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Catalytic Behaviors of Cr,0;and CrOyCr,0; Catalysts for Gas Phase Fluorination of
2-Chloro-1,1,1-trifluoroethane: Active Species and Catalyst Deactivation
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Abstract: Two Cr-based model catalysts (Cr,0; and CrOy/Cr,0;) were prepared respectively by precipitation and
impregnation method and tested for gas phase fluorination of 2-chloro-1,1,1-trifluoroethane to synthesize 1,1,1,2-
tetrafluoroethane. It was found that the Cr,0; catalyst containing low valent Cr species (Cr*) was stable during the
reaction with a steady state conversion of 18.5%. On the contrary, the CrOy/Cr,0; catalyst containing both high
valent Cr species (Cr*) and low valent Cr species (Cr’*) had higher initial activity (30.6%) but it deactivated
rapidly, with the same activity as the Cr,O; catalyst at steady state. Moreover, quantitative analyses showed that
the Cr®* species in the CrOy/Cr,0; catalyst had an initial turnover frequency of 1.71x10™ molycciz, *moleg™ 57,
which was much higher than that of the Cr** species (4.16x10™ molycpcizz, - moleg™ +s™) in the CrO; catalyst. In
addition, the characterization results revealed that the Cr,O; remained its structure while the high valent Cr

species in the CrOyCr,0; reacted with HF to form catalytically active CrO,F, species. However, such CrO,F,
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species could either volatilize during the reaction or transformed to stable but inactive CrFs;, which accounted for

the catalyst deactivation.

Keywords: Cr,0s;; CrOy/Cr,Os; fluorination; HCFC-133a; HFC-134a; catalyst deactivation

0 Introduction

The catalytic gas phase F/Cl exchange reaction is
very important in the synthesis of new generation
refrigerants!"™®, in which Cr-based catalysts are comm-

0 For chromium oxides, Cr species

only employed
mainly exist in forms of Cr(V)) and Cx(ll), such as CrO,
and Cr,05"". The Cr-based catalysts for the vapor phase
synthesis of hydrofluorocarbons mainly include unsu-
pported chromium oxides and those supported on
various materials"*'®. Moreover, it has been recognized
that oxidation states of the Cr species have great
influences on the catalytic behaviors in F/Cl exchange
reactions. For example, high valent Cr species (e.g.
Cr(W)) have high reactivity!™, while low valent Cr
species (e.g. Cr(ll) are believed to be inactive™, but
they are active for selective hydrogenation and methanol
synthesis™?. Quan et al."" compared the properties of
chromium oxides treated in different atmospheres and
they found that Cr(V) species showed higher catalytic
activities for the F/Cl exchange reaction than Cr(Il).
The role of high valent Cr species in the reaction was
also investigated in our previous study®. It was found
that highly dispersed Cr(V) species in the CrO,.Y,0;
catalyst transformed to Cr(V) and Cr(l) species under
high temperature calcination, which resulted in a
dramatic decline in the reactivity for the fluorination
of 2-chloro-1,1,1-trifluoroethane. The importance of
such high valent Cr species lies the fact that they
could be further transformed to CrO,F, compounds via
the reaction with HF, which are believed to be active
species for F/Cl exchange reactions™?. However, such
CrO,F, compounds are unstable under working condi-
tions. Albonetti et al.” reported that highly dispersed
CrO; could easily react with HF to form CrO,F, that is
gaseous at room temperature, which is the main
reason for the loss of Cr species during the reaction

and consequently the catalyst deactivation.

The nature of the active species and their
possible transformation during the reaction remain
unclear. Firstly, CrO.F, compounds originated from
Cr(V) are generally recognized as the active species
while Cr,0; are inactive™; while other researches
pointed out that low valent Cr species such as CryOs
also have high reactivity. For example, our previous
work revealed that crystalline Cr,0; obtained at high
calcination temperature also showed high F/Cl excha-
nge reaction activity™. Therefore, the identification of
the contributions of Cr species is desirable to obtain a
better understanding of the different roles in the
reaction, which will be ideal if a quantitative analysis
could be conducted. Secondly, in addition to the loss
of volatile CrO,F, compounds, the transformation
mechanism of CrO,F, under working conditions and
the resulting compounds need further clarification.

