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Abstract

The selective synthesis of CH2F2 by the hydrodechlorination of CCl2F2 is studied over calcined Mg–Al and Mg–Cr hydrotalcites (CMA-HT
and CMC-HT) supported Pd catalysts. Their activities are compared with the corresponding oxides, viz., MgO,�-Al 2O3 and Cr2O3 supported
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d catalysts. Pd catalyst on the support from Mg–Al HT precursor is found to be superior and advantageous in terms of higher
owards CH2F2 formation and stability of the catalyst. The catalysts followed the order: Pd/CMA-HT > Pd/MgO > Pd/�-Al 2O3 > Pd/Cr2O3 >
d/CMC-HT in terms of the selectivity towards CH2F2 formation. Pd/CMC-HT showed deeper hydrogenation activity towards the form
f CH4. Pd/CMA-HT and Pd/MgO showed a higher increase in the acidity of the catalyst after the reaction, which facilitates to ma
d site in electron deficient environment and thereby yielding higher selectivity towards CH2F2. The lack of sufficient acidity on Pd/CM

urther explains the poor selectivity to CH2F2 observed over this catalyst. XPS results also confirm the enrichment of surface fluori
d/CMA-HT and Pd/MgO used catalysts.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Hydrotalcites (HTs) are a well-known class of compounds
or their versatility in catalyzing various types of reactions.
ydrotalcites are less extensively studied as supports in cat-
lyzing vapour phase heterogeneous reactions. Recently we

ound HTs[1,2] as good supports for Pd catalysts in the hy-
rodechlorination of CCl2F2 to CH2F2. Coq and coworkers

3] have also shown Pd-hydrotalcite as a good catalyst for
his reaction.

The ban on CFCs resulted in the need for the eradication
f existing feedstocks that are still causing the destruction of
zone layer and also in synthesizing their alternatives. The
evelopment of CFC alternatives has been focused on non-
hlorinated compounds with similar physical properties that

∗ Corresponding author. Fax: +91 40 27160921.
E-mail address:ksramarao@ins.iictnet.com (K.S. Rama Rao).

would break down in the lower atmosphere. One such
of alternatives is the hydrofluorocarbons (HFCs) and the
plest method to obtain them is by the selective hydrogen
sis of CFCs on metal surface with selective chlorine remo
which is called the hydrodechlorination.

Supported palladium catalysts are well documented in
ious reports in the selective synthesis of HFCs from CFC
hydrodechlorination route[4–15]. Most commonly reporte
supports are�-Al2O3, activated carbon, AlF3 or fluorinated
aluminas. The basic reason behind using oxides or fluorid
explained as to enhance the electron deficiency of Pd thr
the Lewis acidity of the supports. Coq et al.[5] explained the
reason as the easier desorption of the:CF2 species, which i
found to be a key intermediate in governing the selectivi
desired product, CH2F2 in the hydrodechlorination of CFC
12 (CCl2F2) from the surface of more electron deficient
However, higher Lewis acidity of AlF3 or Al2O3 type sup
ports can lead to fast deactivation of catalysts and sup

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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of carbon suffer from poor selectivity to desired product with
higher dispersion of active component, Pd over it leading to
the formation of deeper hydrogenation product, CH4. Also,
this support offers poor mechanical strength to the catalyst.
Hence, there is a need to look for alternative supports.

Basic carriers such as MgO, calcined Mg–Al HT and cal-
cined Mg–Cr HT are found to show stable and higher ac-
tivity towards the formation of CH2F2 in our earlier studies
[15,1,2]. The present work is aimed at the study on the com-
parison of the hydrodechlorination activity of CCl2F2 over
two different Pd supported on calcined HT systems namely
Mg–Al and Mg–Cr HTs with their individual oxide supports,
viz., MgO,�-Al2O3 and Cr2O3.

