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Abstract

The synthesis of transition metal carbides of tungsten and molybdenum has been carried out via temperature programmed
reactions (TPRs) of metal oxides or passivated nitrides. Their specific chloropentafluoroethane conversion rates were at best
one order of magnitude less than that of a reference Pd based catalyst. The intrinsic rates range from 4.7 to 142&ntol m
and decrease as follows: MO>WC>W,C~WC;_,>MoC;_,. The group VI carbide samples catalyse hydrodehalogenation
and dehydrofluorination. WC appears to be as selective towards pentafluoroethane (HFC-125) as the Pd based catalyst. Then
the selectivity decreases in the following sequenceC¥WMo,C>WC;_,>MoC;_,. All the carbide catalysts deactivate at
the early stages of the reaction. Based on the XPS results and the product distribution of the reaction, the deactivation has
been mainly attributed to a site blocking phenomenon due to a strong deposit of polymeric carbon and of hydrofluorocarbon
polymers. Polymerisation of detected unsaturated compounds take place on acidic sites probably generated by fluoride and/or
chloride in the course of the reaction. © 2000 Elsevier Science B.V. All rights reserved.

Keywords:Group VI carbide catalysts; Hydrochlorination; Chlorofluorocarbons; Deactivation

1. Introduction carbons (HFCs) seems to be an attractive route [4].
For instance HFCs exhibit similar properties as CFCs
The synthesis of substitutes of fully halogenated without being harmful towards ozone since they
chlorofluorocarbons (CFCs) is an important task from readily decompose in the lower atmosphere.
an industrial viewpoint since they behave like ozone  Although since the early 1960s, palladium has
killers [1] and contribute to the greenhouse effect [2]. been the preferred catalyst for the hydrogenolysis
So, destruction of such species has been envisionedof carbon—chlorine bond, transition metal carbides,
since their production and uses have been phasedespecially of group VI, which are also well known
out under international agreements at the Montreal to show interesting behaviours in various reactions
Protocol [3]. Presently, several options for their re- catalysed by noble metals [5] could a priori promote
placement are available. Among them, the conversion such a type of reaction.
of CFCs into valuable compounds like hydrofluoro- Indeed Morikawa et al. [6] have reported in a patent
that tungsten and molybdenum carbides can be cat-

P alytic active species. As exemplified, a catalyst com-
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fax: +33-3-20-65-61. posed of WC granules mixed with Al(Okland spread
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(3.-M. Giraudon) halogenation of the haloethane CFC-114a.
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Two other studies on hydrodechlorination of CFCs 2. Experimental
over such materials have confirmed such a trend. It
has been found that highly dispersed oxycarbides 2.1. Synthesis procedure
W5(C, O) exhibit a catalytic activity for the hydrode-
halogenation of dichlorodifluoromethane [7]. These  The preparation of the carbides was carried out via
materials have been prepared on a passive SiC-coatedemperature programmed carburisation of bulk metal
alumina by first making a transition metal salt, such oxides (MoQ — 99.95%, Fluka and W&— 99.95%,
as chloride, to react with a carbon-nitrogen acyclic Fluka) or passivated nitrides. The nitrides were synthe-
compound deficient in carbon as guanidine and then sised by temperature programmed reactions (TPRSs) of
pyrolysing the resulting composition at a temperature MOz (M=Mo, W) with NHz (99.96%, Alphagas). The
of 775°C. The best results have been obtained at a molybdenum sample was rapidly heated from room
hydrogen to CGIF, (CFC-12) ratio of%l leading to a temperature to 34% (465 C for W) for about 0.5 h.
selectivity towards Chi> (HFC-32) up to 95.1% at  Then it was heated following two linear heating seg-
350°C after 8.5h time-on-stream. Various supported ments. The temperature was first raised from 345 to
and unsupported carbide materials have also been450°C at 36 C h~1 and then from 450 to 75C where
studied for their activity in the same reaction as above the final temperature was kept for 1 h. For tungsten,
[8]. Whatever is the catalyst under consideration, it the powder was heated from 465 to 7680and held at
shows a selectivity towards the formation of HFC-32 the final temperature for 6 h. The molar hourly space
of 100%. If the turnover numbers of the supported velocity was 90 h! (Mo) and 96 1 (W). After cool-
carbides were found to be higher than the unsupporteding to room temperature the samples were passivated
ones, they deactivated quickly with time. ina 2% Q/N, for 5h (21h1).

