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Abstract

The use of metal halides as carriers for supported metal catalysts allows to obtain stable and selective materials for the
hydrodechlorination of chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) to hydrofluorocarbons (HFCs).
The most used catalyst is Pd/AlFout unexpected selectivities have been obtained with Pd ony™£rfyfluoride materi-
als or KMgFs perovskite-like structure. From a survey of the kinetics, mechanism and surface complexes occurring in the
transformation of CFC on Pd, explanations of the beneficial use of metal fluorides as carriers are provided. It is proposed
that the good hydrodechlorination selectivity observed on Pd/fluoride comes from an electronic modification of Pd by sub-
stoichiometric fluoride species, e.g. AlEx < 3), in decoration onto the metal particles. The electron withdrawing effect of
these species decreases the disponibility of Pd d electrons and favors the desorption of pallado-fluorocarbe@Es, e.g.
CRs—CF=, etc., to yield HFC compounds. It is also demonstrated that the dilution of the Pd surface by the decorating AlF
species decreases the probability of occurrence of surface complexes exchanging multiple bonds with Pg:@gaadF
leading to deeply hydrogenated compounds. Several methods, alloying, coprecipitation, etc. allow to prepare Pd/fluoride with
enhanced interaction between Pd and these substoichiometric species.
© 2003 Published by Elsevier B.V.
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1. Introduction to find out methods for the synthesis of HCFC and
HFC on the one hanfl], and to destroy or valorize
In this special issue dedicated to the conversion of banked CFC on the other hand. A first approach for
halons and hydrochlorofluorocarbons (HCFCs), it is CFC valorization is the F/CI exchange from reaction
unnecessary to emphasize more about their noxiouswith HF, but this is restricted to a few compounds.
impact on the environment. On that account, CFC are A more widely explored way from 20 years is the
banned from use and are replaced by hydrochloroflu- selective hydrodechlorination of CFC and HCFC, to
orocarbons (HCFCs) in a first time, and finally by HCFC and HFC, respective]g—27]. Metal-based ma-
hydrofluorocarbons (HFCs). There is thus the need terials constitute most of the catalysts, mainly com-
posed of Pd on various carriers. In comparison with
"+ Corresponding author. Tek: 33-4-67-16-34-82; other metals, the performances of Pd are superior in
fax: +33-4-67-16-34-70. terms of stability, activity and selectivity for Cl re-
E-mail address:coq@cit.enscm.fr (B. Coq). moval. A special attention has been paid towards the
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use of supports chemically resistant to hydrogen fluo- products distribution, one important question in the re-
ride released in the course of the reaction, and able to action network was to find out if this reaction is a se-
provide specific patterns of selectivity. Carbon-based rial or a parallel hydrogenation. From the reactivity of
materials and inorganic fluorides belong to this type intermediate products, it was concluded that the reac-
of supports. Carbon-based catalysts exhibit attractive tion network is formally of the parallel type. Actually,
properties for the selective hydrodechlorinat{dd], it is better described by a rake scheme mechanism as
and are described elsewhere in this special issue. Re-llustrated for the history case of GEl, conversion
garding metal fluorides as supports, their use gives (Fig. 1). Such kind of reaction scheme was early pro-
stable catalysts and allows better control of the extent posed by Weiss et 28] for the hydrodechlorination
of hydrodehalogenatiod,5,8-10,12,13,19,20,23,24]  of CCls to CHCk and CH, on Pt/AbO3 catalysts. Pro-
This aspect will be developed in this short review with  viding the reactivity of gaseous intermediate products
emphasis on the studies carried out in our groups in is low, the product selectivity in such a mechanism is
Montpellier and Tarragona. I18ection 2we will pro- mainly determined by the fate of adsorbed intermedi-
vide a short outlook about the kinetics and mecha- ates to suffer either a reactive desorption from hydro-
nism of CFC hydrogenolysis on metal with the scope gen addition, or further halogen/H exchanges in the
to understand the promotion effect of metal fluoride adsorbed state. As compared to,Ck, the reactiv-
carriers. Some elements of interpretation of these ef- ity of intermediates CHFGland CHF, was indeed
fects will be thus proposed iBection 4 Section 3will demonstrated to be very loj&,14]. The difference of
address to some examples of CFC hydrogenolysis onreactivity was even larger when comparing the rate of
metals supported on simple and mixed fluorides, and CFsCFCh hydroconversion with that of GEHFCI
will demonstrate that some reactions may occur on the and CRCHF, [22,29,30] As a general rule, substi-
fluoride support. tuting F and/or H for Cl decreases the reactivity of
halogenated alkanes.
The selectivity patterns in CFC hydrogenation be-
2. Mechanistic considerations ing determined by the fate of adsorbed species, the
nature of these species is of utmost importance. Based
Most of the mechanistic studies regarding the hy- on the products distribution analysis of the hydrode-
drogenolysis of CFC and HCFC dealt with the cat- halogenation of C§Cly [4,14]and CRCFCh [15,31]
alytic transformation of C§Cl, and CRCFChL over surface metallo-carbenes were postulated as a clue for
Pd-based catalysts. The main products appearing in theselectivity. The occurrence of surface carbenes has
course of these transformations are those from CI(F)/H been put in evidence through the reaction of adsorbed
exchange, i.e. hydrodehalogenation. Because the con-species, formed during the @El,> hydrodehalogena-
version level has generally only a little effect on the tion, with the scavenging agentB4 [32]. This tran-