2. Experimental

2.1. Preparation of catalysts

A Pd loading of 6 wt.% was deposited by wet impregnation
method over five different supports,�-Al2O3 (commercial,
Harshaw), MgO (prepared by precipitation from Mg(NO3)2
using aqueous NaOH solution), Cr2O3 (from Cr(NO3)3 by
precipitating with liquid NH3), mixed oxides of MgO–Al2O3
(CMA-HT) and MgO–Cr2O3 (CMC-HT) obtained from their
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with standard GC software was used to record the TPR and
TPD patterns. The details of the TPR and TPD experiments
were discussed in our earlier report[15]. The surface analysis
of the catalysts by XPS was done on a KRATOS Axis 165
Photoelectron Spectrometer equipped with an Mg K� source.
The binding energy correction was performed by using the
C 1s peak at 284.6 eV as a reference for all the elements
recorded. The relative intensities of the surface composition
of different elements were corrected with their corresponding
atomic sensitivity factors using the Vision 2 software in Unix
system.

2.3. Activity evaluation

The hydrogenolysis of CCl2F2 over the five different cata-
lysts in this study was carried out in a fixed bed micro-reactor
interfaced to a gas chromatograph equipped with an FID. The
product mixture was injected into the GC column (Porapak-
Q, 3 m long and 1/8′′ diameter made of S.S.) through a 6-port
sampling valve after it is scrubbed with alkali (KOH solution)
to remove the HCl/HF that evolute during the course of the
reaction. The products were also analyzed and confirmed by
GC–MS analysis. The earlier studies[2] showed the reaction
temperature of 250◦C, a gas-hourly space velocity (GHSV)
of 4000 h−1 and a molar ratio of H2/CCl2F2 of 8 as optimum
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orresponding hydrotalcite precursors. Earlier studies[2] in-
icated a Pd loading of 6 wt.% to be optimum for obtain
ood activity and selectivity in the hydrodechlorination
Cl2F2 to CH2F2. The Mg–Al and Mg–Cr HTs were pr
ared by Reichle’s method[16] and the details of the prepa

ion were reported elsewhere[1,2]. These hydrotalcites we
hen decomposed at 450◦C for 18 h in presence of air in ca
f Mg–Al HT and in N2 with Mg–Cr HT to yield CMA-HT
nd CMC-HT supports, respectively.

.2. Characterization of catalysts

All the fresh and used catalysts have been characteriz
ET-surface area measurements, X-ray diffraction (XR
-ray photoelectron spectroscopy (XPS), temperature
rammed reduction (TPR) and temperature programmed
rption (TPD) of NH3. BET-surface areas were measu
n an all glass high vacuum system by N2 adsorption a
0−6 Torr vacuum at−196◦C. Powder X-ray diffraction pa

erns of the catalysts were recorded on a Siemens X
iffractometer using Ni-filtered Cu K� radiation. TPR pro
les of the samples were generated on a home-made o
eactor system which is connected to a gas chromato
quipped with a thermal conductivity detector (TCD) c
led to a flame ionization detector (FID). The patterns w

aken from ambient temperature to 700◦C at a heating ram
f 5◦C/min. and kept at the final temperature isotherm

or about 30 min. The same system was used for the
xperiments using ammonia as the probe molecule for
ating the acidities of the catalysts in the temperature r
f 100–500◦C at a heating rate of 5◦C/min. A data statio
eaction conditions over a 6 wt.% Pd supported on CM
T catalyst. Thus, the same conditions were chosen fo
omparative study in the present work.

. Results and discussion

.1. BET-surface areas and acidities

Table 1presents the BET-surface areas and acidities
ured from TPD of NH3 of the various fresh and used cataly
tudied for the hydrodechlorination of CCl2F2. The surfac
reas of all the catalysts are found to be reduced after th
ction, which may be accounted for the transformation o
xidic supports to their corresponding oxo/hydroxofluor
r fluorides[6,15]. Such transformation of alumina to its c
esponding oxo/hyrdroxofluorides is also reported in the
utation of CCl2F2 by Venugopal et al.[17] and Kemnitz
t al.[18]. The acidities of the catalysts seemed to have

able 1
ET-surface areas and acidities of fresh (calcined) and used suppor
atalysts

atalyst BET-surface area
(m2g−1)

TPD of NH3

(�mol m−2
cat)