Thus, because of the lack of fundamental infor-  The method of carburisation consisted of contact-
mation on the hydrodechlorination of chlorofluo- ing a carbiding mixture composed of 10 or 20 vol.%
roalkanes over metal carbide materials, the catalytic CH4 (99.995%, Air Liquide) in hydrogen (99.995%,
performances of bulk tungsten and molybdenum car- Air Liquide) over the oxides or the passivated nitrides
bides have been investigated in the hydrogenolysis of subsequently reduced undes &t 450 C for MozN or
the chloropentafluoroethane (§EFCIl, CFC-115). 500°C for W,N for 10 h. The temperature was raised
The desired product of the reaction £TH~»H in a progressive manner4@ min—1) to the final tem-
(HFC-125) is believed to be a promising substitute of peraturedsin and held at this level till the reaction was
R-502, which is an azeotropic blend of CHGI&nd completed. Such experimental conditions used for the
CRCRCI. carburisation were summarised in Table 1. They led

This study will be focused on the influence of the practically all the samples to a minimisation of excess
metal atom and of the lattice structure of the catalysts polymeric carbon deposit produced by the decompo-
upon the catalytic properties. The catalytic results will sition of methane during carburisation. Thus, no ac-
also be compared with those of a reference Pd/C. tivation treatment was undertaken except in the case

Table 1

Experimental conditions for the preparation of group VI transition metal carbides

Catalyst Precursor Carburisation*10r 20vol.% CH/H>» Carbide phase Structifre
Flow (cm® min~1g~1) Bfin (°C) Isotherm. (h)

wcC WO3 110 800 8 a-WC hex

W,C WOz 110 630 8 a-W,C h.c.p.

Mo, C* MoOs3 110 700 5 B-Mo,C h.c.p.

WCi_y W2N 167 750 0.5 B-WCi_, f.c.c.

MoCy_, MozN 167 700 3 a-MoCy_, f.c.c.

2hex: simple hexagonal; h.c.p.: hexagonal close-packed; f.c.c.: face-centred cubic.
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of WC, which was submitted to a 1% GHH-> flow at
800°C for 6 h. All the samples were finally passivated
with a 2% Q/N> mixture at room temperature before
being characterised.

2.2. Characterisation
X-ray diffraction (XRD) measurements were con-

ducted in a diffractometer SIEMENS D5000 using Cu
Ka radiation $=0.15418 nm). XRD patterns were as-
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with a thermal conductivity detector after passing, re-
spectively, through a water bath (to trap HCI and HF
formed during the reaction) and a filter (drierite). The
reactant and products were separated on a plot fused
silica (50 mx0.53 mm) column (Chrompack). All the
guantified gaseous components were previously iden-
tified with a mass spectrometer Omnistar GSD 3000
from Balzers.

signed with the JCPDS database. The average size of3. Results

the crystallite was calculated from the Scherrer equa-

tion Dc=KA\/Bcosd whereK is a constant (taken here
to be 0.9) B the corrected peak width ardthe Bragg
angle of the peak.

X-ray photoelectron spectroscopy (XPS) was per-

3.1. Synthesis and characterisation of the carbide
catalysts

XRD patterns of the passivated catalysts freshly

formed on a Leybold-Haraeus LHS10 spectrometer prepared are presented in Fig. 2. Peak positions

equipped with an Al anodeh¢=1486.6eV). The

are clearly consistent with the desired crystallo-

binding energies (BEs) were referenced to the binding graphic phases listed in Table 1. So the materi-

energy level of O 1s at 531 eV.

als are phase-pure except for the MC samples,

The specific surface areas were measured with awhere a small contribution af-WC andp-Mo,C is
sorptometer Quantasorb Jr. using the single point BET detected.
surface area determination. The average particle size XPS results are reported in Table 2. The BEs of

was estimated from the derived equatibp=6/pS;,
where p is the bulk carbide density an§; is the

the W 4f,> and Mo 3d,, photoelectron peaks, re-
spectively, at 32.2 and 228.8eV are in good agree-

specific surface area assuming that the particles werement with a metal carbide phase [9,10]. The C 1s

spherical and/or cubic.