CH,F, CH,
/+ 2H * ZH/
Fw.F Ho o H

Il F/H exchange Il
* % — > %

Fig. 1. Simplified reaction scheme for the hydroconversion 0f@# on a metallic Pd surface.
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sient reaction yielded products typical ofldy addi-
tion on the surface carberCH, and fluorocarbene
=CF,. A FTIR investigation of CECFCk adsorption

on Pd/AbO3 has shown different types of adsorbed
specieq33]. The fluorocarbene GFCF was identi-
fied in great proportion on the Pd surface upon con-
tacting a CFG-H, mixture at 473 K; on the fresh cata-
lyst the trifluoroethylidyne C§C= was also present.
The fluorocarbene yields GEHzF upon hydrogena-
tion, whereas the fluoroethylidyne yields §FHs. IR
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(2) A Langmuir—Hinshelwood kinetic model with
dissociative adsorption of GEl, in competition
with Hz and HCI[13].

The rate laws derived often exhibit first-order de-
pendence on CFC, 0.5-order dependence graitl
—1 on HCI, in general agreement with the experimen-
tal observations.

spectroscopic evidence was also provided for the for- 3. Metal on inorganic fluorides as catalysts for

mation of=CH, carbene from CHCl> on a Pd/Si@
catalyst[34].

So far, several mechanisms for the hydrodehalo-

hydrodehal ogenation

3.1. The fluoride supports

genation have been proposed, and some general ten-

dencies emerge. Many studies propose that the break-

ing of the first C—Cl bond is involved in the rate deter-
mining step[4,22,26,30,33]In molecules containing

several Cl atoms, after the first C—Cl has been bro-

ken the second C—Cl cleavage is very f@&,33], re-

Inorganic fluorides are stable compounds, both at
high temperature and towards reaction with HF. For
this reason they can be used as supports and/or cat-
alysts for reactions involving fluorine compounds as
reactants or as products. Fluoride type materials, most

versible and this second chlorine may be exchangedas chromium or aluminum oxyfluorides or fluorides,

with a pool of surface Cl atoms, as shown by iso-
topic labeling studies using/Cl [26]. The C—Cl bond
cleavage is homolytic with very little charge redis-
tribution, and occurs very early in the reaction co-
ordinates[30,33] Globally, the rate is dominated by
the C—Cl bond strengtf22,35], which increases upon
substituting H and/or F for Cl. These features also
explain why CI is initially removed very selectively
from CFC on account of the lower strength of the
C—CI bond in comparison with the C-F bond. Be-

have thus been employed in the synthesis of CFC from
fluorination (in the absence of J{ of their chloride
precursors, e.g. Celr, from CCly. Normally, activa-
tion of the surface of the oxide precursor by fluorine
or fluoroalkane is required, suggesting that the active
phase is of the CrdF, oxyfluoride-type[37]. Hess
and Kemnitz[38] reported that the activity in the ex-
change/fluorination reactions on Alffaterials is re-
lated to the presence of Lewis acid sites, and that the
introduction of M@+ in low amounts increases the ac-

sides, XPS measurements indicate that activation of tivity of the catalyst439]. Therefore, the activity and

the catalyst occurs through the formation of “palla-
dium chloride” [31]. In agreement with these gen-

eral observations different reaction mechanisms were

proposed:

(1) An halogenation/dehalogenation-like mechanism,
formally equivalent to the Mars and van Kreve-
len mechanism occurring in the selective catalytic
oxidation of alkane$3,4,36] Basically, the halo-
genated compound and HCI react with the Pd sur-
face (or surface Pd-H) to yield a chlorided sur-
face which is in turn regenerated with hydrogen.
A very similar mechanism was proposed later on,
involving the associative adsorption of CFC fol-
lowed by the C—Cl bond breaking as rate deter-
mining step[22,26,29,30]

selectivity may depend on their structural phases and
surface areas.

On that account, in the hydrogenation of CFC and
HCFC on Pd/metal fluoride catalysts, side CI/F ex-
change reactions may occur. The possible extent of
these side reactions can be estimated from a study
about the conversion of GEl, and CHRCI, in hydro-
gen atmosphere, on two different Alfaterialg40].

