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Hydrodechlorination of 1,1-dichlorotetrafluoroethane on supported
palladium catalysts.
A static-circulation reactor study
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Supported palladium catalysts were studied in CF3CFClo hydrodechlorination at 100°C using a static-circulation system. In order
to minimize catalyst's deactivation a large excess of hydrogen was employed (H2/CF3CFCl; ratio 54/1). In spite of this precaution sig-
nificant inhibition of the process occurred, associated with blocking palladium surface by hydrogen chloride species. Differences in the
catalytic behavior of alumina-supported and unsupported palladium are discussed. A mild dependence between the catalytic activity and
Pd dispersion was found. The Pd/Al,Og catalyst characterized by low metal dispersion was more active than highly dispersed catalysts,
showing the overall activity and selectivity to CF3CFH, comparable with those observed by other authors for palladium single crystals. It
is speculated that the most active sites for hydrodechlorination are plane atoms, whereas low coordination sites (on edges and corners of

metal crystallites) are less suitable.
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1. Introduction

Recent interest in chlorine removal from chlorofluorocar-
bons (CFCs) launched extensive research on the reaction of
hydrodechlorination (HdCl) catalysed by supported [1-10]
and unsupported palladium [11-13]. It was established
that both catalytic activity and selectivity (e.g., toward
partly dehalogenated products) depend on the type of sup-
port [2,3,7,8,10]. Generally, several studies concerning the
detailed reaction mechanism were made[2,3,5,8].

One interesting albeit arguable issue associated with the
behavior of palladium catalysts concerns the problem of
structure sensitivity in CFCs hydrodechlorination. A num-
ber of investigations carried out with supported palladium
catalysts showed that both the overall activity as well
as product selectivity are influenced by palladium disper-
sion [2,4,9]. Theresults indicated that CFCs hydrodechlori-
nation on palladium catalysts was a structure-sensitive re-
action. On the other hand, examination of the catalytic
behavior of unsupported palladium brought about a con-
tradictory conclusion, because Pd(111), Pd(100) and a Pd
foil showed comparable catalytic properties (TOF, selectiv-
ity) in CF3CFCl2 hydrodechlorination [11,13]. The differ-
ence in behavior of the two types of catalytic systems may
be associated with some effect of the support. Changes in
the surface structure and composition of Pd/y-Al,O3 ob-
served during HACl suggest that the support plays a role
of halogen-containing sink [10]. The presence of halogen-
containing species probably enhances acidic properties of

aumina[14-17] leading to increased formation of carbona
ceous residues, which may migrate to palladium and deacti-
vate it in the course of reaction [10].

It should be mentioned that the Pd single crystal stud-
ies [11-13] were performed in a batch reactor, whereas the
supported catalysts are usualy studied in flow reactors. In
the flow systems one tendsto interpret a steady-state regime,
achieved after the initial catalyst deactivation (which may
proceed even for hours and be very significant), whereasin
batch reactors usually the initial period is analyzed as well.
In order to compare more closely the catalytic behavior of
supported Pd catalysts with the reported performance of Pd
single crystals [13], we decided to test variously dispersed
supported palladium catalysts in a static-circulation reactor
system.

2. Experimental
2.1. Catalyst preparation and characterization

The preparation of 2 wt% Pd/y-Al,O3 by incipient wet-
ness impregnation was described previousy [4]. Other
alumina-supported Pd catalysts had metal loadings. 0.39,
1 and 1.45 wt%. In addition, our study included one Davi-
son 62 silica-supported 1.6 wt% Pd/SIO». The basic charac-
teristics of al investigated catalysts along with preparation
details are shown in table 1.
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2.2. Catalytic experiments

The hydrodechlorination of 1,1-dichlorotetrafluoroethane
was conducted in a static-circulation system. The apparatus
was made of Pyrex and greaseless high vacuum stopcocks
and was equipped with a turbomolecular pump backed by
a mechanical pump. The essential parts of the circulation
system were: acirculation pump (MICROPUMP from Cole-
Parmer), a reactor and a rotameter. Both the pump and the
reactor had bypasses. The Pyrex (or fused silica) U-tube re-
actor, equipped with a fritted disc and a thermocouple well,
was connected to the system via two Cgjon Ultra-Torr fit-
tings. Total volume of the circulation system was ~1200 ml.