2.3. Catalytic testings

spectrum in Fig. 3 exhibits two main components,
the lower binding energy one at ca. 283.3eV char-
acterises a carbon linked to tungsten, while the con-
tribution at 285eV is ascribed to polymeric carbon

The hydrogenolysis of CFC-115 was carried out [9]. Thus, the carbide is clean as long as the intensity
in a stainless steel fixed bed flow reactor (10mm of the low binding energy component is high. So a
i.d.—12mm o.d.) at atmospheric pressure. The exper- lower carbon contamination on WC, 3@ and MaC

imental set-up was described in Fig. 1. All catalytic

is expected than on MoC, and WG_, samples.

experiments were performed on carbide catalysts pre- This is indeed reflected quantitatively by the values of

pared in situ according to the following experimental

the Gearbidd Ccarbiderpolymerio atomic ratio. Notewor-

procedure. About 1g of the catalyst was placed in thy here is the substantial amount of polymeric car-
the reactor. After synthesis, the samples were cooled bon retained by the WL , solid. Besides XPS, metal
in the carbiding mixture to the reaction temperature carbide stoichiometry has been determined and shows

at 350C. Hy/CRCRCI molar ratio was 2. The total
flow rate was 2.51h' (corresponding to a volumet-
ric space velocity of about 4000f). The reacting

mixture was then allowed to pass over the catalyst at

that the (C/Wjarbige ratio is approximately the same
for the h.c.p. andf.c.c. phases, keW,C and WG _,
considering the margin of error.

The resulting BET surface areas of the carbide

atmospheric pressure. The 1wt.% Pd commercial cat- catalysts, ranging from 13.5 to 96€m 1, are notice-
alyst supported on activated charcoal (Accros Chem- ably higher than those of the oxide precursors (ca.

icals) was activated in #ifor 10h at 350C before

3m?g1). For the medium surface area catalysts,

the catalytic run. The outlet gas mixture was anal- the crystallites are much smaller than the particles
ysed by a chromatograph Shimadzu GC-9A equipped suggesting the formation of polycrystalline particles,
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Fig. 1. Experimental catalytic set-up.

whereas for the higher surface area catalysts, theat the early stages of the reaction, a pseudo-stationary
crystallite and patrticle sizes are similar (Table 3). state being reached after ca. 6 h on stream. In contrast,

3.2. Catalytic properties

the Pd catalyst deactivates more slowly with time.
Clearly the initial deactivation operates more readily
on WGC;_, than on WC and WC. Such tendency is

The evolution of €,/71) at 350C (wherez, is the also observable on molybdenum catalysts,,Mde-
conversion aften hours) with time-on-stream is il-  ing more resistant to deactivation than MoG.
lustrated in Fig. 4(a) and (b). Whatever is the car-  In Table 4 the conversion, specific and intrinsic rates
bide catalyst under consideration, deactivation occurs after 1 h of test rurfwhich is the time required for the
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Fig. 2. X-ray diffraction patterns of the carbide catalysts freshly prepared. Peaks attributed to the crystalline phases in the right panel are
indicated by the appropriate symbol.

stabilisation of the system) and at pseudo-stationary carbide catalyst is one order of magnitude lower than
state are given. As observed, the specific reaction ratesthat of the reference Pd/C catalyst. Intrinsic activities
of the carbides are lower than that of the palladium of the carbides at the pseudo-stationary state range
based catalyst. from 4.7 to 14.7 nmolm?s 1 at 350C and decrease
Among carbides, the MC , samples are the most  as follows: MeC>WC>W,C~WCy_,>MoCy_, .
active catalysts at initial stages of the reaction; this  Product distribution of the different carbide cata-
can be readily explained owing to their higher BET lysts as the one of the Pd/C at steady state (after about
surface areas as reflected by the values of the activity 13 h on stream) is given in Figs. 5 and 6. Consid-
expressed in nmolnfs1. Let us notice that the ering the low pseudo-stationary state conversion on
residual steady state specific activity of the most active all the carbide catalysts (about 1%), the discrepancies

Table 2

XPS data of the fresh carbide catalysts

Catalyst Photopeak Binding energy (eV) cafbidd C(carbide polymerig CearbiddM carbide
WC W 4f7/, 32.2 0.71 1.06

W,C W 4f7/5 32.2 0.77 0.66

Mo,C Mo 3d5,2 228.8 0.74 0.63

WCi_y W 4f7), 32.3 0.18 0.55

MoCy_, Mo 3ds,2 228.8 0.52 0.78
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Fig. 3. C 1s XPS spectra of the group VI metal carbide freshly

prepared. samples being more selective than the other related
tungsten and molybdenum based catalysts. Secondly,
among the tungsten carbide based catalysts, selectivity

between the product distributions are not ascribed here decreases owing to the sequence: WGBAWC; _,.

to different conversion levels. As far as the selectivity Thirdly, it appears that irrespective of the nature of the

towards pentafluoroethane (HFC-125) is concerned, metal, the hexagonal close packed phase is more selec-

several observations can be noted. Firstly, WC appearstive towards pentafluoroethane than the face-centred

as highly selective as the Pd based catalyst; these twocubic one.

