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Abstract

A series of alumina-supported palladium–platinum catalysts of 1–2.8 wt.% overall metal loading were prepared by incipient
wetness impregnation and investigated in the reaction of dichlorodifluoromethane with dihydrogen at 160–180◦C. All samples
had high metal dispersion, what, in combination with a low metal loading, made physical characterization of catalysts difficult.
Temperature-programmed hydride decomposition (TPHD) study, the technique which appeared to be a promising technique
for diagnosing the quality of alloying palladium-containing systems, appeared less informative, because, due to high metal
dispersion, all tested samples did not show a�-PdH phase formation.

A 2–2.5-fold increase in hydrodechlorination activity and a considerable enhancement of the selectivity towards diflu-
oromethane (from 46 to∼60%, at 180◦C) are obtained upon introducing small amounts (up to 20 at.%) of platinum to
palladium. Further increase of platinum content lowers both the activity as well as the selectivity. This synergistic effect
must follow from a considerable effect of interaction between palladium (active component) and platinum (much less active
component). CHClF2 is produced in larger amounts on monometallic 1 wt.% Pt/Al2O3 catalyst (selectivity 28% at 180◦C
and higher at lower temperatures), whereas Pd and Pd–Pt samples form only small amounts of this product. This suggests
that the catalytic behavior of palladium is largely preserved in the bimetallic samples. As after reaction the most active and
selective Pd–Pt catalysts (with 10 and 20 at.% Pt) contained lesser amounts of carbon than the other (less active) catalysts,
it is considered that small amounts of platinum introduced (to palladium) are beneficial for maintaining the catalyst surface
less blocked by carbon species, and in effect, more active.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Catalytic removal of chlorine from organic com-
pounds has recently attracted increasing interest. A
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particular case of this important environmental issue
is the hydrodechlorination of chlorofluorocarbons
(CFCs). The necessity to replace these detrimental,
ozone-depleting compounds by less harmful hy-
drochlorofluorocarbons (HCFCs) or, more preferably,
by benign hydrofluorocarbons (HFCs) launched a
more extensive work on hydrodechlorination of CFCs
[1,2]. Palladium was found unique among the catalytic
metals for its activity and especially, selectivity (to-
wards hydrodechlorination, without undesired deflu-
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orination) in this process, and as a consequence most
fundamental work was done with this metal[3–18].
Nevertheless, in search for still better catalysts of
CFCs hydrodechlorination, a considerable work has
already been dedicated to bimetallic catalysts contain-
ing palladium. Coq et al.[19] studied the conversion
of CCl2F2 over K, Ag, Fe, and Co-doped palladium
catalysts. Considerable amounts of coupling products
(C2) were found in case of Fe- and Co-modified Pd/C
catalysts. Other additives to Pd were also tested: Re
(in CCl2F2 hydrodechlorination[20]), and a greater
number of various elements (Ag, Bi, Cd, Cu, Hg, In,
Pb, Sn and Tl) in the study of Ohnishi et al.[21] on
hydrodechlorination of CCl2FCClF2 (CFC-113). In
the latter case, thallium and bismuth-modified pal-
ladium catalysts occurred the best. Similarly, recent
patents[22–24] and scientific literature[25–29] deal
with supported palladium catalysts greatly improved
by gold introduction.

It appeared interesting to us to investigate the ef-
fect of added platinum on the catalytic behavior of
Pd/Al2O3 catalysts. Platinum itself does not seem to be
regarded as a catalytic metal as good as palladium in
CFCs hydrodechlorination. Bell et al.[30] reported a
high selectivity towards methane (∼70%) on a 2 wt.%
Pt/�-Al2O3 in the reaction of CCl2F2 with hydrogen.
It means that a desired CH2F2 constitutes a minor
product. Somewhat higher selectivity toward CH2F2
(>40%, thus not as good as in case of Pd, up to∼80%
and higher,[3–18]) was found by Wiersma et al.[8]
in their study of CCl2F2 hydrodechlorination on Pt/C.
Larger amounts of formed CHClF2 were also found in
case of Pt/C (selectivity >30%). In a long-term study
(100 h on stream), the Dutch group[8] demonstrated
the formation of vast amounts of CH3F (17%).