After precalcination (in 5% Oo/He preblended by Liquid
Carbonic or oxygen, 25 ml/min) and reductionin flowing Hz
(25 ml/min) the catalysts (0.02-0.1 g samples) were cooled

Table 1
Characteristics of supported Pd catalysts used in this work.

Support? Pd loading Pd precursor Metal dispersion

(Wt%) H/PdP
y-Al,05° 2 Pd(NO3) 0.14
y-Al,03 0.39 Pd(NH3)4(NO3)2 0.506
y-Al,03 1 PdCl, 0.38
y-Al,03 1.45 Pd(acac)» 0.546
Si0,® 16 PdCl, 0.5

8PHF y-Al,03 (American Cyanamid), unlessindicated otherwise.

b After precalcination in Op/He stream up to 500 °C (4 °C/min) and reduc-
tion in Hy at 300 °C, unless indicated otherwise. Meta dispersion meas-
ured by pulse chemisorption of hydrogen at 70°C.

CVista-B y-Al,03.

d After reduction in 300°C for 10 h. Metal dispersion measured by Ho
chemisorption using a double-isotherm method (at 20°C) in a static sys-
tem.

€Davison 62 silica gel.
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in H> to 100°C, which was the chosen reaction tempera-
ture. This was the lowest reaction temperature used in our
previous flow reactor study [4]. The reaction mixture con-
sisted of hydrogen and 1,1-dichlorotetrafluoroethane (purity
>99%, courtesy Du Pont). The 99.999% pure (Liquid Car-
bonic) hydrogen and helium (used for system purging) were
further purified by passing them through MnO/SiO; traps.
Thetota pressure of the reaction mixture was ~868 Torr, in
which the partial pressure of 1,1-dichlorotetrafluoroethane
was ~15.7 Torr and the rest was hydrogen. Consequently,
the ratio of H»-to-CF3CFCl, was ~54/1. The reaction
mixture was carefully premixed by circulating it for 10—
15 min when one or more blank samplings (GC) were per-
formed. Next, the reaction mixture was introduced into the
reactor, the reaction run being started. The reaction mixture
was analyzed in time by GC. The sampleswere collected by
means of an evacuable sampling valve and injected into a
gas chromatograph (Varian 3300 with FID detector and 5%
Fluorocol/carbosieve column from Supelco). By each sam-
pling, the pressure in the reaction system was decreased by
less than 0.2%, so in atypical run (10-13 samplings), the
overall loss of reaction mixture was ~2%. The reaction was
studied until a 7-8% conversion level was achieved. A typi-
cal course of the experiment is shown in figure 1.

Turnover frequencies (TOFs) were calculated on the ba
sis of metal dispersion values, H/Pd, known from hydro-
gen chemisorption (table 1). To assess possible changes in
metal dispersion caused by hydrodechl orination comparable
X-ray diffraction studies with freshly reduced and used 1
and 2 wt% Pd/Al,O3 catalysts were performed (results not
shown). Although a more detailed analysis of the obtained
XRD profiles is somewhat complicated by overlapping re-
flections from Pd and y-Al>0s3, it is concluded that neither
phase changes (such as C incorporation into Pd, [8,9]) nor
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Figure 1. Time course of CF3CFClo hydrodechlorination over 0.0337 g of 2 wt% Pd/y-Al,03 at 100°C. (¢) CF3CFCl,, () CF3CFHy, (o) CF3CH3,
(V) CF3CFHCI, and (A) hydrocarbons (CH4 + CoHy + CoHg). Inset: linear dependence of squared conversion vs. time.
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crystallite size modifications are caused by the reaction. It
is possible that the applied screening conditions (low reac-
tion temperature, short reaction time) were too mild to make
marked changesin our catalysts.