To illustrate the different roles of Cr species in

the F/Cl

catalysts are necessary. The currently employed Cr

exchange reaction, delicately designed
catalysts are usually obtained by precipitating Cr
precursors such as Cr(NOs); with further calcination.
The resulting samples often contain a mixture of CrO,
oxides with different oxidation states, which leads to
complexity in the investigation. In this work, we
prepared two catalysts with distinct Cr,0; and CrOs
compositions which represent low and high valent Cr
species. The comparison of the catalytic behaviors of
these two catalysts provided useful information on the
roles of different Cr species in the F/Cl exchange
reaction. Moreover, the catalyst stability was investig-
ated and the transformation of Cr species during the

reaction was also discussed.
1 Experimental

1.1 Catalyst preparation
The Cr,0; support was prepared by a precipitation
method. A detailed process was as follows: Cr(NO;);-
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9H,O (analytical grade, Sinopharm Chemical Reagent
Co., Ltd., China) was added to a 10% ammonia aqueous
solution (Lanxi Yongli Chemical Co., LTD., China)
under stirring until a precipitated slurry was obtained.
The resulting slurry was aged for 2 h at room
temperature and then separated by centrifugation from
the mother liquid, washed several times with deionized
water and dried at 100 “C overnight. The solid was
calcined at 400 °C for 2 h in N, atmosphere (denoted
as Cr,0s-N) and then reduced at 400 °C in H, atmo-
sphere for 2 h to obtain the final catalyst, which is
denoted as Cry0s. The CrO4/Cr,0; catalyst was prepared
by impregnating the Cr,O; support with an aqueous
solution of H,CrO,
Chemical Reagent Co., Ltd., China) overnight. Then

(analytical grade, Sinopharm

the suspension was evaporated at 80 °C to obtain a
solid, which was dried at 150 °C for 4 h in N, atmo-
sphere. The nominal content of CrO; in the catalyst
was 10% (n/n), corresponding to neg/nem=1:18.
1.2 Catalyst characterizations

Surface areas of the catalysts were determined by
the modified BET method from N, adsorption isotherms
at liquid nitrogen temperature (—195.7 °C) on a NOVA
4000e Surface Area & Pore Size Analyzer. Before the
measurements, the samples were out-gassed at 300 C
for 4 h under vacuum. X-ray diffraction (XRD) patterns
of the catalysts were recorded on a PANalytical X'
Pert PW3040/60 diffractometer with Cu Ko radiation
(A=0.154 2 nm) operated at 40 kV and 40 mA. The
patterns were collected in a 26 range from 10° to 90°.
(SEM) were recorded

using Japan Hitachi S-4800 instrument with accelera-

Scanning electron micrographs

tion voltage 20 kV. Raman spectra were collected by
a Renishaw RM1000 confocal microprobe under
ambient conditions. The wavelength of the excitation
laser was 514.5 nm. The scanning range was 200 ~
1 800 cm™. The reduction properties of the catalysts
were measured by hydrogen temperature programmed
reduction (H-TPR), which was carried out in a fixed-
bed (i.d.=6 mm) reactor containing 20 mg of catalyst.
The sample was heated in a flow of N, to 300 °C at a
rate of 10 °C -min~, and kept at 300 °C for 30 min.
After cooling down to 100 °C, the sample was heated

from 100 to 500 °C with a heating rate of 10 “C+min™
under a mixture of 5% H,+95% N, (20 mL-min™). The
amount of H, consumption was measured by a gas
chromatograph with a thermal conductivity detector
(TCD), which was calibrated by the quantitative
reduction of a known amount of CuO powder. X-ray
photoelectron spectra of the catalysts were obtained on
an ESCALAB 250Xi instrument, with an Al Ko X-ray
source (1 486.6 eV), under about 2x10™° kPa at room
temperature and a pass energy of 20 eV. The binding
energy (BE) of Cls core level at 284.6 eV was taken
as the internal standard.