The thermodynamic analysis showed that the CI/F ex-
change reactions are possible for both reactants. The
a-AlF3, prepared by calcination @-AlF3-3H20, is
much more acidic than the-AlF 3, obtained by calci-
nation of NH;AIF3. Acid sites are predominantly of
the Brgnsted type in-AlF3 and of the Lewis type in
v-AlF3. Table 1presents some results for the CI/F ex-
change reactions of C&H» and CHRCI on these ma-
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Table 1
Catalytic properties in the reaction of g, and CHRCI in hydrogen on two Alg phasesreactantH, = 1)

Catalyst CECly conversion CHECI conversion

Reaction Rate Selectivities (mol%) Reaction Rate Selectivities (mol%)

temperature (molmin—1g1) temperature (molmin—1g=1)

(K) % 10 CCIRs CCRF CCl (K) % 10° CHFR; CHChLF CHChk
a-AlF3 548 11.5 62 13 25 573 2.6 59 23 18
v-AlF3 648 9.6 60 20 20 673 0.7 56 22 22

terials. As expected, different catalytic behaviors are one has to take care with the surface acidity of flu-
observeda-AlF3 is much more active thap-AlF 3 for orides, which may promote acid-catalyzed reactions
both reactants, since the same conversion was reachedeading to coke formation.
on the former 100 K beloy40]; this has been related
to the difference in acidity of these materials. More- 3.2. Metals on simple fluorides
over, CRCl, exchanged faster than CHIEl. This fact
can be explained considering the higher C—Cl bond
strength in CHCIE. for selective hydrodechlorination catalysts, mainly
In order to achieve high selectivity for hydrodechlo- - A|F3, but also MgF, TiF3 and Zrk. Table 2presents
rination on metal/fluoride CataIyStS, these CI/F ex- some relevant examp|es of hydrogeno]ysis of CFC
change reactions should be avoided. Fortunately, theand HCFC on fluoride-supported metal catalysts. Pd
CI/F exchange reaction will occur to a very low s the most widely used active component because of
extent for kinetic reasons in the conditions of hy- its good stability and high selectivity to hydrodechlo-
drodechlorination, since they become rate significant rination alone. This is illustrated by the respective
at 100-300K above (seEbles 1 and 2 Moreover, behavior of Pd/MgE and Ru/Mgk in the CRCl»

Several metal fluorides have been used as supports

Reference

Table 2
Some examples of catalytic hydrogenolysis of CFC and HCFC on fluoride-supported metal catalysts
Reactant Catalyst Conditions Catalytic properties
CRCly Pd/AIR; (dppg = 10nm) 453 K; CECly/Hy: 1/3 CHy: 13.9%; CHF,: 80.3%; CHRCI: 1.7% [4]
Pd/AIFs (dppg = 6 nm) CHy: 17.2%; ChF,: 78.4%; CHRCI: 4.1%
CRCHFCI  Pd/AIR 473 K; CRCHFCI/Hp: 0.3-2  CRCHzF: 99% [8]
CRCRCl  Pd/AIR 473K; CRCRCI/H;: 1/2 CRCHR: 97% [10]
CRCly Pd/TiR 453K; CRCly/Hy: 1/3 CHs: 13.1%; CHF,: 81.8%; CHRCI: 4.9% [12]
Pd/ZrR CHy: 9.6%; CHF2: 86.0%; CHRCI: 3.8%
Pd/ZrF.O, CHga: 7.1%; CHF2:91.6%
CRCly Pd/AIR; 463K; CRCly/Hy: 1/2 CHa: 27%; CHF2: 55%; CHRCI: 6% [13]
CRCFChL  Pd/AIR 473K; CRCFCh/H,: 1/3 CRCFHy: 69%; CRCHs: 24%; CRCHFCIL: 6% [19]
Pd/30%F-A$0Os CRCFHy: 53%; CRCHs: 37%; CRCHFCI: 9%
CRCly Pd/Mgk 453K; CRCly/Hy: 1/10 CHy: 19%; CHF2: 72%; CHRCI: 8.5% [20]
Pd-Au/Mgk CHgy: 9.3%; CHF,: 86%; CHRCI: 3.8%
Ru/Mgk CHjy: 67.5%; CHF: 7.0%; CHRCI:19.2%
CR,Cl, Pd/MgR (dppg = 1nm) 407 K; CRCla/Hz: 1/2 CHy: 7.4%; CHF,: 88.1%; CHRCI: 4.5% [23]

Pd/MgF,; (dpeg = 9 nm)

CHy: 17.4%; CHF,: 70.7%; CHERCI: 11.9%
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Table 3

