described else-

for 10h at 600C adopting the procedure described
by Boorman et al. [19]. The carbon content in CCA
thus prepared is found to be 24 wt.% determined by
gravimetric analysis. The CCA supported palladium
catalysts are prepared by wet impregnation of the
CCA with requisite amount of acidified (with HCI)
aqueous solution (0.134 gPd/ml) of PdQPdCb,
Aldrich, USA). The excess solution is evaporated on
a water bath till dryness and then further dried in
an oven at 100C for 12 h. A portion of each of the

where [22]. In all the TPR experiments the catalyst
(100-150 mg) bed temperature is programmed at a
rate of heating of 11C/min from room temperature

to 700°C and then kept isothermal at that tempera-
ture for 30 min. A 6% H in Ar is used as reducing
gas. Prior to the start of the temperature program, the
reducing gas mixture is passed (20 ml/min) over the
catalyst for about 30 min. It may be noted that dried
catalyst samples are used for TPR experiment. In
order to understand the nature of carbon in the CCA

oven dried catalyst sample is reduced in hydrogen at support two TPR runs are carried out. TPR-| patterns

400°C for 4 h and then passivated irp ldtmosphere.

The reduced samples are used for XRD studies. Pal-

ladium loading on CCA is varied from 2 to 10 wt.%

correspond to the reduction profile up to 4@ car-
ried out at a rate of heating of 2C/min and kept
at isothermal condition for 30min at 40Q. The

and the catalysts are designated as PCCA1, PCCA2,sample after TPR-I is cooled to room temperature

PCCA3, PCCA4 and PCCA5, which contain 2, 4, 6,

(without exposing to air) and then a second TPR pro-

8 and 10 wt.% of Pd, respectively. The carbon content file from room temperature to 70C (and isothermal
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for 30 min) at the same rate of heating as in TPR-I
is obtained and this profile is termed as TPR-II. The
conductivity profiles of the KOH solution are recorded
during the TPR run. The FID patterns of the effluents
of the TPR runs are also recorded.

Activity experiments are performed in an on-line
microreactor interfaced with a FID/TCD GC (Sigma
Instruments, India). About 1 g of the catalyst is placed
in the microreactor and then reduced inp ow
(40 ml/min) at a temperature of 40Q for 4 h. The re-
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in Table 1. The surface area of alumina decreased
from 260 to 143 g~ during cyclohexene pyrolysis
due to pore filling by carbon in the course of prepa-
ration of CCA indicating that there is no contribution
of surface area by carbon. Considerable reduction in
surface area of CCA occurred upon Pd loading. It can
be also seen that there is no definite trend in the BET
surface area of the catalysts. The BET surface area of
PCCA1 and PCCA2 are almost constant, indicating
that Pd continues to interact with the support in a sim-

actor is then cooled to the reaction temperature underilar way up to 4 wt.% Pd. At 6 wt.% Pd, relatively high
H» flow and CFC-12 feed and hydrogen are passed on decrease indicates pore filling by Pd crystallites. The

to the catalyst bed along withaNto maintain required
gas hourly space velocity (GHSV)). The product
mixture before entering to the GC, is scrubbed with
aqueous KOH (4%) solution to remove HCI/HF that
are formed during the reaction. The product mixture
is then analyzed using a GC with FID detector and
Porapack-Q column (3 m length, 3mm diameter SS)
at an oven temperature of 120. The identification
of product mixture is done by micromass GC-MS
(Varian 7070, UK) and major components of product
mixture are identified by comparing the/e values
with standardr/e values of CFCs reported in the lit-
erature [23]. The major components of product mix-
ture are HFC-32, CiHand unreacted CFC-12. Minor
components are found to be HFC-41 and HCFC-22
depending upon the reaction conditions.

GHSYV is varied from 2000 to 4800 and ultra-
pure nitrogen is used to maintain the GHSW/EFC-
12 ratios are varied in between 3 and 10. Gas flow
rates were maintained by using calibrated flow meters.

3. Results and discussions

The BET surface area, CO uptake, MSA and PS of
Pd/CCA catalysts with varying Pd loadings are given

surface area of PCCA3 and PCCA4 are again almost
same and there is a decrease again in PCCA5. These
results show that the interactive natureyefl,O3 and
non-interactive nature of carbon are both manifest in
CCA support upon loading by Pd.