In this study we report on the performance of Pd–
Pt/Al2O3 catalysts in CCl2F2 hydrodechlorination.
The catalytic behavior will be presented and discussed
in combination with results of catalyst characteriza-
tion by temperature-programmed hydrogenation of
deposits left on catalysts after reaction.

2. Experimental

The monometallic, 1 wt.% metal-loaded, palladium
and platinum catalysts were prepared by incipient wet-
ness impregnation of alumina (Alumina Catalyst Shell

S618, 240 m2/g, pore volume 0.8 cm3/g, 75–120 mesh,
acid washed and precalcined at 550◦C). Before each
impregnation, the support was dried in an air oven at
100◦C for 20 h. The Pd/Al2O3 was prepared from an
aqueous solution of palladium dichloride (analytical
reagent from POCh, Gliwice, Poland). For prepara-
tion of the Pt/Al2O3, chloroplatinic acid was used. It
was prepared by dissolving Pt wire (Johnson Matthey
Grade 1) in a hot mixture of hydrochloric and ni-
tric acids (volume ratio 1:10, both of analytical purity
from POCh, Gliwice, Poland). During impregnation
and preliminary drying with infrared lamps, a good
mixing was assured by the rotary motion of a beaker
containing catalyst precursor components. Then, the
solids were further dried in an air oven overnight at
90◦C.

A series of bimetallic Pd–Pt/Al2O3 catalysts were
prepared by incipient wetness coimpregnation of alu-
mina with appropriate amounts of dissolved palladium
dichloride and chloroplatinic acid. After impregnation
and preliminary drying in a rotating beaker, the Pd–Pt
catalyst precursors were dried overnight at 90◦C and
stored in a desiccator. All the catalysts prepared in this
work are listed inTable 1.

The prepared catalysts were reduced in flowing 85%
H2/Ar (25 cm3/min), ramping the temperature from 20
to 400◦C (at 8◦C/min) and kept at 400◦C for 3 h. Af-
ter a subsequent purge in argon flow at 400◦C for 1 h,
the catalysts were characterized by H2 chemisorption
(results inTable 1), temperature-programmed (palla-
dium) hydride decomposition (TPHD) and, only to a
very limited extent, by XRD.

Hydrogen chemisorption experiments were per-
formed in a pulse-flow system, as described else-
where[29]. The thermal conductivity detector (TCD,
Gow-Mac) was kept at 0◦C, providing constant re-
sponse during each run. All the gases used (H2,
Ar and 85% H2/Ar mixture) were purified by pass-
ing through drying traps with final purification over
MnO/SiO2. Hydrogen chemisorption was carried out
at 70◦C. After H2 chemisorption, the samples were
cooled to∼20◦C in H2/Ar flow (to be transformed
into a respective PdH phase). Next, they were heated
to ∼150◦C, at the temperature ramp of 8◦C/min.

Prior to reaction, all catalysts were reduced in flow-
ing 10% H2/Ar (25 cm3/min), ramping the tempera-
ture from 20 to 400◦C (at 8◦C/min) and kept at 400◦C
for 3 h.
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Table 1
Alumina-supported Pd–Pt catalysts used in this work

Catalyst
designationa

Overall metal loading
(wt.% Pd+ Pt)

Metal fraction
exposedb

Metal particle
sizec (nm)

Pd100 1.0 0.77 1.5
Pd95Pt5 1.1 0.63 1.8
Pd90Pt10 1.2 0.44 2.5
Pd80Pt20 1.45 0.60 1.9
Pd50Pt50 2.8 0.49 2.3
Pt100 1.0 0.54 2.1

a In the notation PdXPtY, X and Y denote atomic percentages of Pd and Pt(X + Y = 100%).
b From hydrogen chemisorption as H/Mtotal, where Mtotal = Pdtotal + Pttotal.
c Based on H/Mtotal from H2 chemisorption (dnm = 1.12/(H/Mtotal), [32].