3. Reaultsand discussion

As shown in figure 1, the overall course of the reac-
tion can be roughly divided into two parts. Preliminary
separation of an initial period from the “steady-state” one
was adopted from an earlier study of tert-butyl chloride hy-
drodechlorination over Pt and Pd films [18]. All catalysts
were tested until an identical conversion level (7-8%) was
attained, so preliminary examination of the two reaction pe-
riods appears reasonable without any detailed analysis of the
origin of catalyst deactivation (by HCl formed, vide infra).
The reaction rate in the initial period could not be meas-
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ured very accurately, because the frequency of sampling was
limited by the length of GC analysis (~8 min). Anyway,
the rate of accumulation of each product accumulation (e.g.,
d[CF3CFH2]/dr) at different reaction time was analysed in-
dicating no significant variations in the product distribution
within the overall reaction time. Theinitial and the “ steady-
state” rates and selectivities are shown in table 2. The selec-
tivity for CF3CFH> was aways high and changed from 70
to 90%, depending on the catalyst.

The experimentswith two differently loaded Pd/y-Al>03
catalysts of comparable metal dispersions (figure 2 and ta-
ble 2) clearly show that y-alumina participated in the reac-
tion in theinitial period. Comparison of two charges which
had identical amounts of (surface) palladium, but different
guantities of alumina, showed that the low Pd-loaded cata-
lyst (0.39 wt%, 0.104 g sample) was much more activein the
initial period than the 1.45 wt% Pd/Al,O3 (0.0275 g sam-

Table 2

Hydrodechlorination of CF3CFCl, on

supported palladium catalysts at 100°C.

Initial TOF Initial selectivity (%) “ Steady-state” TOF “ Steady-state” selectivity (%)
(sh CF3CFH, CFaCHz CF3CFHCI  CyHy (sh CF3CFH, CFgCHz CF3CFHCI  CyHy
2 wt% Pd/Al,03 (0.0337 g)
2.60 x 10~1 88.1 1.7 9.6 0.6 1.00 x 102 88.1 32 85 0.2
1.45 wt% Pd/Al, 03 (0.0275 g)
2.07 x 1072 74.8 20.1 49 0.2 2.96 x 1073 76.8 18.0 49 0.3
0.39 wt% Pd/Al,0O3 (0.1040 g)
8.00 x 10~2 74.0 19.4 6.0 0.6 4.04 x 1073 69.6 255 47 0.2
1.45 wt% Pd/Al, O3 (0.1027 g)
1.94 x 1072 74.1 18.8 48 2.3 2.56 x 1073 74.9 20.1 48 0.2
1 wt% Pd/Al,03 (0.0408 g)
9.68 x 10~3 74.2 19.2 6.0 0.6 323 x 1073 76.7 18.6 43 0.4
1.6 Wt% Pd/SiO, (0.0444 g)
6.12 x 1073 80.0 12.2 7.8 0.1 2.07 x 1073 81.8 11.9 6.2 0.1
100 50 4 0.39 wt.% Pd/ALO,
°\°_ 40 ~
S
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Figure 2. Time course of CF3CFCl, hydrodechlorination over 1.45 wt% Pd/y -Al>03 (0.0275 g (o)) and 0.39 wt% Pd/y -Al>03 (0.1040 g (e)) at 100°C.
Inset: linearisation of (oonversion)z—time relations for these catalysts.
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Figure 3. Time course of CF3CFCl, hydrodechlorination over 0.0408 g of 1 wt% Pd/y-Al,O3 (left part) and 0.0444 g of 1.6 wt% Pd/SIO, (right part).
Reaction temperature 100°C, symbols asin figure 1. Upper segments display (conversion)2—time relation for these catalysts.

ple). However, this activity change was based on the mo-
lar composition of the reaction mixture. A closer inspection
of the overal FID signal corresponding to the organic part
of the reaction mixture revealed that the decrease of activ-
ity a the initial stage of reaction for 0.39 wt% Pd/Al>,O3
was larger by a few percent. In addition, after introducing
the reaction mixture onto the 0.39 wt% Pd/y -Al»,03, we ob-
served an instantaneous increase of temperature of the cat-
ayst bed by ~5°C, an effect that was not detected in the
case of the 1.45 wt% Pd/y-Al>0s3. It is known that inter-
action of y-Al203 with halogenated ethane species leads to
extensive binding of these organic molecules[14-17,19] and
to substantial modification of alumina [10]. Insignificant
changes in product selectivity during the reaction suggest
that although alumina binds some nonnegligible amounts of
CF3CFCly, it contributes only very little to the formation
of products released to the gas phase [10]. After a short
initial period, the reaction proceeded similarly on 0.39 and
1.45 wt% Pd-loaded catalysts, as shown by two almost par-
allel descending curves in figure 2. At this stage the reac-
tion rate did not depend on the amount of aluminain the
Pd/Al,03 samples. The catalytic behavior (TOF, selectiv-
ity) of a larger sample of 1.45 wt% Pd/Al>O3 (0.1027 Q)
was found similar to that exhibited by the smaller sample of
1.45 wt% Pd/Al,03 (0.0275 g, table 2). So, the catalytic
effect of aluminain Pd/Al>O3 catalysts at the initial period
of reaction is better manifested for catalysts of very low Pd
loading. Thus, we speculate that the reaction takes place
predominantly on the palladium surface.