131

Hydrogenolysis of CECl, and CHRCI on Pd supported on Mg(Al)O obtained from hydrotalcite (frpth]), and on KMgF perovskite-like

structure (from[24])2

Catalyst CECl, conversion

CHECI conversion

Conversion (mol%)

Selectivities (mol%)

Conversion (mol%) Selectivities (mol%)

CHs; CHyF, CHRCI CHs CHyF, CHszF CHR
4% Pd/“Mg(Al)O” 16 20 76 4 25 29 68 - 8
2% Pd-KMgFR coprecipitated 1 3 22 75 1.2 20 80 - -
6% Pd/KMgRs impregnated 13 20 35 44 15 26 28 43 -

2 Conditions: 473 K, CECly/Hy: 1.

hydroconversion[20]; 72% CHF> selectivity was
obtained on the former, but only 7% on the latter
(Table 2. The reaction is generally carried out at

Pd/Mg(Al)O [41]. These materials containing various
amounts of Pd were evaluated in the hydrogenolysis
of CRCl; and CHRCI. Mg(Al)O is actually trans-

atmospheric pressure around 473K, and selectivities formed into fluorides in the course of the reaction and

larger than 70% in HFC are usually achieved.

If several studies refer to catalysts prepared by depo-

sition of metal precursor on the fluorides directly, most
of the works actually concern catalysts initially pre-
pared by deposition on oxides. The fresh metal/oxide
material suffers chemical transformations by reaction
with hydrogen halides in the course of the reaction, or
during the activation step processed in CF&Hix-
ture. The mineral oxides are transformed into complex
mixtures of fluorides, oxyfluorides and/or hydroxyflu-
orides (seeSection 4. Generally, this chemical trans-
formation results in an increased selectivity to hy-
drodechlorination. In most cases, the catalytic proper-
ties of metal/fluoride and metal/“ex-oxide” materials
look very similar at the steady stateig. 1).

3.3. Metals on mixed fluorides

We will see further on$ection 4 that the promotion
of hydrodechlorination, thanks to the use of fluoride
supports, was ascribed to the vicinity in mixed sites of
P and decorating substoichiometric fluoride species,
e.g. AlF; (x < 3). One can anticipate that this intimate
interaction between Pd and Alkvould depend on the

preparation method and would be easier in coprecip-
itated materials. This speculation has prompted stud-

ies on catalytic materials elaborated from Pd/Mg/Al
layered double hydroxidegtl], and KMg—,Pd.F3
compounds with perovskite-like structujiz4,42]

The layered double hydroxide Pd/Mg/Al after cal-
cination and reduction in hydrogen transformed into

the catalytic properties stabilized after 20 h reaction
(Table 3. After reaction, the formation of MgF(or
Mg(Al)F, maybe) phase was identified by XRD, with
no presence of MgO. In contrast, no aluminum com-
pound was detected indicating a high dispersion or the
formation of an amorphous phase.

With the aims to (i) make the interaction between
Pd and fluoride species stronger and (ii) prevent the
Cl/F exchange reactions, the use of Pd catalysts sup-
ported on fluorides materials of low acidity has been
studied. For that purpose new KMgPBerovskite-like
materials were synthesized by soft-chemistry at low
temperature§24,42). The Pd has been introduced by
impregnation or coprecipitation in the early stages of
the synthesis, and the catalysts evaluated in the hy-
drogenolysis of CECl, and CHRECI. As shown in
Table 3 the synthesis route (impregnation or coprecip-
itation) has a great influence on the catalytic behavior.
The main products for the hydrodechlorination reac-
tion of CChF, are CHCIR, (up to 75%) and Chi,
and for CHCIR, are ChF> (up to 80%) and ChkF
(only for the impregnated sample). The low loaded
Pd coprecipitated material (2% Pd—KMgFexhibited
an exceptional high selectivity to CHEI in the hy-
drogenolysis of CECl,. This is very surprising, since
it was never observed with Pd-based catalysts other
than trace amounts of CHEI (Table 2. This behav-
ior can be put in parallel with the similar reactivity
of CR,Cly and CHRCI on this catalyst, which is also
unusual. It was generally reported, and in particular
on Pd/AlIR and Pd/carbon, a much faster rate with
CFRCl; in comparison with CHECI [4,14]. Some ex-
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planation about all these behavior are proposed here-behavior of Pd-based catalysts on oxides and fluo-
after. rides supports in the hydrodehalogenation oL, CE;
at 453K and CECIl/H, = 0.35[12]. It emerges very
clearly that the fluoride supports (AFZrF4, TiF3)
favor both the selectivity to ChF», generally larger
than 80%, and the specific activities per surface Pd
atoms. The fresh Pd catalysts supported on oxides ex-
As mentioned above, the use of inorganic fluorides hibit lower CHF, selectivity, from 25% for Pd/Zr®
as supports brings a lot of advantages in terms of to 60% for Pd/AbOs, but this selectivity increases for
stability, activity and selectivity in the selective hy- Pd/TiO; and Pd/AbOs3 in the course of the reaction.
drodechlorination of CFC and HCFC. It is noteworthy In contrast, the Chl> selectivity on Pd/Zr@ does
that the Pd/“AlR” catalyst reported to be selective for not change very much, after a slight initial increase.
the hydrodechlorination of GEFCL was prepared  The fluorination did not occur for crystalline zirconia.
by fluorination of AbOs by HF/N, at 723 K[8]. This Indeed, X-ray diffraction patterns provided evidence
is fully true in comparison with oxides, and even with that the tetragonal Zrophase was altered very little
some carbons such as graphite. However, it is worth at the end of the reaction, and only traces of hydrated
noting that excellent catalytic properties were reported ZrF4 phases appeared. Conversely, alumina was trans-