The 4wt.% Pd/CCA has maximum CO uptake
and also maximum MSA of 0.95%g ! cat., indicat-
ing the availability of maximum Pd active sites on
this catalyst. As expected, Pd PSs calculated from
CO-chemisorption are increasing with increase in Pd
loading on CCA. The increase in Pd PS is some-
what less up to 4wt.% Pd loading and thereafter the
increase is substantial, indicating support saturation
by Pd (though patchy) at 4wt.%. Dispersion values
indicate that Pd is poorly dispersed on CCA. Poorly
dispersed Pd/CCA catalysts are prepared in this study
by H, reduction of the catalyst at 40C€. We fol-
lowed this procedure earlier for the preparation of
poorly dispersed PgfAl,0O3 and Pd/C catalysts [17].
Oxidation—reduction treatment [16] and microwave
heating [15] have been reported to result in poorly
dispersed PgtAl,O3 catalysts.

The XRD patterns of fresh, reduced and used cata-
lysts are shown in Fig. 1. XRD patterns of fresh cat-
alysts show the diffraction signals withvalues: 1.4,
1.98, 2.37, which are attributed to theAl,0O3 phase

Table 1

Characteristics of CCA supported Pd catalysts

Catalyst code Pd (wt.%) BET SA bg1) CO uptake gmol/g) Dco (%) MSA (m?gcat.) PS (nm)
CCA - 143 - - - -
PCCAl 2 135 13 6.9 0.62 17.1
PCCA2 4 131 20 5.3 0.95 22.2
PCCA3 6 115 14 2.5 0.66 47.6
PCCA4 8 114 11 1.6 0.52 80.8
PCCA5 10 91 10 1.0 0.47 111.0
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Fig. 1. XRD patterns of the Pd/CCA catalysts: (a) fresh; (b) reduced; (c) used.

and no Pd or PdGlphases are observed in these pat- CCA preparation by cyclohexene pyrolysis, still some
terns. In reduced catalysts signals duext®d @ = of the alumina sites are available which were not ac-
1.9 and 2.25) can clearly be seen and the intensity of cessible to aromatic/aliphatic carbon species of pyrol-
this phase is found to be strongly dependent on Pd ysis agent due to steric limitation [19]. These alumina
weight percent. XRD patterns of spent catalysts show sites uncovered by carbon reacted with small species
that in addition toy-Al,0O3 and a-Pd phases, a new like fluoride, generated in the course of hydrogenoly-
signal (withd values of 5.56, 1.9 and 1.38) is observed, sis of CCbF> to form Al(OH)1.96F1.04-

which corresponds to the aluminum hydroxide fluoride ~ TPR patterns of fresh CCA supported Pd cata-
(Al(OH)1.96F1.04) phase and the intensity of this phase lysts are displayed in Fig. 2. A negative peak with
is almost constant implying that the support transfor- low intensity centered at 94 is observed only with
mation is constant at all Pd loadings. Even though most PCCA1 and PCCA2. A positive peak centered at
of the alumina surface is covered by carbon during 160-210C can be observed in all the fresh catalysts.
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Fig. 2. TPR patterns of Pd/CCA fresh catalysts at various Pd loadings.

The Tmax (Maximum reduction temperature) of this is an indication of the interacting nature of the support
peak is varied in the temperature range depending[17,24,25]. The second peak (160-21%X) may be
upon the Pd loading in the catalyst. The intensity of attributed to the consumption of hydrogen, through
this reduction peak is found to be maximum at a Pd perhaps spill-over phenomenon, which is a feature of
loading of 4wt.%. The first peak (negative) may be carbon supported catalysts [26]. This hydrogen ap-
attributed to the decomposition gtPdH,. In hydro- pears to have reacted with Cion which is stabilized

gen atmosphere, PdCbets reduced easily at room on the catalyst surface, as carbon is known to possess
temperature [11] to Pd metal (while passing reducing a variety of functional groups like -COOH, —OH, etc.
gas mixture prior to the start of the temperature pro- [27]. Surface oxygen functional groups, carboxylic
gram) and further interacts with hydrogen. This phase groups and phenolic groups of the support may act
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Fig. 3. Differential conductivity plots of 4wt.% Pd/CCA catalyst obtained during the TPR experiments: (a) fresh; (b) used.