1.3 Catalytic testing

Before reaction, pre-fluorination was carried out
in order to activate the catalyst. The pre-fluorination
was performed in a stainless steel tubular reactor (10
mm (i.d.) X300 mm). 3 mL of the catalyst (about 4 g)
was loaded in the reactor with a thermal couple placed
in the middle of the catalyst bed to monitor the reaction
temperature. The catalyst was heated at 300 °C for 1 h
in a N, flow (40 mL-min™), followed by a mixture of
80% HF+20% N, (total flow rate of 50 m L-min™) at
400 °C for 2 h. Then the catalyst was cooled down to
the desired reaction temperature (320 °C).

The fluorination reaction was carried out in the
same reactor after the catalyst activation. The feed gas
consisted a mixture of 2-chloro-1,1,1-trifluoroethane
(HCFC-133a)+HF+N, (3, 30, 10 mL-min™, respectiv-
ely), corresponding to a space velocity of 860 h™'. The
products were analyzed by a gas chromatograph
(Shimadzu GC-2014) equipped with a flame ionization
(FID) and a GS-GASPRO capillary column
(60 mx0.32 mm) after the HF and HCI in the reaction
effluent was neutralized by passing the effluent through

detector

an aqueous KOH solution.
2 Results and discussion

2.1 Catalytic behaviors for gas phase
fluorination of HCFC-133a
Fig.1 shows the catalytic behaviors of the Cr,O;
and CrO+/Cr,0; catalysts for the fluorination of HCFC-
133a at 320 “C. The Cr,0; shows good stability during
the reaction process, giving a steady state HCFC-133a
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conversion of 18.5% and 2-chloro-1,1,I-trifluoroethane
(HFC-134a) selectivity of 99.0% . As for the CrOsf
Cry0; catalyst, it gives high initial conversion (about
30.6%), at the expense of low selectivity to HFC-134a
(73.0% ). However, the catalyst deactivates rapidly,
with the conversion declining to 20.0% after 9 h
reaction and the selectivity gradually increasing to
99%. Fig.2 shows the area specific rates of Cr,0; and
CrOy/Cr,05 catalysts with time on stream. We observes
that the Cr,0; has steady reaction rate during the
process while the area specific reaction rate of the
CrO4/Cr)O5 rapidly declines in the first 4 h reaction
and it reaches the same level as that of the Cr,O,
catalyst. It shows that CrOy/Cr,O; catalyst has a very
significant deactivation, while Cr,0; catalyst is very
stable.
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Fig.1 Catalytic performance of Cr,0; and CrO4/Cr,0;
catalysts for the fluorination of HCFC-133a at
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Fig.2  Area specific rates of Cr,0; and CrO4/Cr,0,

catalysts with time on stream

2.2 Characterizations of the catalysts

In order to investigate the properties of the
catalysts, various characterizations were conducted.
First of all, it is found that the CrOy/Cr,05 catalyst has
slightly higher surface area (62 m?-g™) than the Cr,0;
(55 m*-g™)
similar surface areas compared to the fresh counter-
parts. Fig.3 shows the XRD patterns of the Cr,05; and
CrOy/Cr,0;5 catalysts before and after reaction. The
(PDF 38-
1479) are clearly observed both in the Cr,0; and
CrO4/Cry 05 catalysts. However, no diffraction peaks

(Table 1) while the spent catalysts have

diffraction peaks due to crystalline Cr,0;

related to other Cr species are detected. Compared
with the fresh catalysts, the spent ones show almost
which
crystalline Cr,0; is difficult to be fluorinated in HF

identical  diffraction peaks, implies  that
atmosphere. In addition, the Cr,0; catalyst has larger
crystallite size than the CrOyCr,0; (Table 1). The
corresponding spent catalyst has slightly larger crysta-
llite size compared to the fresh one, indicating the
growth of catalyst particles during the high tempera-
ture reaction. However, the essentially constant lattice
parameters suggest that the hexagonal structure of the

Cr,0; remains intact during the reaction.

