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Abstract

The hydrodechlorination of GECI>F over Pd and Pt supported grAlF3 and MgF, with D, gas has been investigated
employing temperature programmed isotope exchange (TPIE) under static conditions. The isotope exchange observed betweer
the H-loaded metal catalyst and thg fas phase demonstrates the significantly higher hydrogen uptake capability of Pd-based
catalysts. Both Pd and Pt @rAlIF3, show significantly higher hydrogen/deuterium uptake and isotope exchange activity as
compared with the Mglsupport, probably due to the presence of hexagonal chanrg@lalifz and its higher Lewis acidity.

The combination of these properties make@PAlIF3 a superior catalyst for selective hydrodechlorination o§CELF.
Based on the results of the hydrodechlorination 0§ CElLF with D, a competitive rather than a consecutive mechanism is
proposed. The data from H/D-TPIE are best interpreted by the formation of surface carbene species as intermediates.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

It is widely recognised that the catalytic conversion
of unwanted chlorofluorocarbons (CFCs) into CFC-
alternatives can be a more attractive option for their
disposal than by combustion. Conversion to hydro-

Hydrodechlorination reactions are generally catalysed
by noble metals; for CFC-hydrodechlorination espe-
cially, palladium supported on high surface area mate-
rials has shown excellent activity and selectivity. The
hydrodechlorination of CGF, has been widely in-
vestigated over the past 10 years and much effort has

gen containing CFC-alternatives (HFCs) is especially gone into kinetic investigatior{—5]. Although direct

promising, taking into account the considerable lower
potential towards ozone layer depletion of the latter.

* Corresponding author. Tel#49-30-2093-7555;
fax: +49-30-2093-7277.
E-mail address:erhard.kemnitz@chemie.hu-berlin.de
(E. Kemnitz).

evidence for the formation of metal-carbene species
is still lacking, the results obtained suggest that this
reaction occurs via a surface fluorocarbene as the re-
action intermediate.

Several authors have performed hydrodechlorina-
tion reactions on C#CClF with the aim of pro-
ducing CRCHyF (HFC-134a), which is an attractive

0920-5861/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
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CFC-alternative. Based on conversion rates and se-was suggested that the hydrodechlorination processes
lectivity data for this type of hydrodechlorination, a are concurrent rather than consecutive.

reaction mechanism which includes the intermedi- In the present study, we applied the temperature
ate formation of surface carbenes has been deducedorogrammed isotope exchange (TPIE) technique
[6-13]. For example, in order to probe the nature of [25,26] to contribute to the understanding of the
the transition state to C—Cl bond cleavage, Zhou et al. mechanistic pathway of the hydrodechlorination of
[14] have established a linear free energy relation- 1,1,1,2-tetrafluorodichloroethane.

ship over Pd(11 1) surfaces as catalysts. The intrinsic

dechlorination barrier remained unchanged when the

number of fluorine atoms in the reacting molecule o Experimental

was varied. In a very recent study, usitRLCI-tracer

experiments, the scission of the firsF ,C_Cl bO”P' has 2.1. Catalyst preparation and characterisation

been shown to be the rate determining step in the
hydrodechlorination of C#CCLF [15].

Catalytic activity is influenced also by the support
material. Fluoride supports should interact with hy-
drogen halides to a smaller extent than do oxides and
among those studied are fluorides of[3}4,6,16—18]

Ti and Zr[4] and Mg[19]. The behaviour of a delib-
erately, partially fluorinated alumina support has also
been describefb].

Magnesium fluoride ang@-aluminium trifluoride
were prepared according to the literat[#@,28] Their
BET areas were 20.7 and 30.8grl, respectively.
Following our previously described procedyi4],
the support was impregnated with a 60% solution of
PdCb (Chempur, 99.99%) in 36% aqueous HCI or a
40% aqueous solution of 4PtCk-6H,O (Chempur)
Our interest has been in developing possible routes L?gfgvzgti?/);tzglgg ?; d3u9§i§nfcgt252;1]?:;%?;;08

on a laboratory scale for the conversion of CFCs us- . ;
. : stream for 2 h and then stored in a closed container. Im-
ing heterogeneously catalysed processes, which do not

require the use of anhvdrous hvdrogen fluoride. We mediately before use, the pre-activated catalysts were
qul . yaro yaroge " "7 again treated in the reactor at 623K in a/N, gas
studied the catalytic properties of fluorinated chromia, .
. . stream for at least 30 min.
fluorinated alumina ang-AlF3 [20—-24] for conver- L .
) T g Catalyst characterisation was carried out by means
sion of CCIRCChLF, via isomerisation followed by .
. . . S of XRD and BET. XRD characterisation was per-
dismutation, into CECCLF. Dehydrochlorination of . . .
the latter, forming a usable compound, {CH;F, is formed using XRD 7 Seiffert FPM (Cu & equip-
: T 9 P ' 2 ment. Specific surface are&&eT, were determined
achieved using Pd or Pt supported praluminium i . . .
) . . . . by means of dinitrogen physisorption measured with
trifluoride or magnesium difluoride as heterogeneous : d .
4 o . ASAP 3000 equipment (Micromeritics). Other char-
catalysts[24]. This study indicated that, despite the o .
. acterisation details of the catalysts employed for these
relatively small surface areas @fAlF3 and Mgk, the : L
: : investigations, based on temperature-programmed re-
behaviour of fluoride-supported Pd and Pt catalysts duction (TPR), physi- and chemisorption using static
with respect to activity and selectivity for the desired : Phy b 9