as acceptor sites for hydrogen spill-over [27]. The
corresponding change in conductivity of KOH solu-
tion is also observed confirming the evolution of HCI
at the peak temperature 6f190°C (Fig. 3a). The
B-PdH, decomposition peak is absent in catalysts with
>4 wt.% Pd loading though present with a weak inten-
sity in catalysts with<4 wt.% Pd. The carbon of CCA

of Pd/CCA appears to be suppressing the formation
of B-PdH, in fresh catalysts. Vannice and co-workers
[28,29] have reported the suppression pfPdH,
formation due to carbon contamination of both the
bulk and surface Pd crystallites in Pd/C. Thus, the
CCA supported catalyst is exhibiting both the facile
reduction property of Pdglon alumina as well as on
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Fig. 4. TPR patterns of CCA support and corresponding FID patterns: (a) and (b) TPR-I; (c) and (d) TPR-II.

carbon supports which may influence the hydrogenol-
ysis of CFC-12. A broad positive peak centered at
~500°C may be attributed to gasification of carbon
in CCA support. A negative peak centerec-at00°C
corresponds to the evolution of hydrocarbon which is
confirmed by FID-GC analysis of the effluent of the
TPR run.

To find out the nature of carbon in CCA two TPR
runs (TPR-I and TPR-II) are carried out for the sup-
port. During these experiments, FID analysis of the

TPR effluents have also been done along with TPR.

For comparison of TPR-I and TPR-II along with FID

ferences in their TPR patterns (Figs. 4 and 5). In TPR-I
and TPR-Il of active carbon, positive peaks centered
at~350°C (Fig. 5a) and at-700°C (Fig. 5c¢), respec-
tively, can be seen. Hydrocarbon evolution at corre-
sponding temperatures can be observed from the FID
patterns of the corresponding TPR effluents (Fig. 5b
and d). Both the TPR peaks may be attributed to the
gasification of different carbonaceous species of ac-
tive carbon.
During the preparation step of CCA support through

pyrolysis of cyclohexene at 60C carbon/carbon
moieties (CH) form on Al,Os, and these carbona-

patterns of active carbon support have also been car-ceous species produce hydrocarbon in the TPR ex-

ried out. These results are displayed in Figs. 4 and 5
respectively.

In TPR-I of the CCA support, the positive peak at
about 400C (Fig. 4a) may be attributed to the gasi-
fication of surface carbon of the CCA and hydrocar-

, periment. The carbon present in CCA appears to be
different in characteristics from the active carbon
support used in preparing Pd/C catalysts [30]. Acti-
vated carbon is a high surface area material; whereas
the carbon in CCA contributed to the surface area

bon evolution can be seen from the corresponding FID reduction of alumina, which is evident from the BET

pattern (Fig. 4b) of the TPR effluent. In TPR-II of the
CCA support, a negative peak centered~at00°C
(Fig. 4c) may be attributed to the desorption of heavy
carbonaceous moieties (GHas is evident from the
FID pattern of its effluent (Fig. 4d). The carbon species
of the CCA support appear to be different from those
of the active carbon support as is evident from the dif-

surface area of CCA and alumina (Table 1).

TPR patterns of used Pd/CCA catalysts are shown
in Fig. 6. Negative peaks due g3PdH, decomposi-
tion at about 100C is observed in all the catalysts.
The peak intensities d§-PdH, decomposition is in-
creasing with the increase in Pd loading in Pd/CCA
catalysts. It appears that Pd particles of the cata-
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Fig. 5. TPR patterns of active carbon support and corresponding FID patterns: (a) and (b) TPR-I; (c) and (d) TPR-II.

lysts are getting reorganized through redistribution pearance of differential conductivity peak at a TPR
and sintering during the hydrogenolysis reaction of temperature 0f610°C. Coq et al. [6] opined that HF
CFC-12 and/or in hydrogen atmosphere [31-33]. It was released during the final step of reduction, while
may be mentioned here that in TPR patterns of used preparing Pd/Alg catalysts. The negative peak cen-
PdA-Al,O3 catalysts nd3-PdH, decomposition sig-  tered at~700°C in the TPR patterns of used catalysts
nal is observed at a Pd loading of 2wt.% presumably can be attributed to the desorption of carbonaceous
due to partial submerging of Pd particles into the lat- moiety (CH, species).