CrO,/Cr,0,

Spent Cr,0,

Spent CrO,/Cr,0,

20 30 40 50 60 70 80 90
20/ )

Fig.3 XRD patterns of the Cr,0; and CrOy/Cr,0; catalysts

before and after reaction

Fig.4 shows the SEM images of Cr,0; and CrO/
Cr,05 catalysts under different conditions (fresh, pre-
fluorinated and after reaction). The images of the fresh
samples show nanoparticles of Cr,0; and no porous
(Fig.4a and d). The pre-

fluorinated and spent catalysts show no obvious

structures are detected
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Table 1 Specific surface areas, crystallite sizes and lattice parameters of various catalysts
Lattice parameter / nm
Catalyst Sper / (m*-g™) Crystal size / nm
a b ¢

Cry05 55 20.3 0.495 8 0.495 8 1.359 8

Cr0;/Cry05 62 155 0.495 7 0.495 7 1359 1

Spent Cr,0; 54 24.2 0.496 0 0.496 0 1.359 0

Spent CrO;/Cr0; 60 17.0 0.495 8 0.495 8 1.360 0

Fig.4 SEM images of fresh Cr,0s, pre-fluorinated Cr,0; and spent Cr,0; (a~c), as well as fresh CrOy/Cr,0;,
pre-fluorinated CrOs/Cr,0; and spent CrO+/Cr,0; catalysts (d~f)

differences to the fresh ones, indicating that the

pretreatment and reaction conditions exert no

pronounced effect on the catalyst morphologies.

Fig.5 shows the Hy-TPR profiles of the Cr,0; and
CrO4/Cr)O5 catalysts. The Cr,0; catalyst shows a very
weak reduction peak in range of 350~600 °C, due to
the reduction of trace high-valent Cr species in the
catalyst®. The presence of Cr(V]) species in the Cr,05
catalyst are probably due to the formation of CrO; via

the oxidation of Cr,0; compound during the calcina-

tion process at 400 °C although it was then reduced.
Similar findings of Cr(V) were also reported in Y,0s-
Cr,0; catalyst systems™. For the CrOy/Cr,0; catalyst,
one intense but broad reduction peak is observed at
300 ~600 °C , which could be attributed to the
reduction of high valent Cr species (e.g. Cr’*, Cr*).
Also, the calculated H, consumptions on the CryOs
and CrOy/Cr,0; catalysts are 0.02 and 0.61 mmol -g™",
respectively. According to the H, consumption values

and assuming that all the high-valent Cr species are
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Fig.5 HyTPR profiles of Cr,0; and CrOy/Cr,0; catalysts

Cr(VD, the contents of Cr(V)) species in these catalysts
could be calculated, assuming the reduction during
300~600 C is due to 2CrOs+3H, — Cr,05+3H,0. The
Cr(V) contents in the Cr,0; and CrOyCr,0; catalysts
are 0.013 and 0.40 mmol - g™, respectively. Note that
for the CrOy/Cr,0; catalyst, the nominal Cr(V) content
is 0.68 mmol-g.,". Therefore, the lowered actual Cr(V])
content  (0.40 mmol - g, ") compared to the nominal
value implies that part of the CrO; could transform to
(150 °C in Ny).
These values suggest that in the Cr,0; the Cr species