4. Theorigins of selectivity promotion when using
metal/fluoride catalysts

in the hydroconversion of GEl, over Pd-based cata-

formed to a large extent into AfFand Al 96(OH)1.04

lysts on carbon supports after some specific treatmentsphases. TiQ, which is a mixture of anatase (85%)

[14].
It is difficult to claim that the superior behavior of

and rutile (15%) is transformed in part to Ti@Ht
is worth noting that only anatase underwent this bulk

fluorides as supports has been fully explained, some transformation, while rutile remained unmodified.

pieces of information can be found in the evolution of

The effect of fluorination of AIO3 by aqueous HF

the catalytic properties which occurs in the first stage treatment on the catalytic behavior of Pd in the hy-

of the transformation of CFC on metal/oxide catalysts
During this period the inevitable transformation of the
oxide to a “fluoride”-like material takes place due to
the release of HF. The transformation of oxide to flu-
oride, naturally occurring in the course of the CFC

drodehalogenation of GEFChL and CKCl; has been
studied by Early et al19]. By varying the fluor con-
tent from 5 to 30%, the selectivity towards selective
hydrodechlorination was improved. In the £HCh
transformation, the stability is optimum at 10% F, then

transformation or realized on purpose before the reac- declines at higher fluor content and with Algs sup-
tion by treatment with HF, has been evoked or studied port. This is not true in the case of gFl, transfor-

in details in several reporf8,4,12,17-19,21,25]in
the hydrodehalogenation of @El, on Al,O3-, TiO2-,
MgO- and CaO-supported Ni catalysts, XRD anal-

mation. Actually, the activity decay comes from the
deposition on the metal of both Cl (and F to a lower
extent) and a carbonaceous residue. The carbonaceous

ysis of the materials after the reaction showed that deposit forms more rapidly as the acidity of the sup-

Al,03, MgO and CaO were converted to fluorides,
whereas TiQ was not modified after 10 h reactifsi.
The transformation of crystalline ZgQto ZrFy-like
species was also reported as diffic[i®]. In con-
trast, the transformation of Pd/MgO to Pd/Mgéur-
ing the hydrodehalogenation of @El, was found eas-
ier than that of Pd/AIOs to Pd/“AlF3” [25], though

port goes up, and both 30% F-&k and AlR; in-
deed possess the higher acidity as demonstrated by IR
spectroscopy of CQL9]. Otherwise, it is noteworthy
that the more carbon atoms in the molecule, the easier
the molecule undergoes coking on acid sites of a cata-
lyst[43]. Moreover, it was suggested that the presence
of a “fluoride”-like support limits the extent of CI(F)

the latter transformation was reported easy at lower deposition onto the metal particl¢4$,19]. For these

H2/CRCly ratio and 473 K[4]. Anyway, this trans-
formation of the supports from oxides to fluorides is

reasons, an optimum in fluor content of the support
may exist for which the decrease of halogen deposi-

always associated with an increase of the selectivity tion counter-balances the extent of “coke” building.
to hydrodechlorination. This was well demonstrated Obviously, this optimum fluor content, which deter-
in a report specifically dedicated to the comparative mines the acidity of the carrier, does depend on the
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molecule to be converted, and will be larger on shorter Pd/graphite catalyst€CHoF>/CH4 = 2.8-29) with
molecules. In the case of GEly, which can hardly  sizes of Pd particles larger than 8 rj4j. It is gener-
lead to coke formation even on highly acidic materials, ally considered that little change in morphology occurs
supports of high F content such as Al€an be used. for particles larger than 5 nm. On smaller Pd particles