product, CECH,F, was comparable or superior to that ?rgizxitlsc;?onag?ec?giemg:g;‘;sorpgl?gl’w)rii%eéﬁveIy‘
of the carbon-supported catalysts used as benchmarks, Py

o . . studies with anhydrous HCI, have been given previ-
Product distributions using very short contact times : A
: : . . .~ ously [24]. Details of the methods used for catalytic
(0.3-1 s) were inconsistent with a consecutive reaction . Co "
path: investigations under steady flow conditions have also

been previously reportg@0,24]

CRCCLF — CRCHCIF — CRCHF — CRCH3
(1) 2.2. TPIE

Taken together with the observations that only low  The D/H-TPIE measurements were carried out in
degrees of conversion were obtained using CiIHCIF a quartz reactor with an on-line-coupled mass spec-
and no conversion was observed usingsCHF, it trometer as exemplified iRig. 1. Before starting the
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1,2 = gas reservoir
11 = furnace
14 = vacuum pump

12 = gas pocket

3-9 = on/off valves

15 = mass spectrometer

10 = sample holder
13 = pressure gauge
16 =recorder

Fig. 1. The TPIE unit.

reaction, the samples (100-120 mg) were heated for (CD,F") indicated the presence of @EHyF, m/z 65

2h at 633K in vacuum in order to remove as much
as possible of the adsorbed,®l and H from the
surface of the catalyst. After cooling down to 278K,
the gases (CFC, HCFC or HFC, gifts from Solvay,
purity 99% and B from Messer Griesheim, purity
99.7%) were introduced into the reaction system until

(CH3CF>™) andnmvz 66 (CHDCF,™) were diagnos-
tic for CFsCHs, m'z 135 (CRCCIF") was observed
from CRCCIxF but not in CRCHCIF, m/z 20 (HF')
andmvz 21 (DF") indicated hydrogen fluoride amd'z

38 (HCIt) andm/z 39 (D3’CI*) indicated hydrogen
chloride. All other fragments could have been derived

an initial pressure up to 120 Pa was obtained. Subse-from more than one compound and, hence, were used
quently, the quartz reactor was heated to 633 K apply- only with regard to the relative changes of the IC inten-
ing a constant heating rate of 5 K mih The variation sities. InTable lare collected extracts from the NIST
of the gas phase composition during constant heat- library spectra of the hydrogenated halogenoethanes,
ing was analysed by a quadrupole mass spectrometertogether with the corresponding mass numbers of the
QMG421 | (Pfeiffer Vacuum GmbH). The time lag be- deuterated compounds. The entries in bold type are
tween the sample and the MS-detector due to diffusion those which permit differentiation among the various
in the gas phase was shown in blank experiments not species.

to exceed 4 s. This did not affect the results obtained,

since the deviation was less than the uncertainty aris-

ing from the heating programme, 3K mih of the
oven.

For quantitative comparisons, the IC intensities of
all components of the reaction system as shown in
Eq. (1) were calibrated separately and these correc-
tion factors were used for the calculation of gas phase

The raw data obtained in the measurements were compositions.

evaluated utilising the manufacturer’'s software PRO-
TEUS v. 4.4+ and QUADSTAR 422 v. 6.02 without
further data treatment, e.g. such as smoothing.

In a given system, only very few mass numbers al-

Three types of measurements were performed:

(1) D/H isotope exchange measurements—after
cooling the pretreated metal catalyst as described

above, Ar and b were introduced into the reac-
tion system to give an initial partial pressure of
120 Pa (60 Pa Ar and 60 PgD

low for an unequivocal decision about the presence
or absence of a haloethane in the gas phase. The
ions, m'z 33 (CH,F"), vz 34 (CHDF"), andm/z 35
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Table 1
Relevantm/z values (intensity in %) for the identification of HCFCs formed during hydrodechlorination of CFG114a
CR—CFCb CR—CFHCI CR3-CFH, CR—CHg Fragments
(CFC-114a) (HCFC-124) (HFC-134a) (HFC-143a)
33 (100) 33 (8) CHFF
34 (100) 34 (8) CDHF"
35 (100) 35 (8) CDyF' and CI
51 (52) 51 (15) CRH'T
52 (52) 52 (15) CED*
65 (38) CH3CR*
66 (38) CH,DCR,*
67 (100) 67 (38) CHCIF" and CQHCF,*
68 (100) 68 (38) CDCIF" and CQxCR*
83 (63) CRCHy*
84 (63) CRCDH*
85 (63) CRCD,*+
101 (80) 101 (40) CGF"™ and CRCHF"
102 (40) CRCDF'
135 (100) CRCCIF"

am/z fragments used for identification are marked in bold.