The reaction of dichlorodifluoromethane (CFC-12
from Galco S.A., Belgium; purity 99.9%) with hy-
drogen (purified over MnO/SiO2) was conducted in
a glass flow system under atmospheric pressure at
160, 170, and 180◦C. Feed partial pressures were
2 and 20 kPa of dichlorodifluoromethane and hydro-
gen, respectively, in an argon carrier (also purified by
MnO/SiO2). The flow of all gases was metered by
MKS mass flow controllers and the overall flow rate
of the reactant gas mixture was 100 cm3/min. The re-
action mixture leaving the reactor was introduced via
stainless steel tubing onto a gas chromatograph (HP
5890 series II with FID) and analyzed using a 5%
Fluorcol/Carbopack B column (3 m) from Supelco.
The results of GC analysis were elaborated using HP
Chemstation.

In order to adequately establish changes in the cat-
alytic behavior, a typical kinetic run lasted∼24 h. The
first stage of the reaction involved a 17–18 h period at
180◦C. During this time, the catalyst performance sta-
bilized in a flow of the reaction mixture, as established
by analyzing the reacting gas at 30 min intervals. Next,
the reaction temperature was lowered, in 10◦ steps,
and the next experimental points were collected. Af-
ter catalyst screening at the lowest reaction temper-
ature (160◦C) the catalyst performance was tested
again at 180◦C, giving, in most cases, a good return to
the initial behavior at this temperature. To avoid sec-
ondary reactions, the overall conversion was kept low,
i.e. below 5% (at steady state), at the highest temper-
ature of catalyst screening. Blank experiments with
�-alumina showed some, although very low, initial ac-
tivity (conversion∼0.1%) at 180◦C, i.e. the highest
reaction temperature used in testing Pd–Pt/Al2O3 cat-
alysts. The only products were CHClF2 and CClF3

(at ∼4:1 ratio). After 10 h of time-on-stream (TOS),
the activity of alumina turned out to be immeasurably
low. In fact, a non-negligible activity of�-alumina
in CCl2F2 hydrodechlorination is expected at much
higher reaction temperature, e.g.∼300◦C [31].

After kinetic runs, the catalysts were investigated
by a temperature-programmed hydrogenation (TPH)
to detect species which can be removed by hydro-
gen from used catalysts. Progress of TPH runs, us-
ing a 10% H2/He flow (25 cm3/min) at a 10◦C/min
ramp, was followed by mass spectrometry (MA200,
Dycor-Ametek, Pittsburgh). Several masses were
monitored during the experiment, but major changes
were seen only form/z 15 and 16 (methane evolu-
tion). Attention was also focused at changes inm/z
20, which is suggestive of HF liberation from used
catalysts.

3. Results and discussion

Prepared Pd–Pt/Al2O3 catalysts appeared quite
highly dispersed (fraction exposed(FE) = 0.44–0.77,
Table 1). The monometallic Pd100 showed the high-
est metal dispersion(FE = 0.77), whereas the rest of
samples exhibited roughly similar metal dispersion,
FE = 0.54 ± 0.1. It means that the monometallic
Pd100 catalyst would be characterized by mean metal
particle size of∼1.5 nm (≈1.12/FE,[32]), whereas the
other samples should contain ca. 2 nm metal particles
in size (Table 1). This fact, in combination with low
metal loading and high background from�-alumina,
precluded use of X-ray diffraction for characterizing
the metal phase. In addition, very small difference
in the lattice parameter of Pd (0.389 nm) and Pt
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(0.392 nm) excluded diffraction methods for diagnos-
ing the composition of bimetallic Pd–Pt phases.

Temperature-programmed hydride decomposition
(TPHD) has already been proposed as a suitable
method for diagnosing the degree of alloying of
bimetallic Pd-based catalysts (Pd–Re[20], Pd–Au
[28,33]). In a majority of cases, introduction of an-
other element to palladium lattice (alloying) brings
about more or less serious decrease of hydrogen disso-
lution (i.e. a lower H/Pd ratio in respective�-hydride
phase). Application of TPHD technique in present
work appeared less successful. Very small, practically
negligible, hydrogen evolution after saturating cata-
lysts with hydrogen at lower temperatures resulted
from very small metal particles (∼2 nm) of Pd-based
phase. It is known that for highly dispersed palladium,
the formation of a�-palladium hydride phase is con-
siderably suppressed (H/Pdbulk close to 0[33–35]).