Fresh Used Fresh Use

d/Al2O3 152 92 0.97 1.98
d/CMA-HT 34 25 1.70 3.84
d/MgO 92 27 0.86 5.37
d/CMC-HT 46 24 0.13 0.13
d/Cr2O3 95 52 – –
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hanced after the reaction again due to the same reason since
the contribution of oxo/hydroxo fluorides or fluorides towards
the increase in the Lewis acidity due to Mg2+ or Al3+ ions of
the catalyst is higher compared to the O2− ions. The increase
in the acidity is higher in case of Pd/MgO and Pd/CMA-HT
catalysts, which showed higher selectivity towards the forma-
tion of CH2F2. Acidity of the support is one of the key factors
that governs the selectivity of CH2F2 as shown by Coq et al.
[5] in the hydrodechlorination of CCl2F2 over acidic sup-
ports like AlF3 that acidic nature of the support facilitates
an easier desorption of the intermediate:CF2 from the elec-
tron deficient Pd species. The role of the support is to impart
partial positive charge to Pd thus making it electron deficient
(Pd�+). In our earlier report[15], it is shown that increase in
the acidity is higher over MgO than on Al2O3 after the reac-
tion corresponding to the transformation of MgO to MgF2 and
Al2O3 to AlF1.65(OH)1.35·xH2O and a surface enrichment of
fluoride being higher in case of MgO support (as observed
from the TPD of NH3 and XPS results). The higher selectiv-
ity of CH2F2 over MgO as compared to Al2O3 is attributed
to this enhanced acidity. The selectivity towards CH2F2 over
Pd/CMA-HT has been explained on similar grounds[2] but
the higher selectivity to desired product here may also be
due to a synergistic interaction of Pd with the support Mg–Al
HT precursor probably to the ordered structure of the support
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al. [20] attributed the shift in the BE of Pd 3d5/2 from 335.1
to 336.2 eV in the Pd/MgO catalysts with Pd from PdCl2 pre-
cursor to the intimate contact of Pd and Mg that lead to an
electron transfer from Pd to Mg as evidenced by the presence
of Pdn+ ions in reduced catalysts. The BE value of 51.2 eV in
the Mg 2p spectra of the used catalyst of Pd/CMA-HT indi-
cates the formation of MgF2 from MgO of catalyst with Mg
2p BE of 49.8 eV. The BE value of Al 2p in reduced catalyst
changed from 73.9 to 74.9 eV in used catalyst again indicates
a partial transformation of Al2O3 to its oxo/hydroxo fluorides
since the BE value of Al is intermittent to that present either
in Al2O3 or AlF3 (BE of Al 2p = 76 eV)[21]. The BEs of Cr
2p have been found to shift from 576.7 eV to 577.6 eV de-
noting the transformation of oxidic chromium to correspond-
ing fluoride, which is also indicated in the XRD patterns of
the used Pd/CMC-HT sample. The additional satellite peaks
of Cr 2p are also observed in the Pd/CMC-HT samples at
578.6 and 579.5 eV in fresh and used catalysts, respectively,
which is a characteristic phenomenon of the first row transi-
tion metal series. In fact, the transition metal ions have un-
filled 3d orbitals[22,23] that show well separated satellite
peaks in the core level XP spectra due to electron shake up
and the structure of satellite reflects the nature of chemical
bonding of the transition metal ions. Kemnitz et al.[24] in
their extensive study of XPS on modified chromia catalysts
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nd its precursor. In case of Pd/CMC-HT, there is no ch
een in the acidity of the catalyst even after the reactio
hough the XRD patterns reveal the formation of MgF2 and
rF3·3H2O phases. One reason may be that the suppor
alcined Mg–Cr HT itself does not seem to have any con
rable acidity/basicity[19] to have shown any enhancem

n the acidity of this catalyst after the reaction.

.2. XPS results

The XPS results (Table 2) clearly show the BEs of Pd 3d5/2
ndicative of PdO in the calcined catalysts. Although pres
f some metallic Pd species is observed in the XRD patt
urface analysis by XPS has not revealed any such sp
owever, the used catalysts have clearly shown the pre
f Pd0 species with BEs∼335 eV along with the presen
f some Pd peaks at 336–338 eV. These values have be
ribed[15] to the transformation of Pd0 to Pd+ or Pd2+ prob-
bly due to the presence of surface fluoride species. Sh

able 2
urface compositions of Pd, Mg, Al and F and their BEs from XPS an

atalyst Binding energies (eV)

Fresh Used

d/CMA-HT Pd 3d5/2: 336.6; Mg 2p: 49.8;
Al 2p: 73.9

Pd 3d5/2: 335
74.9; F 1s: 6

d/MgO Pd 3d5/2: 336.9; Mg 2p: 49.8 Pd 3d5/2: 335
d/�-Al2O3 Pd 3d5/2: 337.2; Al 2p: 74.4 Pd 3d5/2: 334
d/CMC-HT Pd 3d5/2: 336.8; Mg 2p: 50.2;

Cr 2p: 576.7, 578.6
Pd 3d5/2: 336
577.6, 579.5

= Al or Mg or Al + Mg or Cr + Mg.
.