tice of aluminum hydroxy/oxy fluoride formed during The hydrogenolysis activity of Celf,> over 4 wt.%
the hydrogenolysis of CFC-12 [17]. However, in used Pd/CCA with different space velocities is studied by
Pd/CCA catalysts signal due to tBePdH, decompo- keeping feed composition constant at/@FC-12=
sition is observed even at a low Pd loading of 2wt.% 3 at a temperature of 25C. Fig. 7 shows the con-

in this study. Transformation of-Al,03 in Pd/CCA version of CFC-12 and selectivity to HFC-32 and
to its oxy/hydroxide fluoride is also observed in the CHj as a function of GHSV. At space velocities of
XRD patterns of used catalysts. However, it appears 2400-3600 h' the conversion is 31-38%, but selec-
that carbon present in the CCA is suppressing the tivity towards HFC-32 is~60% and that of Chl is
formation of the aluminum hydroxide fluoride with ~30%. With increase in space velocity the conversion
possible reduction in submerging of Pd particles into is drastically decreased to about 8% at a GHSV of
its lattice. The broad positive peak centered at around 4800 i but selectivity towards HFC-32 is increased
500°C may be attributed partly to the gasification to about 72% and that of CHdecreased to about
of the carbon of the CCA support, and partly to the 25%. The selectivity to other products (CHGI&nd
partial reduction of Al species formed during the CHR3) varied between 3 and 10% depending upon the
reaction. Corresponding change in the electrical con- space velocity. It is interesting to observe that there is
ductivity in the KOH solution can be observed in only relatively small change in CHselectivity with
Fig. 3b (differential conductivity pattern of 4wt.% increase in GHSV emphasizing that the formation of
Pd/CCA used catalyst). The partial reduction of AIF  methane is not due to the participation of HFC-32
species may be taking place at a temperature higherin secondary reactions, but through an independent
than that for carbon gasification with consequent ap- route [4].
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In order to find out the effect of hydrogen partial
pressure on hydrogenolysis activity of CFC-12 and
selectivity to HFC-32, a set of experimental runs are
made by keeping GHSV constant at 4806 varying
the reaction temperatures between 200 and°820
and the H/CFC-12 between 3 and 10. A GHSV of
4800 h! is selected because at this space velocity, the
selectivity towards HFC-32 is high (>70%). The effect
of Hyo/CFC-12 ratio on the activity and selectivity of
4wt.% Pd/CCA at different reaction temperatures is
depicted in Fig. 8. It can be observed from this figure
that with the increase in #iICFC-12 ratio, conversion
increases up to a ratio of 8 and then decreased at all
the reaction temperatures studied. The differences in
conversion at different HICFC-12 ratios may arise
out of a competitive adsorption between hydrogen
and CFC molecules at different partial pressures of
H> and CFC-12 [5]. The selectivity to Gif, and
CHg are strongly dependent on both/@FC-12 ratio
and reaction temperature. At a reaction temperature
of 200°C and a H/CFC-12 ratio of 10, the selec-
tivity to CH2F> is close to 100%, but the conversion
is only about 5%. As the reaction temperature is in-
creasing the selectivity to Ciff; is decreasing and
that of CH, is increasing at all LICFC-12 ratios.
Makkee et al. [31] have reported that on Pd/C cata-
lyst the activity and selectivity to CHF, is a strong
function of hydrogen to CFC-12 ratio. On palladium
black, the conversion of Cgl, is reported [11] to
increase strongly with increase of temperature, while
the selectivity to CHF; is decreasing that of CH
is increasing. It is reported that [34] Pd/C catalyst
exhibited high selectivity towards -£C3 hydrocar-
bons at CECl,/H2 = 1 and at a reaction temperature
of 250°C. Thus, it appears that higherod€FC-12
ratios are preferable in improving the selectivity of
desired product (HFC-32). In this study, we observed
that at low HB/CFC ratios, the adsorbed surface chlo-
ride containing radical might not be getting removed
through hydrodechlorination due to insufficient sur-
face hydrogen. Formation of CHCIFobserved in
product mixture may be explained as due to associa-
tive desorption offCRCI species with adsorbed-H
species [9]. The HFC-32 selectivity increased with
increase in H/CFC-12 ratio indicating that high ra-
tios are preferable in maximizing the HFC-32 yields
and in present study, a ratio of 8 is found to produce
higher yields of desired product (HFC-32).
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Fig. 9 displays the CFC-12 hydrogenolysis activity
at a reaction temperature of 200 and a H/CFC-12
ratio of 8 during the first 160 min of reaction. The
data shows that the loss of activity is negligible dur-
ing the first 100 min of reaction<(5%), even though
the hydrogenolysis reaction conditions are corrosive
due to production of HF/HCI. In such conditions, the
surface reconstruction will take place [5,6,12] and
the Pd/CCA catalyst surface reconstruction in reac-
tion medium during this period is found to be less
compared to that of-Al,O3 and active carbon sup-
ported catalysts [17]. Moreover, the selectivity towards
HFC-32 is found to be maximum (100%) throughout
at this reaction temperature (200).