Catalytic screening of Pd–Pt/Al2O3 catalysts in
CCl2F2 hydrodechlorination showed that stable con-
versions are achieved in a longer time-on-stream
(∼6–10 h). This is especially the case for the catalysts
with somewhat higher platinum content (Fig. 1(b) and

Fig. 1. Time-on-stream behavior in CCl2F2 hydrodechlorination at 180◦C: left section—1 wt.% Pd/Al2O3; medium section—1.45 wt.%
Pd80Pt20/Al2O3; right section—2.8 wt.% Pd50Pt50/Al2O3. Top figures—overall conversion (�); bottom figures—selectivities to: CH4
(�), CH2F2 (�), CH3Cl (�), CHClF2 (�), CH2FCl (�).

(c)). Only monometallic Pd100 almost instantaneously
showed a stable conversion (Fig. 1(a)) and after∼3 h,
stable selectivity (product distribution,Fig. 1(d)). The
Pt100 catalyst appeared much less active (roughly an
order of magnitude at 180◦C, i.e. the highest screen-
ing temperature) than palladium-containing samples
(Table 2andFig. 2). Therefore, one is tempted to con-
sider the effect of Pt addition to Pd/Al2O3 catalysts
as the one followed from diluting active palladium
species in an inert matrix. The question arises as to
what extent platinum makes mixed ensembles with
palladium. Our data analysis (vide infra) indicates
that this is actually the case. If platinum were not
located in a closest vicinity of palladium material,
then the very low activity of Pt would not practically
contribute to the overall behavior of Pd–Pt catalysts.
In such a case, the catalytic properties have to be
determined by unalloyed palladium particles. In other
words, one would not observe any possible synergistic
catalytic effects associated with Pt–Pd alloying.

First, let us consider the time-on-stream behavior of
the Pd–Pt/Al2O3 catalysts. As it has already been men-
tioned, the activity of monometallic Pd100 is stabilized
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Table 2
Hydrodechlorination of CCl2F2 on Pd–Pt/Al2O3 catalysts: conversions, product selectivities and turnover frequencies

Catalysta Reaction
temperature (◦C)

Conversion (%) Product selectivity (%)b Turnover
frequency (s−1)c

CH4 CH2F2 CClF3 CH3Cl CHClF2 CH2ClF

Pd100 180 2.27 44.7 46.2 2.8 3.0 1.3 1.8 0.0040
170 1.55 41.3 49.6 2.9 2.9 1.7 1.6 0.0027
160 1.02 37.4 53.0 5.2 3.8 – – 0.0018

Pd95Pt5 180 2.48 32.1 53.9 3.4 6.3 0.5 2.4 0.0053
170 1.73 29.1 58.2 3.2 5.9 0.5 2.0 0.0037
160 1.18 26.3 62.6 2.8 5.3 0.6 1.6 0.0025

Pd90Pt10 180 3.72 34.1 57.5 1.0 2.5 3.0 1.9 0.0107
170 2.50 30.5 61.1 1.0 2.5 3.4 1.6 0.0072
160 1.67 27.5 64.6 0.7 2.1 3.8 1.2 0.0048

Pd80Pt20 180 4.51 31.5 59.2 1.3 2.6 3.3 2.1 0.0083
170 2.99 27.6 63.5 1.0 2.4 3.7 1.8 0.0055
160 1.94 23.5 68.3 0.6 2.2 4.0 1.4 0.0036

Pd50Pt50 180 4.27 35.4 48.8 0.6 7.5 6.2 1.5 0.0061
170 2.89 31.0 52.8 0.5 7.5 7.1 1.2 0.0041
160 1.85 27.2 57.8 0.2 7.0 7.7 – 0.0026

Pt100 180 0.16 56 9 0.5 7 28 – 0.0007
170 0.12 52 10 – 6 32 – 0.0005
160 0.10 49 10 – – 41 – 0.0004

a For catalyst designation seeTable 1.
b Other minor products: CHF3, C2H6, CH2Cl2.
c Based on metal dispersion data shown inTable 1.