In order to compare our data on supported Pd catalysts
with the literature data for Pd single crystals [13] we fol-
lowed their approach to analyse our kinetic data. It was
found that CF3CFCl, hydrodechlorinationon Pd single crys-
tals was strongly inhibited by forming HCI species. Accord-
ingly, integration of an expected kinetic equation (rate «
[HCI]1) implied a linear relation between squared conver-
sion («?) and time[12,13]. We checked if thisrelation holds
in our case, i.e, for the Al,O3- and SiO»-supported palla
dium catalysts. In fact, the inset in figure 1 shows that, the
kinetic data for 2 wt% Pd/Al>O3 (of low metal dispersion,
H/Pd = 0.1), can be presented as an excellent linear plot in
the relation «? vs. time. It seems that low metal dispersed
Pd catalysts exhibit similar catalytic properties as palladium
single crystal surfacesin CF3CFCl2 hydrodechlorination.

Similar analysis of our results for other supported Pd cat-
alysts did not produce superior linear plots o2 vs. time (fig-
ure 2 and, especialy, figure 3). Two different cases were
distinguished. For the 0.39 wt% Pd/Al>O3, avery high ini-
tial reaction rate with further deactivation was observed with
arelatively good linear fit (o2 vs. time) for the later part of
the reaction (-2 = 0.9963, figure 2, inset). On the other
hand, for the 1.45 wt% Pd/Al>Os catalyst, characterized by
a similar metal dispersion, a good linear plot «? vs. time
(r2 = 0.9982, figure 2, inset) holds for the whole reaction
time, including the initial period. As concluded before, the
initial period of reaction on 0.39 wt% Pd/Al>,03 was “dis-
torted” by a considerable uptake of the CFC reactant by y -
alumina.
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Figure 3 shows similar plots for 1 wt% Pd/Al,O3 and
1.6 wt% Pd/SIO, prepared from palladium chloride. These
catalysts (as well as 0.39 and 1.45 wt% Pd/Al,O3) are less
active than the 2 wt% Pd/Al>O3 (table 2). In addition, plot-
ting the kinetic data as o vs. time did not produce so good
straight lines as for other catalysts (figure 3), indicating that
the reaction rate was not proportional to [HCI] . Thisre-
sult, although in apparent disagreement with kinetic data on
Pd single crystals [13], is not unexpected, since the depar-
ture from the linear o vs. time relation is caused by the
presence of big excess of hydrogen in the reaction system
(H2/CF3CFCl; ratio = 54/1). Although hydrogen seems to
beless strongly adsorbed by palladium than chlorine species,
surface coverage by hydrogen may not be negligible at very
high hydrogen partial pressurein the system. In fact, their-
reversible hydrogen chemisorption on palladium at 100°C
(or 70°C) often serves as a measure of palladium dispersion
(H/Pd). Application of lower temperatures for H, adsorp-
tion either is avoided or requires additional measurement
of hydrogen dissolved in the palladium bulk. Competition
between chlorine and hydrogen species on palladium has
already been appreciated by other workers. Coq et al. re-
garded the hal ogenation/dehal ogenation (by hydrogen) as a
crucial step in their reaction mechanism [2,3]. Ribeiro et
al. saturated the Pd foil with Cl, and found that heating of
the chlorine saturated the Pd surface at 100°C and 1 Torr
of Hy was sufficient to remove al the chlorine [13]. At
large excess of H» in a gas phase, the denominator of the
Langmuir-type expressions for surface coverages of al re-
acting species depends very much on hydrogen pressure, so
the effect of other species on reaction kinetics becomes less
marked. On the other hand, it is known that the rate of chlo-
rination of Pd particles decreases when the dispersion in-
creases [19]. Therefore, the competition between hydrogen
and HCI on the palladium surface may depend significantly
on the Pd dispersion. Apparently, at comparable conversions
(i.e, a similar partia pressuresof HCI), massive Pd samples
(of 2 wt% Pd/AI>O3 or single crystals) show higher surface
coveragewith chlorine species than the highly dispersed pal-
ladium catalysts.