Steady state conversion and selectivity to JEp
and CH, on Pd/CCA catalysts in hydrogenolysis re-

action of CChF, at different reaction temperatures
are shown in Fig. 10 as a function Pd loading. The
H2/CFC-12 ratio is kept constant at 8 as also the
GHSYV at 4800 hl. The maximum CGIF, conversion

is observed at 4 wt.% Pd loading at all reaction temper-
atures. The selectivity to Ciff, is found to be close
to 100% at a reaction temperature of 2@at all Pd
loadings. However, a maximum conversion of about
25% is obtained at 4wt.% Pd loading at this reaction
temperature. At a reaction temperature of 220on
4wt.% Pd/CCA, the CGF, conversion is about 50%,
while CHyF, selectivity is ~95% and the CHl se-
lectivity is ~5%. On 4 wt.% Pd/CCA, the conversion
increased up te-75% with increase in reaction tem-
perature up to 240C and beyond that it decreased.
The CHF> selectivity is, however, decreasing with
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Fig. 8. Effect of H/CFC-12 ratio on the CFC-12 hydrogenolysis activity of 4wt.% Pd/CCA at various reaction temperatures;
GHSV = 4800T: (H) 200°C; (@) 240°C; (A) 280°C; (V) 320°C.

increase in reaction temperature and at the same timehigher reaction temperatures Z40°C) participation
the CH; selectivity is correspondingly increasing. At of HFC-32 to form CH may also be taking place
240°C, the selectivities for ChF, and CH, are~65 along with parallel reactions [6]. A 4 wt.% Pd loading
and ~35%, respectively. Formation of GHnay be on CCA support appears to be optimum. At this load-
occurring independent of HFC-32 concentration. At ing, the metal dispersion is also maximum. A reaction
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conversion of CFC-12;@®) selectivity to HFC-32.

temperature of 220C appears to be advantageous for  The CCA support for Pd is thus superior to ei-
getting >95% selectivity for Ch>. ther y-Al,03 or active carbon for the selective hy-
At a reaction temperature of 22C, a GHSV of drogenolysis of CGIF2 to CHyF». It appears that Pd
480011 and a H/CFC-12 ratio of 8 and 4wt.%  supported on CCA is present in a more advantageous
PdA-Al 03 has shown~50% CFC-12 conversionand  environment than that og-Al,O3 or activated car-
55 and 40% selectivities for Ciff, and CH;, respec- bon. The Pd/CCA catalyst appears to be retaining high
tively. For obtaining maximum yield of CiF> on CFC-12 conversion at lower loading of Pd associ-
v-Al>03 support, 8wt.% Pd loading is required [17]. ated with Pd/C and high selectivity of HFC-32 associ-
Due to the transformation of-Al,O3 into aluminum ated with Pdy-Al,03. Even so the HFC-32 selectivity
hydroxide fluoride, some of the Pd may go into lattice is much higher on 4wt.% Pd/CCA~Q5%) than on
burial with consequent requirement of higher Pd load- 8 wt.% Pd#-Al>03 (~75%) at a reaction temperature
ing for obtaining maximum activity. Similarly, under of 220°C. Minimized metal-support interaction be-
the same reaction conditions 4 wt.% Pd/C has shown tween Pd+-Al,O3 in CCA may be helping in prevent-
a CFC-12 conversion of~70% with a HFC-32 se-  ing the Pd-lattice burial upon hydrogenolysis reaction
lectivity of ~40% and a CH selectivity of ~55% of CFC-12 helping in getting higher HFC-32 selectiv-
[17]. ity. The electron withdrawing nature of carbon of CCA
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Fig. 10. Effect of Pd loading on CFC-12 hydrogenolysis activity over CCA supported catalysts at various reaction temperatures:
H2/CFC-12= 8; GHSV=480011: (H) 200°C; (@) 220°C; (A) 240°C; (V) 260°C; (#) 280°C; (+) 300°C.