-

t

f fresh (calcined) and used supported Pd catalysts

Pd/M atomic ratio F/M atom
ratio(used)

Fresh Used

.7; Mg 2p: 51.2; Al 2p: 0.019 0.024 0.939

2p: 50.8 0.046 0.024 3.574
p: 75.2; F 1s: 685.5 0.016 0.014 1.167
.2; Mg 2p: 51.7; Cr 2p:

685.8
0.096 0.1287 1.349

or the chlorine/fluorine exchange reactions of CFCs sho
he presence of strong secondary satellite structures o
igh binding energy side in the Cr(III) 2p spectra. They
orted the binding energy values of Cr 2p3/2 in �-Cr2O3 and
rF3 as 576.1 and 579.58 eV. A shift of the Cr 2p3/2 BE from
76.1 to 576.8 eV. The shift has been explained by a p
ydrogenation of surface chromium species. In anothe
ort Kemnitz et al.[18] have reported for the transformati
f chromia to chromium hydroxyl fluoride which could on
e seen in the samples containing >80% Cr in the dismut
f CCl2F2 over Cr and Mg containing catalysts. In the pres
eport the shift of BE value of Cr 2p from 576.7 to 577.6 eV
d/CMC-HT catalyst can be attributed to the partial fluor

ion of surface chromium atoms. Although no oxo/hydr
uoride phases of chromium are found in the XRD analy
robably these phases may be present in X-ray amorp

orm because of the lower Cr content in the Pd/CMC
atalyst. Kemnitz et al.[18] have observed the appeara
f chromium hydroxofluoride phase only in the catalyst w
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>80% Cr content. Similar observations can be made from the
XPS spectra of Pd/MgO and Pd/Al2O3 catalysts which are
discussed more in detail elsewhere[15]. The F/M (M = Al or
Mg or Al + Mg or Cr + Mg) atomic ratios show the enrichment
of fluorine on the surface of Pd/MgO and Pd/Al2O3 catalysts.
The Pd/CMA-HT surface also shows the presence of fluorine
but the ratio is not that high as in case of the other catalysts
mentioned inTable 2. Pd/M (M = Al or Mg or Al + Mg or Cr
+ Mg) ratios indicate low amounts of Pd on the surface of the
catalysts and it is interesting to note that there is not much
variation in the surface composition of Pd even after the reac-
tion on Pd/CMA-HT catalyst unlike the other catalysts which
showed a considerable loss in the surface Pd content as seen
from the Pd/M ratios of their used catalysts. In fact, there is a
slight increase in the surface Pd content as observed from the
increased Pd/M value in the used catalysts of Pd/CMA-HT
and Pd/CMC-HT than in their fresh catalysts. This might be
the probable reason for the higher stability of HT-precursor
supported Pd catalysts over the other catalysts studied.

3.3. XRD results

Figs. 1 and 2represent the X-ray diffraction patterns of
calcined and used supported Pd catalysts, respectively, stud-
ied for the hydrodechlorination of CCl2F2. All the calcined
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Fig. 1. X-ray diffraction patterns of calcined supported Pd catalysts. (a).
Pd/Cr2O3, (b) Pd/�-Al2O3, (c) Pd/MgO, (d) Pd/CMA-HT, (e). Pd/CMC-
HT.