Itis clear that in the course of fluorination of Ab3 there is a small decrease of the selectivity to>EH1
before or during the CFC transformation, a complex [4]. Very small changes of selectivity to @EHF
mixture of fluorides, oxyfluorides and hydroxyfluo- and CRCHs were also reported in the conversion of
rides can be formed. This point was addressed in the CFCFChb on Pd/AbOs with sizes of Pd particles
hydrodehalogenation of GEIl; on Pd supported on  varying from 11 to 53 nn{15]. In these two studies
various “fluoride” phases of zirconiufi2]. By vary- the TOF, expressed per surface Pd atom on the fresh
ing the thermal treatment withANand HF/N of ZrO, catalysts, exhibited only a twofold increase with the
and a commercial Zif; different materials containing  particle size. It is worthy to note that when the same
fluorides, hydrated fluorides, oxyfluorides and hydrox- reactions were performed on small surface area model
yfluorides phases were prepared and used as support otatalysts, including Pd(11 1), Pd(110) and polycrys-
Pd catalysts. The catalyst exhibiting the lowestEH# talline foil, the variations of selectivity were also found
selectivity (78%) is the one which is free of hydrated very small[35,45] e.g. from 88 to 91% in CpF»
fluoride, oxyfluoride and hydroxyfluoride phases. By [35]. Regarding that point, from IR spectroscopy of
contrast, all the catalysts that are very selective for adsorbed CO on Pd/AD3 catalysts, Binet et a[46]
CHzF> formation (89—92%) contain some hydrated, have shown that the proportion of (100) facets in-
oxy- or hydroxyfluoride phases. It is worth noting that creases, whereas that of (11 1) facets decreases when
Kellner and Malikarjuna Raf44] suggested that the the size of Pd patrticles is larger than 10 nm.
Re/AlR; catalyst selective for the hydrodechlorination In order to identify any difference in morphology
of CFCs contained oxy- and hydroxyfluoride phases. of Pd particles when supported on oxides or fluorides,
However, we have not yet any rational explanation for several studies have carried out the IR spectroscopy of
the specific properties introduced by oxygen contain- CO[12,18,42] Fig. 2 shows typical IR spectra, in the
ing fluoride phases. 2100-1800 cm! region, of CO adsorbed on Pd/h3

In short, regarding stability and activity the con- and Pd/AllR composed of similar size of Pd particles
tribution of “fluoride™like materials as support of (ca.10nm). The IR spectra do not differ markedly; this
metal-based catalysts in the hydrodehalogenation of is an indication of Pd particles being not very different
CFC is quite difficult to appreciate. This is mainly in size and morphology. However, a higher intensity
due because the highly corrosive nature of halo- of the low frequency band is observed on Pd/AlFo
genated species which are formed in the reaction obtain more details on this feature, the spectra were de-
contributes to the highly dynamic behavior observed convoluted according to the procedures described by
in these systems. However, the increase of selectivity Binet et al.[46]. Five elementary bands were extracted
towards hydrodechlorination is the constant behavior from the raw spectra. These bands, labeledAy, B,
on these catalytic materials. Different proposals can C and D in a decreasing wavenumber order were as-
be put forward for explaining the promoting effect of signed to the following adsorbed CO species: (i) A
“fluoride™-like supports for hydrodechlorination: (ca. 2075cmt) and A (ca. 2050 cmt) bands cor-
respond to linearly adsorbed CO on low coordination
sites, such as edges and corners; (ii) the band B (ca.
1980 cnT) corresponds to bridged CO ingsymme-
try on (1 00) faces; (iii) C (ca. 1935 cm) and D (ca.
1850 cnt!) bands correspond to bridged CO inC
and Gy symmetry on (1 11) facets. respectively. The
deconvoluted spectra allowed to estimate the propor-

In relation with the first point, no significant differ-  tion of (11 1) and (1 00) facets, and low coordination
ence in selectivity was reported in the hydrodehalo- sites in the two catalysts. The main difference which
genation of CECl» on fresh Pd black, Pd/ADs and appears between Pd/&s; and Pd/AlR is a higher

(1) a geometrical effect based on the size and/or the
morphology of the Pd particles,

(2) an electronic influence at the metal/insulator in-
terface,

(3) a peculiar metal/support interaction with forma-
tion of a mixed site.
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Fig. 2. Infrared spectra of CO adsorption on Pdf@d (a) and
Pd/AIR; catalysts at full CO coverage; (—) experimental profile,
(---) decomposition of the experimental profile inigo elemen-
tary bands (from{12]).