(2) Catalyst pretreatment in an haloethane atmos- 3.2. Catalytic activity under steady flow conditions
phere—the pretreated catalyst was subjected
to an appropriate atmosphere (initial partial The Pt/Mgk catalyst is less selective than
pressure of 120 Pa) and heated to 633K in order Pd/MgF,;, however, the latter exhibits very high
to determine whether sorption of the substrate selectivity towards the desired product, 4TH,F
on the catalyst surface occurred over the temper- (HFC-134a). The situation is even more pronounced
ature range of the hydrodechlorination reaction. for B-AlF3 supports. The catalyst ABHAIF3 is both

(3) Reaction between a haloethane ang-Ho the active and selective towards gEH,F formation. As
pretreated catalyst, a mixture of Ar, haloethane can be seen fronfig. 2, the product composition
and D, with an overall partial pressure of 120 Pa changed little with variation of the contact time up
(ratio: Ar:haloethane:p= 1:1:5)was added and to about 0.5s, thereafter plateaux were observed.
the reaction system heated from room tempera-

ture to 633 K. 80 —
] 4 CF-CFH,
70
3. Results 60
& 504
3.1. Catalysts O R
£ 404
Four different catalyst systems were used in this § 30+
study, derived from palladium and platinum on S 5
MgF, and B-AlF3 supports. Representative catalytic ol . * CF,-CFHC
data, comprehensively described and discussed al- I v CF-CH,
ready in [24], are summarised iffable 2 Under o 0 ——Cr
these conditions, there was no evidence that the 02 03 04 05 06 07 08 09 10 1Ll 12
supports, B-AlF3 or MgF, behaved as catalysts Contact Time (5)
for dismutation/isomerization of CEFCFs, (cf. Fig. 2. Product composition from hydrodechlorination of

[20]). CFsCFCh on PdB-AIF3 versus contact time.
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Table 2
Selected data for the conversion of {Li,F and the selectivity of products obtained under steady flow conditipns {s, 7 = 473K,
feed ratio,ny, /ncrc = 10)

Catalyst Sger (M2 g~hyP Conversion (%) Selectivity

CRCHCIF CRCHyF CRCHs
Pt/MgF, 24.0 83 52 34 14
Pd/MgF, 27.0 92 16 74 9
PtB-AlF3 324 30 50 30 23
PdB-AlF; 30.0 97 16 79 5

2Nominal metal loading of the catalysts is 7.5%.
b ST values: Mgh = 20.7m? g1 and B-AlF3 = 30.0mP g L.

No significant change in the conversion and product  The coefficients (Eq. (5) represents the hydrogen
distribution was observed above this value even at partial pressure of the gas phase standardised accord-
4 s (not shown here). For this reason and because ofing to the hydrogen partial pressure at the beginning
the results obtained in the earlier stu@g], isotopic of the measurement & 0). The coefficiens changes
measurements were undertaken to probe the surfaceonly when uptake/release occurs, i.e. in-diffusion or

events. out-diffusion processes:
_ {[H2] 4+ [HD] + [D2]}:=i 5)
3.3. TPIE measurements §= {[H2] + [HD] + [D2]}:—0

An increase irs indicates a release ofdfD> into the
gas phase; a decrease is indicative of an uptake of
H2/D> by the solid or consumption due to a reaction,
in the present case, hydrodechlorination.

The coefficientc (Eq. (6) expresses the proportion
of D in the gas phase relative to the total gas phase

In any isotopic investigation of catalytic hy-
drodechlorination, possible interactions between
gaseous Pand H (Eq. (2) and between gaseous D
(Egs. (3) and (43@)or HD (Eq. (4b) and H bonded to
the metal must be considered:

Da(g) + Haig) — 2HD(g) 2 hydrogen content. The value efdiminishes when,
as a result of isotopic exchange with the solid, the
D2 + H(s) = HD(g) + Ds) 3) deuterium content in the gas phase decreases. Both

exchange and diffusion processes may be followed

using this coefficient:

HD(g) + 2H(s — Hzg + Dy + Hy (4b)  _ _(HD]/2) +[D7] ©)
o . [Hz] + [HD] + [D2]

These processes may occur in isolation or simultane- o )

ously, depending on the nature of the compound inves- 1he coefficient,u (Eq. (7) represents the fraction

tigated and/or the temperature. Following the approach ©f D in the gas phase that originates from the HD

used in the study of isotopic exchange betwégd molecules:

containing solid oxide and®O containing gas phase [HD]/2 ([HD]/2) + [D7]