3.4. TPR results

TPR profiles of the calcined and used supported Pd cat-
alysts are presented inFigs. 3 and 4, respectively. Except
for Pd/MgO and Pd/CMA-HT, all the other three catalysts
have shown the presence of a negative signal at∼90◦C cor-
responding to the decomposition of�-PdHx that forms at
slightly high temperature above ambient with the absorp-
tion of hydrogen into the sub-surfaces of metallic Pd[25,26]
since, most of the palladium precursors are reported to reduce
at ambient temperature itself in hydrogen atmosphere[27].
The appearance of a positive peak∼160–200◦C in all the
MgO containing catalysts, viz., Pd/MgO, Pd/CMA-HT and
Pd/CMC-HT can be attributed to the delayed reduction of
PdO species. Over Pd/MgO, the peak is observed at∼160◦C
which has been shifted to higher temperatures of 190 and
200◦C in the CMA-HT and CMC-HT supported catalysts, re-
spectively. The absence of�-PdHx decomposition peak over
Pd/MgO and Pd/CMA-HT may be attributed to the higher
dispersion of Pd over these supports that may be obstruct-
atalysts showed the presence of very weak d-lines of�-Pd
hase at 2θ = 40◦ for 2.25x, 2θ = 46.5◦ for 1.954 and 2θ = 67.9◦

or 1.383 [ASTM no. 5-681] apart from the characteristicd-
ines of their corresponding supports, viz., Cr2O3 [ASTM
o. 6-504],�-Al2O3 [ASTM no. 16-394], MgO [ASTM no
-829], poorly crystalline phase of MgO [ASTM no. 4-82

n case of calcined Mg–Al HT and Mg–Cr HT. The cataly
ith HT-precursors as supports have shown the presen
T-phase [ASTM no. 22-700] in case of Pd/CMA-HT a
tichtite phase [ASTM no. 14-330] in the XRD pattern
d/CMC-HT calcined catalyst. The presence of PdO p

ASTM no. 6-515] is also indicated by the peaks withd-
alues: 2.64x at 33.9◦, 2.674 at 33.5◦ and 1.673 at 54.9◦ in
he XRD patterns of all the calcined catalysts. The patte
r2O3 supported catalyst showed some unidentified ph
f chromium. The partial transformation of MgO to Mg2
ith d-values: 3.27x at 27.2◦, 2.23x at 40.4◦ and 1.718 at
3.5◦ [ASTM no. 6-290],�-Pd to PdCx withd-values: 2.303x
t 39.1◦, 1.991 at 45.5◦ and 1.405 at 66.5◦ and�-Al2O3 to
lF1.65(OH)1.35·xH2O with d-values: 5.70x at 15.5◦, 2.985
t 29.9◦ and 1.743 at 52.6◦ [ASTM no. 18-24] is clearly
videnced in the XRD patterns of used catalysts. The
ined HTs also have transformed to corresponding fluo
r oxo/hydroxo fluorides with MgO–Al2O3 from Mg–Al HT

o MgF2 and AlF1.65(OH)1.35·xH2O and MgO–Cr2O3from
g–Cr HT to MgF2 and CrF3·3H2O with d-values: 4.70x at
8.9◦, 4.106 at 21.6◦ and 2.588 at 34.7◦ [ASTM no. 17-316]
espectively. The transformation of oxidic supports to
esponding fluorides or oxo/hydroxofluorides is well kno
6,15] in the hydrodechlorination of CFCs with the evolut
f HCl/HF during the course of the reaction.
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Fig. 2. X-ray diffraction patterns of used supported Pd catalysts. (a) Pd/�-
Al2O3, (b) Pd/MgO, (c) Pd/CMA-HT, (d) Pd/CMC-HT.

ing the absorption of hydrogen into sub-surfaces of Pd and
thus the formation of any�-PdHx and/or to the interaction of
PdO and MgO delaying the reduction of PdO to form metal-
lic Pd. The reduction peak of PdO in the TPR profiles of
these catalysts also supports this assumption. The simultane-
ous negative and positive peaks at∼400 and above 500◦C in
the MgO containing catalysts may be ascribed to the partial
desorption of hydrogen that is chemisorbed on both palla-
dium and magnesia[28] and to the possible spill over of the
hydrogen activated on metallic Pd to the support[29], respec-
tively. The Pd/Cr2O3 catalyst showed two reduction maxima
at 350 and 500◦C corresponding to the loss of labile oxygen
in two stages associated with Cr2O3 at high temperatures and
aTmax at∼650◦C which is also observed with Pd/CMC-HT
probably to the bulk reduction of Cr2O3 [30].