and low surface area associated with CCA (compared of Cu/CCA catalyst in the reaction of cyclohexanol to
to active carbon) appear to be helpful in getting high obtain higher selectivity towards cyclohexanone [35].
conversion of CGIF, and high selectivity for Chi-. Beneficial role of carbon coverage over alumina in
v-Alumina support modification by carbon coverage enhancing the aromatization selectivity of isophorone
is reported to improve the hydrogenation functionality towards 3,5-xylenol [36], in enhanced ammonia syn-



58

thesis activity on Ru/CCA [18,37], and improved hy-
drotreating process on Ni—-Mo/CCA [19] are other
examples.

4. Conclusions

CCA prepared by pyrolysis of cyclohexene on
v-Al203 is used to prepare Pd/CCA catalysts. The
carbon of CCA is associated with GCHnoieties (as
evidenced from TPR) and is somewhat different to
active carbon in nature. Low dispersed Pd/CCA cat-
alysts are obtained through hydrogen reduction at
400°C for 4h. The Pd/CCA catalysts have shown
superior activity in the hydrogenolysis of CEb
and high selectivity for ChF> compared to those on
PdA-Al,03 and Pd/C catalysts. TPR of used Pd/CCA
catalysts indicate the redistribution of Pd on the CCA
support during the hydrogenolysis reaction. Forma-
tion of bigger crystallites of Pd during the course of
reaction is further evidenced by the XRD analysis of
used catalysts. Thg-Al,O3 of the CCA support is
also transformed during the reaction. The initial activ-
ity in the first 160 min of hydrogenolysis reaction on
Pd/CCA shows that the initial loss of activity is also
relatively less than that on P@Al,O3 or Pd/C. A Pd
loading of 4wt.% on CCA is found to be optimum to
obtain 50% conversion of Cgl, and a CHF, se-
lectivity of 95% at a reaction temperature of 220
a Hy/CFC-12 ratio of 8 and GHSV of 48007h.

Better performance of Pd/CCA catalysts are at-
tributed to the less interactive nature of CCA support
with Pd due to the carbon coverage of alumina, there
by preventing lattice burial of Pd and thus helping
in maintaining high degree of selectivity towards
HFC-32 at lower Pd loading compared to that on
alumina and carbon. Partial hydrodehalogenation
ability of this catalyst is also enhanced due to the
bi-functional nature of CCA support in modifying the
supported metal.

Acknowledgements

The authors SCS and JKM acknowledge UGC and
CSIR, New Delhi, India, respectively, for the award of
fellowships and our thanks are due to DIICT for his
encouragement and permission to publish this work.

S Chandra Shekar et al./Journal of Molecular Catalysis A: Chemical 191 (2003) 45-59

References

[1] M.J. Molina, F.S. Rowland, Nature 249 (1974) 810.

[2] L.E. Manzer, Catal. Today 13 (1992) 13.

[3] L.E. Manzer, V.N.M. Rao, Adv. Catal. 39 (1993) 329.

[4] A. Wiersma, E.J.A.X. van de Sandt, M. Makkee, C.P. Luteijn,
H. van Bekkum, J.A. Moulijn, Catal. Today 27 (1996) 257.

[5] B. Cog, J.M. Cognion, F. Figueras, D. Tournigant, J. Catal.
141 (1993) 21.

[6] B. Coq, F. Figueras, S. Hub, D. Tournigant, J. Phys. Chem.
99 (1995) 11159.

[7] A. Wiersma, E.J.A.X. van de Sandt, M. Makkee, H. van
Bekkum, J.A. Moulijn, Stud. Surf. Sci. 101 (1996) 369.

[8] A. Wiersma, E.J.A.X. van de Sandt, M.A. den Hollander, H.
van Bekkum, M. Makkee, J.A. Moulijn, J. Catal. 177 (1998)
29.

[9] S. Deshmukh, J.L. d'Itri, Catal. Today 40 (1998) 377.

[10] A. Malinowski, W. Juszczyk, J. Pielaszek, A. Bonarowska,
M. Wojciechowska, Z. Karpinski, J. Chem. Soc., Chem.
Commun. 685 (1999).

[11] E.J.AX. van de Sandt, A. Wiersma, M. Makkee, H. van
Bekkum, J.A. Moulijn, Appl. Catal. A 155 (1997) 59.