(25,26} three different coefficients derived from the v= {([HD]/Z) +[D2] }t_i { [HD] /2 }z—o

measured mass spectrometric ion currents (ICs) have )

been calculated. They describe the partition of the hy-

drogen isotopes between the gas phase and the solidAny isotopic exchange resulting in the formation of

and, hence, allow a quantitative treatment of the exper- HD will be reflected sensitively by.

imental raw data. Their temperature dependencies can TPIE measurements were performed with the four

be used to differentiate among individual processes catalysts, Pd supported @AlF3 and Mgk, and Pt

that occur simultaneously. supported or3-AlF3 and Mgk. Under these static

D2(g) + 2Hg — Hz(g) + 2D(s) (4a)
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Table 3
Composition of products from hydrodechlorination of different reactants over thgAHj catalyst under static conditions at 633K
Reactant Conversion (%) Product Percentage Compound Selectivity (%)
CR—CChF 23.5 CRCHCIF 17.7 CRBC(H/D)CIF 22.6
CRCDCIF 4.9
CRCHzF 34.1 CRC(H/D)F 67.4
CRCHDF 333
CRsCH3 9.1 CRC(H/D)3 9.8
CRCH;D 0.7
CR—CHCIF 31.7 CEBCH,F 47.1 CRC(H/D)F 77.0
CFsCHDF 24.7
CRCD2F 5.2
CRsCHs 18.1 CRC(H/D)3 22.8
CRCH,D 4.7
CR-CHF 3.8 CRCH3 38.2 CRC(H/D)3 100.0
CRCH2D 38.6
CRCHD; 18.1
CRCD3 5.1

conditions, similar distinctive differences in catalytic investigations using the possible consecutive products
activity and selectivity between Pt- and Pd-based cat- of the hydrodechlorination of GEFChL as reactants
alysts Tables 3 and pwere observed. Therefore, at- (cf. Eq. (1) a knowledge of H/D-distribution may give
tention will be focussed on Pd-based catalysts, repre- a deeper insight into the reaction path.

senting superior behaviour as compared with Pt-based Fig. 3 shows the characteristic isotope exchange

catalysts. behaviour of the P@-AlF3 catalyst in the absence
of CRCCLF. Although the activated Pd catalyst was

3.3.1. Isotope exchange betweep &ahd activated carefully pretreated for 2h under high vacuum at

Pd supported orB-AlF3 and MgF, 633 K, there was still a significant quantity of H infon

When using CECFCb as reactant, it is, of course, the solid catalyst. This conclusion results from the ob-
not necessary to uselin the gas phase. However, for  servation, made immediately after exposure todD

Table 4
Composition of products from hydrodechlorination of different reactants over the Pd/®gRlyst under static conditions at 633K
Reactant Conversion (%) Product Percentage Compound Selectivity (%)
CRCChLF 10.2 CRCHCIF 5.7 CRC(H/D)CIF 7.1
CR—-CDCIF 1.4
CRCHxF 23.4 CRC(H/D)F 43.5
CRCHDF 20.1
CRCH3 415 CRC(H/D)3 49.0
CRCH;D 7.5
CRCHCIF 18.2 CBCHaF 42.9 CRC(H/D)F 71.7
CRCHDF 22.9
CRCD2F 5.9
CRCH3 24.3 CRC(H/D)3 28.2
CRCH;D 3.9
CRCHF 13.4 CRCH;s 39.7 CRC(H/D)3 99.8
CRCH,;D 26.5
CRCHD; 18.9

CRCD3 14.7
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Fig. 3. IC curves fom/z 2 (Hz), m'z 3 (HD), andm/z 4 (D7) and normalized isotope exchange coefficients for the interactior ofith
H-activated Pd3-AlFs.

room temperature, of nearly complete H/D-exchange, of the v coefficient), the catalysts absorbed some hy-
indicated by the change of the ionic currents. Bhe drogen from the gas phase at low temperature. Above
coefficient decreased slightly up to ca. 350K indicat- 350K the increasing coefficient indicated a steady

ing a slight uptake of hydrogen overall by the solid, release of hydrogen (predominantly ag)Hin con-

and then, increased steadily with rising temperature trast, H/D-isotope exchange on Pd/MgEatalysts

due to an overall release of hydrogen from the solid. was suppressed at room temperature, but increased as
Therefore, in addition to the dominant process of the temperature rosé&ig. 4). This was accompanied
partial heteromolecular H/D-exchange (high values by a sharp decrease of theoefficient; the increasing