density of the low coordination sites and the (100)

faces on the latter. This means that the average coor-

dination number of surface Pd atoms will be lower on
Pd/AIRs. On the other hand, the wavenumbers far A
A2, B, C and D bands on Pd/#Ds are in good agree-
ment with the values found on a Pdi8ls catalyst

of similar mean Pd particle siZd6]. It was reported
that decreasing the size of Pd particles in PdgAIF
which results in a higher proportion of the low coordi-
nation sites, decreases the £8 selectivity [4]. We
can therefore conclude that the higher ££4 selec-
tivity found on Pd/All; compared to Pd/AlO3 can be
hardly assigned to a morphology change of Pd parti-
cles.
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Therefore, this metallocarbene bond will be weaker if
Pd becomes electron-deficient. However, the adsorbed
species may exchange various bond multiplicity with
the metal surface which leads to different ensemble
size requirementpd7]. It was thus shown that triply
bonded=C-CF; species exists in larger proportion
on fresh Pd/AJOs than on the passivated orfi@3].
One might also anticipate that the;Csymmetry of
Pd(111) facet would favor the formation &C—-CFs.
Nevertheless, upon the reaction goes on, the deposi-
tion of CI(F) and/or carbonaceous residues would di-
lute the Pd surface and the probability to encounter
three free Pd atoms ing; symmetry will decrease;
this is an ensemble size effect. It was indeed shown
that after reaction of Pd with GEIl>/H2 (ca. 0.35/1)

at 453 K, the hydrogen taken up irreversibly;{HPd)

of a Pd/AbO3 decreased from 0.12 on the fresh cat-
alyst to 0.04 on the passivated off; in parallel
only a small sintering of Pd was identified from TEM
examinations. Moreover, hydrodehalogenation studies
on Pd(111) and Pd(110) monocrystals have shown
only small differences of selectivity depending on the
facet[35,45] On that account, one can postulate that
the selectivity pattern would be mainly determined by
electronic factors.

Some pieces of information about the electron-
deficient character of the metal surface can be derived
from IR spectroscopy of adsorbed CO in the case
of Pd supported on fluoridgd2,18,42] Comparing
the IR spectra of CO adsorbed on Pdt$ and
Pd/AIR; (Fig. 2), a clear feature is the upward shift
(10-20cnT?) of all vibrational frequencies for CO
adsorbed on Pd/AE{12]. This upward shift was even
larger when CO was adsorbed on Pd/KMgpre-
pared from hydrothermal synthesis of KMgPd,F3
[42]. There is a general agreement that the higher the
stretching frequency of the=€0 bond, the lower the
bond strength between the carbon and the metal atoms

We have seen above that in a rake scheme mecha{48,49] That behavior is usually ascribed to a lower

nism, the selectivity is mainly determined by the fate

back donation of metal d electron in ther*2 anti-

of adsorbed intermediates to suffer either a reactive bonding orbital of the CO bond. In the present work,

desorption or further surface reactions. This is for in-
stance the case 6fCF; in the conversion of CfCl,

on Pd-based catalysts. The desorption=af~, as-
sisted by hydrogen, will be easier as the bond be-
tween=CF,; and Pd will be weaker. In the metallocar-
bene Pa&CF, bond, the=CF, radical is electron with-
drawing due to the inductive effect of fluorine atoms.

when the support is changed from,@8l3 to AlFs,

the shift of thevco by 10-20 cn! may be related to
the variation of the electron density at the Pd atoms,
this electron density is lower when Pd is supported
by AlF3. This behavior is certainly due to the strong
Lewis acidity of AlR; [38]. The electron-deficient
character of Pd supported on fluorides supports
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Fig. 3. Product selectivities for the hydroconversion o CE over
Pd/AlIR;, Pd/graphite, PdAl/graphite and PdZr/graphite catalysts as
a function of time during the first hours under streaf) CHzF,
(CJ) CHy, (©) CHRCI; reaction temperature: 473K (frofii2]).

will then favor the desorption ofCF, adsorbed
species.

The electron-deficient character of the metal par-
ticles comes from the interaction with fluorides sup-
ports. Two studies aimed to identify more precisely
if the effect of fluoride supports on the enhancement
of CHzF; selectivity is a short range or a long range
one [12,17] For that purpose, graphite-supported
“bimetallic” PdAIl and PdZr catalysts were prepared
by coimpregnation of graphite with Pd(acacnd
Al(acacy or Zr(acac) and evaluated in the hydro-
genation of CECl, [12]. At steady state, the behavior
of the bimetallic PdAl/graphite catalyst agrees very
nicely with that of Pd/AlR (Fig. 3). However, the
more interesting point deals with the passivation pe-
riod. In the passivation step, during the first 10h
on stream, the behavior of PdAI- and PdZr/graphite
greatly differs from that of the pure Pd on graphite
catalyst. On the latter, the GH, selectivity decreases

135

from 66 to 50%. In contrast, the GH, selectivity on
PdAI- and PdZr/graphite increasdsd. 3). A parallel
decrease of CHl selectivity is then observed. This
“bimetallic” effect is really specific to Al and Zr since
the addition of Co, Ag, Fe or K did not increase at all
the CHF> selectivity [50]. It was proposed that Al,
and to a lower extent Zr, were fluorinated in PdAI-
and PdZr/graphite; the intimate contact between Pd
and AlF, or ZrF, specieqx < 3, 4) being responsible
for the large decrease of @El, hydrodefluorination.
However, it was impossible to detect the presence of
any kind of AlF, or ZrF, species in these catalysts,
due to the low amount of aluminum and zirconium,
0.49 and 1.52 wt.%, respectively, for 1.8 wt.% [R4d)].