Fig. 2. The effect of Pd–Pt alloying on overall activity in CCl2F2

hydrodechlorination at 180◦C.

after a relatively short time-on-stream (Fig. 1(a) and
(d)). A similar TOS behavior was found for Pd95Pt5
(not shown inFig. 1). Further Pd doping gradually
changes the situation: stable conversions and selectivi-
ties are obtained at much higher TOS values (Fig. 1(b),
(c), (e) and (f)). The Pt100 shows very low activity
at 180◦C (Table 2). Accordingly, the changes in TOS
behavior of platinum are subjected to a greater error
and can hardly be interpreted. Therefore, we spec-
ulate that platinum must modify palladium particles
in tested catalysts. It is accepted that platinum ex-
hibits weaker metal-chlorine and metal-carbon bonds,
than palladium[8]. Therefore, development of a car-
bonaceous or/and chloride overlayer on Pt-modified
Pd/Al2O3 catalysts should take more time than for the
surface of monometallic palladium, which binds those
species more strongly.

The next issue to be emphasized here is the course
of the catalytic activity (TOF at steady state) versus
Pd–Pt composition (Fig. 2). A maximum in turnover
frequency at 10 at.% Pt suggests that the introduced
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Fig. 3. The effect of Pd–Pt alloying on CH2F2 selectivity in CCl2F2

hydrodechlorination at 180◦C. The relation was drawn using poly-
nomial regression (third order, regression coefficient= 0.9973).

platinum must interact with palladium in the catalysts.
In an opposite case, i.e. without a pronounced Pd–Pt
alloying one should not expect any special synergistic
effect. It is proposed that, like in the case of Pd–Au
catalysts, mixed Pd–Pt sites are beneficial for this reac-
tion because they bind reaction products less strongly
than monometallic Pd–Pd ensembles.

Similarly, for Pd–Pt/Al2O3 catalysts a gentle max-
imum of CH2F2 selectivity versus alloy composition
is observed (Fig. 3). This effect seen at 10–20 at.%
Pt suggests that introduction of small amount of plat-
inum onto palladium surface is beneficial for a certain
weakening of a metal-reactant (product) bond. It is
possible that CF2 adcarbenes (generally accepted in-
termediates leading to CH2F2) are less strongly bound
to Pd–Pt than to Pd, and in excess hydrogen, they can
be more efficiently hydrogenated off to CH2F2. Too
strongly bound CF2 adspecies would further dehalo-
genate and, finally, lead either to liberated methane or
carbon deposited on the surface of catalysts. However,
excessive amounts of platinum are not useful. This is
due to the fact that platinum itself is so poorly active
in this reaction that further increase of platinum con-
tent in the catalysts leads to a significant decrease of
catalytic activity.

It must be stressed that, due to low activity of plat-
inum in CCl2F2 hydrodechlorination, the catalytic be-

Fig. 4. The effect of Pd–Pt alloying on CHClF2 selectivity in
CCl2F2 hydrodechlorination at 180◦C.

havior of all palladium-containing Pd–Pt/Al2O3 sam-
ples is largely shaped due to the presence of palladium,
which is the most active component. This is best seen
in Fig. 4 which shows, that the selectivity to CHClF2
is low and roughly similar for Pd and Pd-rich bimetal-
lic catalysts. Platinum gives much higher selectivity
toward partial hydrodechlorination (∼28%), in agree-
ment with Wiersma et al.[8]. Also the activation en-
ergies (not indicated inTable 2) show an analogous
tendency: all Pd-containing samples show similarEa
values (between 60 and 67 kJ/mol, without any spe-
cial trend with Pd–Pt bimetal composition), whereas
for Pt100 the activation energy was found much lower,
∼40 kJ/mol.