2.0 L 1.0
D, /10
' L0.8
1.5
<
N -0.6 =
— [P}
g 1.0 '3
5 04 B
L4 2
S 5
=}
3 0.5
= HI 0.2
c
007 1, T eetsass . 0.0
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Fig. 4. IC curves fomvz 2 (H), m/z 3 (HD), andm/z 4 (D,) and normalized isotope exchange coefficients for the interaction ofith
H»-activated Pd/Mgk-
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v coefficient indicated a comparatively high content 3.3.2. Hydrodechlorination of GFEChLF

of HD in the gas phase remaining, as was the case forwith D, on Pd8-AlF3

PdRB-AlF3. The most obvious difference between the  The temperature dependent development of product
systems was that pretreatment of Pd/Mgkeated a  formation during hydrodechlorination of GECIlF
catalyst which had a small quantity of hydrogen or with D, is displayed inFig. 5 Although the hy-
which contained hydrogen that was not readily ex- drodechlorination reaction started at comparatively
changed (strongly decreasisgeoefficient), whereas low temperatures, significant conversion was ob-
PdB-AlF3 still contained a significant quantity of served only above ca. 425K. This is confirmed by
exchangeable hydrogen. The latter resulted in facile the change of the hydrogen isotope compositions
isotope exchange with D Similar differences have  and formation of hydrogen halides shownFiyg. 6.
been found also for fCl adsorption measurements As can be seen from the slope of the product HCI,
on B-AlF3 and MgF, supported Pd catalysfg4] in- hydrodechlorination was observable at 325K, but be-
dicating the significantly higher adsorption capability came more pronounced above 425K. Interestingly,
of B-AlF3 as compared with Mgk In separate ra- a comparatively constant reaction product composi-
diotracer experiments using®fCl and mass spectro-  tion was established at ca. 475K and no significant
metric measurements using HCI it was demonstrated change of this product distribution was observed
that, even after careful vacuum and thermal treat- above this temperaturd=ig. 5. This is inconsistent
ment (573 K) ofB-AlF3, there were still significant  with the increasing formation of HCH{gs. 5 and &
amounts of water strongly bound inside the hexagonal It may be an indication that chlorine cleaved from
channels of the HTB-structure @fAIF3. In contrast, the organics is strongly bonded to the surface and a
hydrogen in Mgk is present only as surface hydroxyl higher temperature is required for desorption. From
groups, which might be easier to cleave during pre- a consideration of the distribution of H/D in the or-
treatmen{23]. Consequently, the formation of mixed ganic products it is concluded that (i) §EF(H/D),
hydrogen isotopic species cannot be prevented, dueis formed predominantly (high selectivity towards
to water present inside the structural channels in the HFC-134a) and (ii) the lighter hydrogen isotopei,
case ofp-AlF3 and surface hydroxyl groups in the is preferentially transferred into the organic com-
case of Mgk. However, this consideration does not pounds while?H (D) is more strongly bonded to
influence greatly the results that bear on the mech- the solid. This evidently indicates an isotopic effect.
anistic pathway for the hydrodechlorination of the Fully deuterated compounds were never detected in

CFC. any situation.
Pd/B-AIFII
05{ o9eeee ‘
CF,~CFCl,
04_ 0.05
P o W ) 1) —— CF,-CFHCI
< gt 2)---- CF -CFDCI
034" S 3)ee CF,-CFH,
g o] £ 4)--=-=- CF ~CFHD
5 - 5)=-=+- CF.-CH
Qo 3 3
t 02_ R D O O
§ 0.00]
- 0 1 i -0.01
0.0{ =

T T T T T T T T
300 350 400 450 500 550 600 650
Temperature (K)

Fig. 5. IC curves for CECFChL, CRCF(H/D)CI, CRCF(H/D),, and CRC(H/D); for the reaction of CECFCh with D, on H-activated
PdB-AlF3.
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Fig. 6. IC curves fom/z 36.5 (HCI),m/z 37.5 (DCI),m/z 20 (HF), andm/z 21 (DF) for the reaction of GGCFCh with D, on Hp-activated
PdB-AIF;.

3.3.3. Hydrodechlorination of GFZHCIF with product, CECHzF, is higher than with C§CChLF

D, on Pdj3-AlF3 as reactant. H-containing products dominate over
The relationships between ion current values and D-containing compounds.

temperature in the hydrodechlorination of {CFHCIF

with D, are shown inFig. 7. From the change of  3.3.4. Hydrodefluorination of GJCHzF with

the IC slopes of HCI and GEH,F (insert figure), D2 on PdB-AlF3

reaction appears to commence at about 250K but The last, unwanted, step of the reaction sequence

conversion is not significant until 500 K. Above this (EQ. (1) was examined using GEHF as reactant

temperature the reaction markedly accelerates. As a(Fig. 8). As expected, this reaction was very limited

result, the conversion of GEHCIF at 625K is sig- but surprisingly, was observable at comparatively low

nificantly higher compared with GECLF as reac- temperature as indicated by the IC slope of the HF

tant (cf. Table 3. The selectivity towards the desired formed as the hydrodehalogenation product. Although