Table 2 shows reaction rates and product selectivities ob-
tained for a “ steady-state” period of hydrodechlorination of
1,1-dichlorotetrafluoroethane over several supported palla-
dium catalysts. The low dispersed catalyst (2 wt% Pd/
y-Al203 prepared from Pd(NOg)2) shows the highest se-
lectivity toward CF3CFH> formation, namely ~88%. This
value is comparable with the selectivity exhibited by palla-
dium single crystal surfaces[13]. Somewhat lower selectiv-
ities are obtained for other alumina-supported catalysts.

Figure4 presentsthe “ steady-state” TOF valuesasafunc-
tion of Pd dispersion for all investigated catalysts. Although
silica-supported palladium is somewhat less active than sim-
ilarly dispersed alumina-supported samples, it is clear that
more dispersed palladium catalysts show lower TOF values.
Similar TOF—Pd dispersion relations were reported in other
works for CCl2F2 hydrodechlorination [2,9] and aso for
CF3CFCl; reaction on Pd/Al>O3 [4]. It should be stressed
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Figure 4. Effect of palladium dispersion (fraction exposed) on catalytic ac-

tivity of supported palladium catalysts in CF3CFCl, hydrodechlorination.

Symbols: (o) stand for alumina-supported catalysts, and (e) for 1.6 wt%
Pd/SIO.

that such dependencies are usualy not very pronounced,
with al TOF variations falling within an order of magni-
tude for a whole range of metal dispersion [2,9]. Neverthe-
less, the question arises as to how to reconcile these results
with structure-insensitivity of CF3CFCl, hydrodechlorina-
tion over Pd single crystal surfaces reported by Ribeiro et
al.[13]. It seemsthat adominant rolein catalyzing CFCs hy-
drodechlorination is played by plane palladium atoms. The
difference in covalent unsaturation of surface Pd atoms in
Pd(111) (coordination number Z = 9) and Pd(100) (Z = 8)
surfaces is not as large as in the case when one compares
plane and corner (or edge) atoms in Pd crystallites, where
Z may be even aslow as 3. The statistics of differently co-
ordinated surface atoms on fcc metal crystallites determined
by their shape and size, shows that for large palladium oc-
tahedral or cubooctahedral particles (e.g., ~12 nm in size)
plane atoms are the most abundant surface sites [20]. Our
2 wt% Pd/Al,O3 catalyst, characterized by metal dispersion
0.1 (dpg ~ 11.2 nm [21]) should actually manifest a pre-
dominant presence of such sites, and, in effect, show simi-
lar catalytic properties as Pd single crystal surfaces. Simple
extrapolation of the data for Pd(111) (TOF = 1.66 s 1 at
150°C and 50 Torr CF3CFCl», 100 Torr Hy, 0.1 Torr HCl,
table 2 in [13]) to 100°C, using Ea = 100 kJmol (table 3
in [13]) gives the TOF value of 3.6 x 1072 s 1. Thises
timate can be compared with the “steady-state” TOF value
for 2 wt% Pd/Al,O3 (1.00 x 102 s71, table 2). Since par-
tial pressure of CF3CFCl, was ~3 times higher in the single
crystal study, and the reaction rate was proportional to the
CF3CFCl; partia pressure [4], the comparison of catalytic
activity of Pd single crystalsand 2 wt% Pd/y -Al,O3 appears
very satisfactory.

The structure sensitivity of the hydrodechlorination re-
action would be explained by the suggestion that this re-
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action, like alkane hydrogenolysis, requires large surface
ensembles, the number of which should increase with in-
creasing paladium particle size. It is aso possible that
the increased activity of larger Pd particles is due to the
fact that the low levels of site blocking (e.g., by chlorine
species) will have less influence on the number of active en-
sembles present on large particles than on the small parti-
cles.
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