The TPR patterns of all the used catalysts have shown the
presence of�-PdHx decomposition peak, which clearly indi-
cates a transformation or reconstruction of Pd particles taking
place during the course of reaction. The presence of�-PdHx
is an indication that Pd in the used catalysts is present majorly
in metallic form. The other high temperature positive and neg-
ative signals at∼425 and∼575◦C may be attributed to the
consumption of hydrogen by carbonaceous species present
on the catalyst surface and to the evolution of CH4 (also con-
firmed by a coupled FID analysis of the outlet stream from

Fig. 3. TPR profiles of fresh (calcined) supported Pd catalysts. (a) Pd/CMA-
HT, (b) Pd/CMC-HT, (c) Pd/MgO, (d) Pd/�-Al2O3, (e) Pd/Cr2O3.

TCD) due to the reduction of coke moieties (CHx, x ≥ 2)
present on the catalyst surface[1,15]. The presence of sur-
face CH2 species is also reported by Deshmukh and d’Itri
[12] in the used Pd/AlF3 catalyst.

3.5. Hydrodechlorination activity

The hydrodechlorination of CCl2F2 is studied over Pd sup-
ported on calcined Mg–Al HT and calcined Mg–Cr HT cata-
lysts and their activities have been compared to the activities
of their individual single oxide supported Pd catalysts namely
Pd/MgO, Pd/�-Al2O3 and Pd/Cr2O3. Our earlier studies[1,2]
have demonstrated that the supports from the HT-precursors
to be highly active for this reaction. The optimized reaction
conditions in those studies with a reaction temperature of
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Fig. 4. TPR profiles of used supported Pd catalysts. (a) Pd/CMA-HT, (b)
Pd/CMC-HT, (c) Pd/MgO, (d) Pd/�-Al2O3.

250◦C, GHSV = 4000 h−1 and H2/CCl2F2 molar ratio of
8 are taken as the standard conditions in the present work
for screening the catalysts.Fig. 5shows the time-on-stream
activities of the various catalysts studied, which clearly in-
dicates that a steady state is reached in about 4–5 h of the
reaction. Hence, the activity data at 6 h is taken as a steady
state activity. An increasing trend in the % conversion of
CCl2F2, % selectivity to CH2F2 (correspondingly the % yield
of CH2F2) and a decreasing trend in the % selectivity to CH4
are observed in all most all the catalysts except for Mg–Cr
HT, which showed an increased selectivity towards CH4 with
time.

Table 3 depicts the comparative steady state activities
of catalysts studied for the hydrodechlorination of CCl2F2.
The table reveals the advantage of HT-precursor especially

Mg–Al HT in the selective synthesis of CH2F2 from CCl2F2
over the other catalysts. The selectivity towards CH2F2 over
these catalysts are observed in the order: Pd/CMA-HT >
Pd/MgO > Pd/�-Al2O3 > Pd/Cr2O3 > Pd/CMC-HT. The
higher hydrogenolytic activity of Pd/MgO catalyst in com-
plete cleavage of CCl bonds has been ascribed to the strong
hydridic character of hydrogen atoms chemisorbed on the
electron-rich Pd particles in strong contact with O2− sites
of MgO [31,32]. Also, MgO support is reported to adsorb
chlorine[33] thus facilitating easier cleavage of CCl bonds.
But no chloride compounds of magnesium are detected ei-
ther from XRD or XPS analyses though Choi et al.[34] re-
ported for the formation of MgCl2·xH2O phase after the re-
action in the hydrodechlorination of CCl4. Thus MgO seem
to play an important role in removing Cl from the reac-
tant molecule and thus facilitating the easier formation of
the desired product. The absence of any magnesium chlo-
ride may be that the Cl that is adsorbed by MgO must be
scavenging off in the form of HCl during the course of the
reaction.

The selectivity to CH2F2 is known to be governed mainly
by the particle size or dispersion, geometry of the Pd crys-
tallites and the nature of the support i.e., acidity of the sup-
port [5]. Juszczyk et al.[11] have shown that bulky Pd parti-
cles constitute a more capacious sink for carbon and contain
h sug-
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igher proportion of surface plane sites. Further, they
ested carbided Pd surfaces to be the sites of high sele

owards CH2F2. According to Coq et al.[5], the Lewis acid
ty of the supports like AlF3 enhances the electron deficien
f Pd facilitating the easier desorption of the surface in
ediate:CF2 species, which are responsible for the hig

electivity to CH2F2. They have clearly demonstrated in
echanism proposed for the hydrodechlorination of CC2F2