JE—
oas CF CFHCI Pd/B-AIF}I

0.10

1)—— CF -CFH,
0204} 094 2)~ - - CF -CFHD

0.06

0.154

0.10 4

Ionic Current (pA)

0.054 350 o450

0.00- 4

T T T T T T T T
300 350 400 450 500 550 600 650
Temperature (K)

Fig. 7. IC curves for CECF(H/D)CI, CRsCF(H/D),, and CEC(H/D);3 for the reaction of CECF(H/D)CI with D, on Hp-activated Pd3-AlF 3.
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Fig. 8. IC curves for CECF(H/D),, and CRC(H/D)s for the reaction of CECF(H/D), with D2 on Hp-activated Pd3-AlF3.

very low in the absolute conversion rate, 4CFH/D)3 ucts, whereas D is preferably bonded to the solid
formation increased above 425K, shown from the indicating a significant isotope effect for both cata-
respective IC slopes iRig. 8 (left insert). The over- lysts.

all conversion at 633K was only 3.8%, however (cf.

Table 3. This finding indicates that at prolonged

contact times even with HFC-134a as a reactant, 4. Discussion

hydrodefluorination may occur, unlike the situation

for short contact times as in the case of steady flow 4.1. Comparisons among metal fluoride-supported

conditions. Pd and Pt catalysts
3.3.5. Hydrodechlorination of GGEClLF with D2 on A comparison of the catalytic activity of Pd and
Pd/Mgk Pt supported om3-AlF3 and Mgk, under steady

The IC-temperature dependencies for product for- state Table 2 and [24]) and for static conditions
mation on the Pd/MgfF catalyst for the three dif- (Tables 3-% indicates some common features but
ferent fluorocarbons are shown ftig. 9a—c. As for also obvious differences. The degree of conversion is
PdB-AlIF3, CRRCHCIF showed the highest reactivity generally significantly lower under static conditions.
(Fig. 9bandTable 4 and thus the highest conversion Since these experiments were performed under re-
rate. The reactant, GECIF exhibited a continuous duced partial pressure, this observation may be due
but slow increase in conversion with increasing tem- mainly to the “pressure gap” under TPIE conditions.
perature. The final degree of conversion determined The Pt-based catalysts are generally less active com-
at 633K was approximately half that of the reactant pared with Pd catalysts, demonstrated by the onset
CRCHCIF (cf. Table 4. A surprising observation was  temperatures for the reactions of all haloethanes used
the large quantity of C4#CHs formed under these con-  as reactantsTable §. Most strikingly they differ
ditions resulting in a significantly lower selectivity of in their selectivities, whereas both Pd-based cata-

the Pd/Mgk catalyst as compared with BRdAIF3. lysts exhibit very high selectivity towards G@EH,F,
Whereas only a low conversion of @EH>F was ob- Pt-based catalysts have very poor selectivity towards
tained over P@-AlF3, that over Pd/MgE was higher CRCHyF, but fairly high selectivity towards the
than when using GJCChLF as reactantHig. 99. unwanted compound, GEHCIF. This difference

Both catalyst systems have in common the pref- between the metals may be rationalised on the ba-
erential formation of'H-containing organic prod-  sis of our previous observation that the-Hptake
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Fig. 9. IC curves for (a) CsCFCh, CRsCF(H/D)CI, CRRCF(H/D),, and CEC(H/D)3 for the reaction of CECFCL with D, on Pd/Mgk; (b)
CRCF(H/D)CI, CRCF(H/D),, and CBC(H/D)s for the reaction of CECF(H/D)CI with D, on Hy-activated Pd/Mgk: (c) CRCF(H/D),
and CRC(H/D); for the reaction of CECF(H/D), with D2 on Hp-activated Pd/Mg¥-
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Table 5
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Gas phase composition after hydrodehalogenation at 633 K under TPIE conditions

Reactant Conversion (%) Product Selectivity (%)
PtB-AlF3 Pt/MgF PtB-AlF3 Pt/MgR

CRCChLF 8.0 12.1 CEC(H/D)CIF 62.1 54.1
CRC(H/D);F 12.8 15.1
CRC(H/D)3 249 30.8

CRCHCIF 16.8 15.1 CEC(H/D);F 28.7 38.4
CRC(H/D)3 71.3 61.6

CRCHF 0.9 5.4 CBC(H/D)3 100.0 100.0

capability of Pd catalysts is significantly higher as
compared with the Pt analogufst]. Comparing Pd
catalysts, P@-AlF3 is more reactive than Pd/MgF
(cf. Tables 3—§ This gradation has been found also
under steady flow conditionggble 2, although not

very small increase in the coefficient, indicating a
smooth release of small quantities of hydrogen (D/H)
from the solid. The increasing coefficient up to ca.
400K indicates the formation of mixed isotopic HD
due to both, isotope exchange with watenAB,0)

to such a marked extent. These differences may beand partial heteromolecular isotopic exchange. In
understood based on the experimental finding that contrast, the isotopic exchange behaviour of Pd/pgF
hydrogen chemisorption was observed to occur on (Fig. 4) indicates that this catalyst does not contain
PdB-AlF3 samples to a greater extent than on the easily exchangeable hydrogen. The increasingp-

analogous Pd/MgH24]. We believe that the strength

efficient over the whole temperature range measured

of the Lewis acid surface sites present on the supportsis indicative of partial heteromolecular isotopic ex-
is also important and have previously discussed this change and/or hydrogen exchange betweenabd

feature of their chemistri24].