[12] B. Coq, S. Hub, F. Figueras, D. Tournigant, Appl. Catal. A
101 (1993) 41.

[13] R. Ohnishi, I. Suzuki, M. Ichikawa, Chem. Lett. (1991) 841.

[14] R. Ohnishi, W.L. Wang, M. Ichikawa, Appl. Catal. A 113
(1994) 29.

[15] P.S. Sai Prasad, N. Lingaiah, S. Chandra Shekar, K.S. Rama
Rao, P. Kanta Rao, K.V. Raghavan, F.J. Berry, L.E. Smart,
Catal. Lett. 66 (2000) 201.

[16] W. Juszczyk, A. Malinowski, Z. Karpinski, Appl. Catal. A
166 (1998) 311.

[17] S. Chandra Shekar,
Hyderabad, 2000.

[18] K.S. Rama Rao, P. Kanta Rao, S.K. Masthan, L. Kaluschnaya,
V.B. Shur, Appl. Catal. A 62 (1990) L19.

[19] P.M. Boorman, K. Chong, R.A. Kydd, J.M. Lewis, J. Catal.
128 (1991) 537.

[20] N. Mahata, V. Vishwanathan, J. Catal. 196 (2000) 262 and
references therein.

[21] J.J.F. Scholten, A.P. Pijpers, A.M.L. Hustings, Catal. Rev.
Sci. Eng. 27 (1) (1985) 151.

[22] S. Chandra Shekar, J. Krishna Murthy, K.S. Rama Rao, P.
Kanta Rao, in: S. Jayarama Reddy (Ed.), Proceedings of the
Second International Seminar on Analytical Techniques in
Monitoring the Environment, Tirupati, India, 2000, p. 614.

[23] P.G. Simmonds, S. O’Doherty, G. Nickless, G.A. Sturrock,
R. Swaby, P. Knight, J. Ricketts, G. Woffendin, R. Smith,
Anal. Chem. 67 (1995) 717.

[24] G. Fagherazzi, A. Benedetti, S. Polizzi, A. Di Mario, F. Pinna,
M. Signoretto, N. Pernicone, Catal. Lett. 32 (1995) 293.

[25] A.L. Bonibardi, M.A. Baltanas, J. Catal. 138 (1992) 500.

[26] S.T. Srinivas, P. Kanta Rao, J. Catal. 148 (1994) 470.

[27] A.S. Arico, V. Antonucci, L. Pino, P.L. Antonucci, N.
Giordano, Carbon 28 (1990) 599.

[28] N. Krishnan Kutty, M.A. Vannice, J. Catal. 155 (1995) 312.

[29] N. Krishnan Kutty, J. Li, M.A. Vannice, Appl. Catal. A 173
(1998) 137.

Ph.D. Thesis, Osmania University,



S Chandra Shekar et al./Journal of Molecular Catalysis A: Chemical 191 (2003) 45-59 59

[30] J.P.R. Vissers, F.P.M. Mercx, S.M.A.M. Bouwens, V.HJ. [34] P.P. Kulkarni, S.S. Deshmukh, V.I. Kovalchuk, J.L. d'ltri,

deBeer, R. Prins, J. Catal. 114 (1988) 291. Catal. Lett. 61 (1999) 161.
[31] M. Makkee, E.J.A.X. van de Sandt, A. Wiersma, J.A. Moulijn, [35] G. Krishna Reddy, K.S. Rama Rao, P. Kanta Rao, Catal. Lett.
J. Mol. Catal. A 134 (1998) 191. 59 (1999) 157.
[32] z. Paal, P.G. Menon, Catal. Rev. Sci. Eng. 25 (2) (1983) 229. [36] P.S. Sai Prasad, B. David Raju, K.S. Rama Rao, G.S. Salva
[33] W. Palczewska, in: Z. Paal, P.G. Menon (Eds.), Pathi, P. Kanta Rao, J. Mol. Catal. 78 (1993) L19.

Hydrogen Effects in Catalysis, Dekker, New York, 1988, [37] K.S. Rama Rao, S.K. Masthan, P.S. Sai Prasad, P. Kanta Rao,
p. 373. J. Mol. Catal. 67 (1991) L1.



	Selective hydrogenolysis of dichlorodifluoromethane on carbon covered alumina supported palladium catalyst
	Introduction
	Experimental
	Results and discussions
	Conclusions
	Acknowledgements
	References