Interesting information follows from the tempera-
ture programmed hydrogenation of deposit retained
by the Pd–Pt catalysts after hydrodechlorination
(Fig. 5). First observation is that the most active and
selective (toward CH2F2) catalysts contain much less
carbon than the other samples. Especially, the first
TPH peak (∼300–350◦C) is decreased when Pd is
alloyed with Pt. Secondly, all TPH profiles show a
high temperature peak placed at 400–450◦C. Our
tentative interpretation of such profiles is that the
first methane peak is due to hydrogenation of carbon
deposited on metal, whereas the high temperature
peak is due to hydrogenation of coke from alumina.
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Fig. 5. Methane evolution during temperature-programmed hydro-
genation of spent Pd–Pt/Al2O3 catalysts. Mass 15 was selected for
presentation because CH4 liberation observed by monitoring mass
16 is somewhat misinterpreted due to evolution of water (espe-
cially around 100◦C). Comparable catalyst weights (0.09±0.01 g)
were used.

In this respect, the presence of only one TPH peak
for Pt100 (at∼400◦C) suggests no deposition of car-
bon on platinum during reaction but large amounts
of carbon are held by alumina. It should be stressed
that the hydrogenation of carbon from alumina of the

Fig. 6. Carbon removal from Pd–Pt/Al2O3 catalysts used in CCl2F2 hydrodechlorination: (a) from bimetallic Pd–Pt samples; (b) from
monometallic Pt/Al2O3.

Fig. 7. HF evolution during temperature-programmed hydrogena-
tion of spent Pd–Pt/Al2O3 catalysts. Comparable catalyst weights
(0.09± 0.01 g) were used.

Pt100 catalyst starts earlier than for the other cata-
lysts. This shift toward lower temperature should be
expected if a “cleaner” surface of platinum almost
immediately furnishes dissociated hydrogen species
for carbon hydrogenation from alumina. For other
catalysts, hydrogenation of coke from alumina is
slowed down by the need of preceding removal of
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carbon from the surface of metal. A simplified graphic
representation of the difference in carbon removal
from Pt100 and all Pd-containing catalysts is given in
Fig. 6.

Fig. 7 shows changes in HF evolution (asm/z
20) during TPH runs from used Pd–Pt/Al2O3 cat-
alysts. This evolution starts at >300◦C and is not
finished by end of the run (at 500◦C). It suggests
that fluorine is firmly bonded to alumina. Fluori-
nation of alumina with fluoromethanes at elevated
temperatures is a known practice[36] and takes place
during CCl2F2 hydrodehalogenation on Pd/Al2O3
catalysts[3,4]. Fig. 7 shows, however, that fluori-
nation of alumina does not practically occur in the
case of Pt100, which shows much lower activity
in CCl2F2 hydrodehalogenation than all remaining
(i.e. Pd-containing) catalysts. These results suggest
that the extent of alumina fluorination is associ-
ated with the spillover of fluorine (stripped off from
CCl2F2) from the surface of metal onto the sup-
port.

4. Conclusions

Highly-dispersed alumina-supported Pd–Pt cat-
alysts of low metal loading were investigated in
hydrodechlorination of dichlorodifluoromethane. A
synergistic effect was found. The bimetallic Pd-rich
samples, with 10–20 at.% Pt, appeared the best cata-
lysts, because both the overall activity (TOF) as well
as the selectivity toward difluoromethane (desired re-
action product) are higher than for the remaining cat-
alysts. CHClF2 is produced in larger amounts on the
monometallic alumina-supported platinum catalyst
(selectivity 28% at 180◦C), whereas Pd and Pd–Pt
samples form only small amounts of this product.
This result, in combination with very minor changes
in the activation energy for Pd and Pd–Pt catalysts,
suggests that the catalytic behavior of palladium
is largely preserved in bimetallic samples. Because
after reaction the most active and selective Pd–Pt
catalysts contained lesser amounts of carbon than
the other (less active) catalysts, it is considered that
small amounts of introduced platinum (to palladium)
are beneficial for maintaining the catalyst surface
less blocked by carbon species, and in effect, more
active.
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