The two catalysts also have very different isotopic
exchange activities, indicating the different action of
the metal fluoride supports. The first experimental
point in Fig. 3 indicates that H against D isotopic
exchange involving P@FAIF3 is nearly complete

surface OH-groups becoming more important as the
temperature increases.

The isotopic exchange behaviour of Pt/metal flu-
oride catalysts (not shown here) differs from the
Pd analogues. These catalysts are also very reactive
for hydrogen isotope exchange at room tempera-

at about 375K. This effect can be discussed on the ture. However, the overall gas phase concentration of

basis that water is strongly bonded inside the hexag-

onal channels of the HTB-structure pfAlF3 as has
been shown by us in earlier investigations of pure
B-AlF3 [23]. With increasing temperature there is a

Table 6
Tonset for the hydrodehalogenation of haloethanes over metal
fluoride-supported Pd or Pt

Catalyst Tonset for different reactants (K)

CRCChLF CRCHCIF CRCHaF
PdB-AIF3 398 338 448
Pd/Mgk 498 448 423
PtB-AlF3 448 373 573
Pt/Mgk, 373 498 448

aTonset indicates the temperature at which the reactant IC
started to change.

H, + HD + D> is significantly higher than in the Pd
cases. This indicates a lower activity for isotopic ex-
change betweenfand B0, and  and surface-OH,
respectively, which may explain the lower activity to-
wards the formation of the more highly hydrogenated
compounds, C§CHyF and CRBCHs (Tables 3-5

4.2. Carbene versus consecutive mechanism

Since a D against H exchange could not be ex-
cluded due to the presence of structural water in case
of the B-AlF3 and of surface OH-groups in case of
MgF, supports, the distribution of the differently
deuteriated products cannot be discussed in detail. A
guantitative consideration of the differently deuterated
HCFCs indicates an approximate correspondence to
the distribution of D and H isotopes in the starting
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gas phase. Hence, all isotopomers of each compoundabout 3:1. Starting from GEH,F should result in at
are considered as a group. least the same relative amount of the only possible
Although a consecutive hydrodechlorination reac- product, CECHs, whose proportion should be about
tion mechanism is possibly the most obvious, it should 25%. In reality, only 4% CECHs is formed under
result in significant product distribution change with these conditions.
change in contact time. This has not been observed The most probable alternative is a carbene mech-
[24] (cf. Fig. 2). Moreover, the product distribution anism. Carbenes readily undergo coupling reactions
(selectivity) determined under static gas phase but dy- and addition to saturated or unsaturated molecules. Re-
namic thermal conditions does not change greatly up actions of carbenes with olefins typically yield prod-
to ca. 500 K Figs. 5 and 9n It should be borninmind  ucts formed through the addition of the carbene to the
that the temperature scale represents also a time scal®lefin double bond29]. Thus, Deshmukh and d'ltri
because the temperature increase was programmed11] proved indirectly the presence of gand Ch
(5Kmin—1). Hence temperature dependence also in- carbenes as intermediates in the hydrodechlorination
dicates reaction time dependence. This also arguesreaction of CECl, by addition of pulses of gH, to
strongly against a consecutive reaction pathway al- the reaction gas stream which gave a small but de-
though all these data represent cumulative data undertectable amount of propane.
the experimental conditions chosen here. In the present work, the compounds in the reac-
Fig. 10shows the absolute yields of products over tion system Eq. (1) can be represented by the gen-
the PdB-AlF3 catalyst obtained using the three possi- eral formula RCF(X/Y), where R= CF3, X = ClI
ble reactants, Gf£ChLF, CRCCIHF, and CECH,F. and Y = H. The chemically inert C§ group is al-
The most obvious inconsistency, when a consecu- most as electronegative as fluorine. Formation of a
tive mechanism is proposed, concerns the content of carbene, hence, is unlikely to involve the £group
CRCHs (HFC-143a) formed using (i) GEHCIF directly but could involve scission of either a C-CI
and (ii) CRCH,F as reactants. In both experiments, (254 kJmot?1), a C—H (439 kJ moil) or a C—F bond
the same partial pressure of reactants was used. In thg460 kJ mot?) [30]. Scission of a C—Cl bond should

case of CECHCIF as reactant, about 7% FHs occur preferentially; scission of a C—F bond is the most
was formed. For a consecutive reaction, the limiting energy demanding and thus, less likely. Carbenes of
concentration should be the amount of CIHyF the general composition, R&:, should be stabilised

formed from CBRCHCIF. The proportion of C§CHaF by electronegative groups or atoms, R arid Rhus,
is about 24% of the overall gas phase composition, the carbenes that could be derived fromgCELF, or-
therefore the mole ratio of GEHyF to CRCHj3 is dered according to decreasing stability, areCF >