Table 3
Physico-chemical characterisation of the fresh and spent catalysts
Catalyst Fresh catalyst Spent catalyst
Specific surface Crystallite Particle Specific surface Crystallite Particle
area (Mg1) size (nm) size (nm) area fg1) size (nm) size (nm)
WC 15 7.9 25.5 14 7.8 27.3
W,C 19 8.4 18.4 18 9.2 19.4
Mo,C 13.5 111 48.9 13.5 11.2 48.9
WCy_, 52 7.4 6.7 42 7.8 8.3

MoCy_, 96 7.9 6.6 58 8.3 10.9
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100%

Now let us examine the by-product distribution in BHFC125
. . . 920% 1
Fig. 6. They can be arranged in three categories: (1) | [ Alkanes
alkanes (essentially CHand GHg and to a minor 70% U Unsaturated
M Others

extent GHg); (2) unsaturated compounds (essentially 60% 1
C,H4 and to a minor extent £HoF> and GF4); (3) 50% +
C, defluorinated compounds (gEFH, (HFC-134a) 40% |
and CRCH3; (HFC-143a)). As observed, Pd pro- e
duces defluorinated compounds, whereas by-products ~ 2°% |
on carbides are essentially alkanes and unsaturated 13;. | :
compounds. It is also noteworthy that the crystallo- PdC WE  WIC  Me2C WClx MoClx
graphic structure of carbides influences the selectivity
towards the formation of unsaturated compounds, Fig. 5. Product distribution by family at pseudo-stationary state
which remarkably increases according to the SeqlJencefor the Pd/C and group VI transition metal catalysts at°850
hex<h.c.p<f.c.c., it is also noticeable that the W car-
bide based catalysts are more hydrogenating catalysts
than the MO ones as Shown by the Companson Of the ! [ICH4 FRAC2ZH6 #C3H8 [JCZH4+C2F4 CJC2H2ZF2 MHFC143a M HFC134a

CoHg/CoHy ratios.

Selectivity

30%

3.3. Characterisation of the spent catalysts

[
3
=

7]

The spent catalysts have been characterised in or- i
der to have an insight into the deactivation process. # 10% 7
Notice that they were prior passivated according to 59 |
the procedure described earlier. The examination of  , | , H 711 . :
the XRD patterns does not show bulk reconstruction 1%PA/C WC  W2C  Mo2C WCIx MoClx
as each catalyst retains its initial carbide phase. Addi-
tionally the crystallite size does not vary significantly Fig. 6. By-product distribution at pseudo-stationary state for the
(Table 3). On the other hand, the BET surface areas Pd/C and group VI transition metal carbides at 350
decrease for the M, samples, whereas no signifi-
cant variations are observed for the other samples.

The examination of both the chemical state and sur- chlorine at a low level (about 1%). As illustrated in
face composition of carbon and halogens by XPS are Fig. 7(a), the C 1s signal of a WC catalyst shows sig-
more relevant here (Table 5). An increase in the carbon nificant changes after reaction. One notes an additional
content is observed after reaction. Additionally one peak at 284.9 eV due to an excess of polymeric car-
detects a significant amount of fluorine (ca. 20%), and bon deposit at the surface and the appearance of a tail

electivity

S

Table 4
Conversion, specific rate and activity of the catalysts at’@5@vith H/CFC115=2, and a volumetric space velocity of 4000th
Catalyst Conversion (%) Specific ratgrgols~g~1) Activity (nmolm—2s71)
After 1h Stationary state After 1h Stationary state
1% Pd/C 26.0 4.9 4.1 - -
wcC 6.3 0.5 0.1 32.0 9
W,C 4.9 0.4 0.1 19.0 7
Mo,C 7.5 0.5 0.2 39.0 15
WCi_y 20.0 15 0.3 29.0 6

MoCy_, 13.0 13 0.5 13.0 5
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Fig. 7. (&) C 1s XPS spectra of the fresh and spent WC catalyst. (b) Decomposition of the C 1s spectrum of the spent WC catalyst.