hat the desorption of:CF2 intermediate is the rate-governi
tep. If:CF2 species resides for a longer time on Pd surfa
efluorination is favored leading to the formation of C4

n more amounts. Thus, the enhanced acidities of the
ysts (after the reaction) in Pd/CMA-HT and Pd/MgO w
he transformation of the oxidic supports (MgO–Al2O3 and
gO) to corresponding fluorides or hydroxofluorides (Mg2,
lF1.65(OH)1.35·xH2O and MgF2) as evidenced clearly fro
RD patterns and from the surface analysis by XPS o
atalysts explains the higher selectivity of CH2F2 over these
atalysts. And it seems that the lack of sufficient acidity
d/CMC-HT is the reason for the higher formation of C4.
s there is no driving force for the easier desorption of:CF2

rom Pd species (i.e., the electron deficiency factor of Pd
d/CMA-HT or Pd/MgO), higher selectivity to CH4 over this
atalyst is favored. This also indicates the dominative ro
he acidity of the catalyst over the other main factor i.e.,
icle size of Pd. The TPR patterns clearly show the pres
f �-PdHx species for which larger Pd particles are requi
ecause formation of�-PdHx is a bulk phenomenon. XR
esults also show the presence of larger particles of Pd.
arger Pd particles may be one of the reason for getting h
ield of CH2F2.
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Fig. 5. Time-on-stream activity of supported Pd catalysts in the hydrodechlorination of CCl2F2.
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Table 3
Steady-state activities of different supported Pd catalysts in the hydrodechlorination of CCl2F2

Catalyst % Conversion of CCl2F2 % Selectivitiesa of % Yield of CH2F2

CH2F2 CH4

Pd/Al2O3 50.2 52.4 39.6 26.3
Pd/CMA-HT 60 65 35 39.0
Pd/MgO 57.2 63.6 29.2 36.4
Pd/CMC-HT 59 20.1 64.1 11.8
Pd/Cr2O3 31.2 44 50.2 13.6

a Remaining % selectivity corresponds to other products, viz., CHClF2 and CHF3.

The report by Shen et al.[20] shows the strong ability of
chlorine anions to stabilize the bridge structure of Pd (Cl,
Cl) Mg2+ and to transfer electrons from Pd to Mg2+ in the
catalysts with Cl-containing Pd precursors, which has been
evidenced by the presence of Pdn+ ions in reduced catalysts.
Thus, the BE of Pd 3d5/2 ∼336.2 eV in the Pd/MgO and
Pd/CMA-HT catalysts may be attributed to the intimate con-
tact of Pd and Mg2+ leading to the electron transfer from Pd
to Mg as attributed by Shen et al.[20] from their XPS studies.
This can also explain the higher selectivity to CH2F2 forma-
tion over these catalysts with electron deficiency generated
on Pd by this contact.

The activity study over Pd/CMA-HT and Pd/MgO has
clearly established the superiority of Pd/CMA-HT in terms
of the stability showing a very stable and almost same activ-
ity even after 30 h time on stream where as Pd/MgO although
showed good selectivity to CH2F2, suffered loss in activity af-
ter about 15 h showing about 35–40% conversion of CCl2F2.
However, the selectivity to CH2F2 over Pd/MgO has not var-
ied much even after 15 h time on stream. The other catalysts,
viz., Pd/Al2O3 and Pd/Cr2O3 also showed loss in activity af-
ter 10 h itself. The Pd/CMC-HT even though showed stable
activity, it is only found to be more selective for CH4 forma-
tion than for CH2F2. The Pd/(Al + Mg) surface ratio obtained
from XPS analysis showed not much change even after the
r r it to
s ivity
o tion
o T.

4

1 cat-
gO

2 erns
nd-

rac-
rved

3 es/
and
rved

by TPD of NH3 of used catalysts compared to fresh cat-
alysts; manifested the higher selectivities towards CH2F2
over Pd/CMA-HT and on Pd/MgO compared to other cat-
alyst systems.

4. Pd/CMC-HT showed a deeper hydrogenation activity to-
wards the formation of CH4, which is presumably due to
the poor acidity of the catalyst compared to other systems.

5. The higher stability of Pd/CMA-HT can be observed from
the absence of any change in the surface Pd composition
in the XPS analysis and the synergistic interaction of Pd
with the support, calcined Mg–Al HT.
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