30

10

Product Yield (%)

ol ’ ®) ©

02223 CF~CFHCI K& CF,-CFH, [l CF,~CH,

Fig. 10. Product yields for hydrodechlorination starting with: (A)sCFCh, (B) CRsCFHCI, and (C) CECFH, on Hy-activated Pd3-AlF3.
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CF3~CFCl, ¢
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y CFy~CFHCI— CF—CFHCI
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/
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CF—CFH, — > CFCFH, ,

Scheme 1.

CR3CCI :> CFRsCH :. One would expect the for-
mation of the carbene GEF: when starting with
CRsCChLF. Surprisingly, however, GGEHCIF, from
which the obvious carbene is also 40, is signifi-
cantly more reactive than GEHCI,. The most prob-

biguous detection of an interaction with the solid was
possible[31]. The conclusion is that any carbenes
formed must have very short lifetimes.

It is concluded that a very labile equilibrium be-
tween CBCCLF and a surface carbene is followed by

able explanation for this finding may be an additional removal of the latter to give GEHCIF and CECH,F

driving force due to the formal formation of HCI ()
plus Clag). The low reactivity of CECH;F follows

(Scheme 1
Under conditions where the catalyst provides a

the prediction made from the order given above. Since high surface concentration of activated hydrogen, as
the surface species were not identified, this discussion demonstrated for PAZAIF 3, path B is the dominating

is speculative.
In order to attempt to obtain more definitive evi-
dence, in recent work the Pulse¥Aechnique, cou-

process. Under these conditions the relative surface
concentration of activated Cl is comparatively low
and reaction path A irscheme 1lis suppressed. On

pled with mass spectrometry, has been applied to this basis, the unusual relationships of the product

the reactive interaction of a HiHAIF3 catalyst with
CRsCChF [31]. By reducing the P@-AlF3 precur-

distributions with increasing contact timgig. 2) can
be rationalised. Path A requires the surface carbene

sor with hydrazine instead of hydrogen gas, catalyst to have a longer life time in order for its reaction with

totally free of hydrogen could be obtained. Although surface H and Cl to occur. A contact time of 0.3s is
this method is very sensitive, no indication for any obviously sufficient for both pathways to be observed
kind of reactive interaction between the catalyst and (Fig. 2). However using the PulsefAtechniqug31],

pure CBCCLF was found. However, whenalone
or D; together with CECCLF were pulsed, an unam-

CF5-CFCl, ¢

the contact time of 0.02 s, was apparently too short to
detect the last step of reaction path AScheme 1

CF3-CFHCI

CF;—CFHCI

]

CF4—CH,

Vi

CF;—CFH, CF5—CFH,

Scheme 2.
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that means no conversion of @EFH, into CRRCHj3 Cl surface atoms, forming GEHCIF, more slowly
was observed under these conditions. The overall than with two surface hydrogen atoms, selectivity
reaction mechanism may be described according to towards the formation of GJEHaF on PdB-AlF3 is
Scheme 2which is an extension of that proposed for observed. The last step, formation of the hydrogen
CRCly [11]. containing surface carbene §FH: originating from

A carbene-like surface species may be formed but an H-for-F exchange in the primary carbenesCF:,
there is no evidence that it exists in the free state. It is an energy demanding process and, hence, less prob-
appears to be the most important surface intermediate,able. Therefore, the formation of @EHz becomes
however, and can react to give either {CHCIF or more dominant only at elevated temperatures.
CRsCHyF. Since the C-F bond is very strong, only
at elevated temperature does limited scission of this
bond occur since only low conversion into £€FHs is
observed when starting with GEHF.

This hypothetical mechanism is supported also by
the differences found in the behaviour of the metal
fluoride supportsp-AlF3 is known to be a reasonably
strong Lewis acid; the surface Al-sites are the sites
for adsorptive activation of fluorochlorocarbof82].

In contrast, Mgk is a very weak Lewis acifi33,34]
and is not suitable for activation of fluorochlorocar-
bons. Hence, th@-AlF3 support directly enhances
the adsorption of the halocarbon near to the metal
catalyst. Additionally, any carbene formed at the
catalyst surface should be stabilised by an electron
withdrawing Lewis acid. This property is likely to be
a factor in increasing the activity of the BdAIF3
catalyst.
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