in the envelop at higher BEs which indicates different
carbon-fluorine species. As shown in Fig. 7(b), such
contributions on the C 1s photoelectron peak could be

4. Discussion

This study deals with the catalytic performances

assigned to various organic fluorocarbon species (CFof tungsten and molybdenum carbides in the hy-

at 289eV, Ck at 291 eV and Cfat 293.4eV [11]).
The symmetrical F 1s signal at 688:8.2eV corre-
sponding to an organic fluorine [11] is in agreement
with this previous assignment (Fig. 8(a)). A low in-
tensity broad peak of Cl 2p (FWHM5.5€eV) is also
observed at 2080.3 eV (Fig. 8(b)).

Table 5
Surface atomic composition of carbide catalysts estimated from
XPS data

Catalyst C (at.%) F (at.%) Cl (at.%) RS
Fresh Spent

wcC 323 48 22.6 0.8 0.47

W,C 155 49.7 17.4 11 0.35

Mo,C 16.4 49.1 18.4 1.2 0.46

WCy_, 42 55.9 17.1 1.9 0.41

MoCi_, 274 60.6 19 1.6 0.32

drodechlorination of chloropentafluoroethane to be
compared with those of a Pd based catalyst commonly
used for such a reaction [12]. The most prominent
observations are closely related to significant changes
in the selectivity and stability of carbide catalysts,
which strongly differ from those observed on Pd/C.
As indicated by the examination of the prod-
uct distribution on carbides, such materials seem
to exhibit a bifunctional behaviour towards the
transformation of CFC-115 enlightened by various
products obtained from C—X @F, Cl) bond cleav-
age (mainly HFC-125) and those resulting formally
from dehydrofluorination reactions §84, CoF4 and
CoH2F2). Accordingly, carbide catalysts exhibit both
hydrogenolysis and dehydrofluorination properties
contrarily to palladium since its selectivity behaviour
mainly reflects hydrogenolysis properties. As hy-
drogenolysis reflects the pseudo-metallic properties,
by contrastdehydrofluorination would involve acidic
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Fig. 8. (a) F 1s XPS spectrum of the spent WC catalyst. (b) Cl 2p XPS spectrum of the spent WC catalyst.

sites [13]. It is also worthwhile to note that the bal- alysts at the early stages of the reaction in contrast
ance between hydrogenolysis and dehydrofluorination to the palladium based catalyst. Bulk and surface
depends on the nature of the carbide lattice structure. characterisations suggest that the deactivation is not
Clearly the values for the unsaturated/HFC-125 related to either phase transformation or sintering
ratio are much higher for the f.c.c. MC, phase than  reactions leading to structural modifications. On the
for the related hexagonal ones associated/C, other hand, the significant amount of polymeric car-
a-W>C andp-Mo,C. bon and of HFC species observed after reaction on the
More relevant is the high selectivity of WC towards deactivated catalysts seems to be in agreement with a
HFC-125 (92%), which is quite similar as that of Pd/C deactivation by site blocking. These strongly adsorbed
which could give to this former catalyst a potential in- species could be the result of the polymerisation of
terest according to an improvement of both its activity detected unsaturated compounds which usually takes
and stability. Such a requirement implies a better un- place on strong acidic sites [13]. Such a mode of de-
derstanding of the functioning mode of carbide cata- activation can explain the fastest deactivation of the
lysts since it is well established that the control of the MC;_, catalysts since they are probably more micro-
surface composition of the carbide catalysts is difficult porous than the other ones although no clear apparent
to handle due to their high sensibility to traces of oxy- correlation appears between the surface areas and the
gen when they get rid of polymeric carbon. The role pore size distribution [14].
of oxygen is ambiguous because, as carbon, oxygen An important question which arises here is the
can diffuse into the interstices of the carbide lattice origin of such an acidity on these materials. Strictly
to give an oxycarbide having a lattice structure very speaking, the intrinsic acidity of metal carbides could
similar to the carbide one. So, despite our caution to be related to the partial ionicity of theW—-C~ bond.
avoid oxygen contamination, the presence of very low However, we believe that the extent of such an acid-
amounts of oxygen in the course of the reaction can- ity cannot completely explain the changes in product
not be ruled out here. distribution of Mo and W carbide based catalysts,
One important point for discussion in this study is particularly towards the formation of unsaturated
the strong deactivation of the different carbide cat- compounds. On the other hand, such a change in the
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