A very similar interpretation has been proposed
in the CRCIy hydrogenation for the behavior of
Pd/AlLO3 reduced at high temperatuf&7]. The re-
duction at 600C caused an increase of the selectivity
to CRCly, from ca. 4 to 65%, for samples exhibit-
ing the smaller Pd patrticles; this was ascribed to an
extended presence of AlFspecies at the Pd—4D3
interface. Earlier works have shown that the Pe(@y
system transforms partially into a Pd—Al alloy after
high-temperature reduction (at 600) [51]. It seems
that at corrosive conditions caused by evolution of
HF, the PdAl “alloy” is destroyed, leading to a consid-
erable fluorination of alumina species at the Pd—"Al"
interface. Indeed, Pd/ADs catalysts which passed
high-temperature reduction, acquired higher selectiv-
ity to CH,F> much faster than the Pd/#D3 catalysts
subjected to a low-temperature reduct[@i].

Finally, the partial coverage of Pd with migrat-
ing “sub-fluoride” species is in agreement with the
decrease of hydrogen uptake of Pdf@4, from
Hir /Pd = 0.12-Q04, in the course of the GEl>+H
reaction[4].

One can then propose that the promoting effect of
fluoride supports on the catalytic behavior of metal
catalysts for the selective hydrodechlorination of CFC
can be mainly ascribed to the presence of migrat-
ing substoichiometric fluoride species onto the sur-
face of metal particles. These species are responsible
for (i) a faster desorption of intermediates, &G,
by making the metal surface more electron-deficient,
and (ii) a larger proportion of intermediates exchang-
ing less bonds with the metal surface, e.g3E8EF
rather than Cg-C=. The unusual and exceptional
high selectivity to CHECI (ca. 75%, Table 3, in
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the hydrogenation of Gl on the Pd—-KMgEk cat-
alysts has been interpreted by a strong cooperation
between these two phenomena on this material pre-
pared by soft-chemistry in a one-step coprecipitation
[24]. A very large covering and dilution of the Pd sur-
face dilution was concluded from XRD analysis and
chemisorption measuremente].

[4] B. Coq, J.-M. Cognion, F. Figuéras, D. Tournigant, J. Catal.
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106 (1996) 83.
Wiersma, E.J.A.X. van de Sandt, M. Makkee, C.P. Luteijn,

5. Concluding remarks

The selective hydrodechlorination of CFC and/or
HCFC is a fair method for the synthesis of HFC from
these banked and banned compounds. FIuoride—supporﬂe
metal (Pd essentially) are very efficient catalysts for H. van Bekkum, J.A. Moulijn, Catal. Today 27 (1996)
this reaction. Actually, in many cases the starting 257.
fresh materials are Pd/oxide which suffer chemical [15] Z. Karpinski, K. Early, J.L. d'ltri, J. Catal. 164 (1996) 378.
transformations by HF released in the course of the [16] S.P- Scott, M. Sweetman, J. Thomson, A.G. Fitzgerald, E.J.
reaction. It seems even better, for the achievement,,_ SlUTock: J. Catal. 168 (1997) 501.

of high selectivity, to start from these materials, be-

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

cause the chemical transformation of oxides by HF [18] M. Ocal, M. Maciejewski, A. Baiker, Appl. Catal. B 21 (1999)

yields fluorides, but also oxyfluorides and hydrox-
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yfluorides which are better promotor for the selective [19] K. Early, ViI. Kovaichuk, F. Lonyi, S. Deshmukh, J. d'ltr, J.

hydrodechlorination. The origin of selectivity is well
explained by modification of the Pd d band which
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[20] A. Malinowski, W. Juszczyk, J. Pielaszek, M. Bonarowska, M.
Wojciechowska, Z. Karpifiski, Chem. Commun. 685 (1999).

makes the desorption of intermediates of interest (Pd [21] B.S. Ahn, S.G. Jeon, H. Lee, K.Y. Park, Y.G. Shul, Appl.

fluorocarbenes) faster. An intimate interaction be-
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tween Pd and fluoride species in a mixed site is the [22] Thompson, R.M. Rioux, N. Chen, F.H. Ribeiro, J. Phys.

clue to achieve this electronic modification.
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