Cr,0; during the thermal treatment

dominantly exist in the form of Cr,0; (Cr*), while the
Cr species exist in forms of mixed high valent Cr®*
and Cr,0; in the CrOy/Cr,0;. Fig.6 shows the Raman
spectra of the Cr,0; and CrOy/CrO; catalysts before
and after reaction. For all the catalysts, six Raman
bands at 302, 342, 545, 610, 676 and 1 350 ¢cm™ are
observed, which are attributed to Cr,0; species P!,
Compared to the Cr)0s, the intensities of these bands
are significantly lower in the CrOyCr,0; catalyst. In
addition, a rather weak band at 1 000 cm™ assigned
to Cr(VD) is also detected in all the catalysts™. This
presence of Cr(Vl)) species in these fresh catalysts is in
consistent with the H-TPR results (Fig.5). Moreover,

calculation of I;y/ls;s ratio is used to quantitatively

compare the concentrations of Cr(V) in the catalysts
(Fig.6), where I, xy and Iss refer to the intensity of
band at 1 000 and 545 c¢m™, respectively. For the
fresh catalysts, the I, o/lss ratio is 0.05 for the Cr,0;
catalyst, which is much lower than that for the CrOsy/
Cr,0; catalyst (0.28). This semi-quantitative comparison
suggests that the Cr(V)) content is much higher in the
CrOy/Cr,0; catalyst than that in the CrO; catalyst,
which is in good agreement with the Hy-TPR results
(Fig.5). For the spent CrOyCr,0; catalyst, the ratio is
0.12. The lowered ratio compared with that for the
fresh CrO/Cr,0; catalyst

loss of Cr{V) species during the reaction process or the

(0.28) suggests either the

transformation of such species to low valent Cr
species. Besides, the color of the CrOyCr,0; catalyst
changed from black to green after 9 h reaction, which
is the characteristic color of Cr (Il) species. This
observation again confirms the transformation of Cr

species during the reaction process.
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Fig.6 Raman spectra of Cr,0; and CrOy/Cr,0; catalysts

before and after reaction

XPS experiments were conducted to further
investigate the surface structures of the Cr,0; and
CrOy/Cry05 catalysts (Fig.7) and the detailed results
are summarized in Table 2. For the N, thermal treated

Cry0; catalyst  (Cr,05-N, Fig.7a), the C12ps, peak was
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deconvoluted into three peaks at binding energies of and the spent one (Fig.7b and c¢) show essentially the
578.1, 576.6 and 575.5 eV, assigned to CrO;, amor- same features as the fresh one, suggesting the intact
phous Cr,0;and crystalline Cr,0;2", respectively. The surface structure of this catalyst during the reaction

Cry05 catalyst (reduced sample as used in reaction) which could explain the stability of the Cr,0; The

(a) Cr,0,-N

(d) Cro,/Cr,0,

| L L | | 1 1 | 1 1

(c) Spent Cr,O, () Spent CrO,/Cr,0,

390 385 380 575 370 390 385 580 575 570
Binding energy / eV
Fig.7 Ci2p XPS spectra of Cr,05-N, Cr,0; and spent Cr,0; (a~c), as well as as-prepared CrOy/Cr,0s,
pre-fluorinated CrOs/Cr,0; and spent CrO+/Cr,05 catalysts (d~f)

Table 2 Surface contents of different Cr species in various catalysts

Cr surface content / %

Catalyst
Crystalline Cr,0; Amorphous Cr,05 CrO4 CrO,Fy CrF;
Cr,05-N 21.6 55.6 22.8 — —
Cr,05 15.8 68.3 15.8 — —
Spent Cry03 19.8 67.7 125 — —
CrOyCr,05 10.0 47.6 424 — —
Pre-fluorinated CrO+/Cr,05 14.1 574 28.5 (CrOs+CrO.F,+CrF5)

Spent CrOy/Cr,0; 19.7 63.1 — — 17.2
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presence of CrOs in the Cr,0; at all stages (N, thermal
treated, reduced and spent) is in good agreement with
the Raman results (Fig.6). Moreover, the XPS analyses
provide more reliable information on the Cr(Vl) species
(Fig.6). However, the
concentrations of CrO; species differ in these three
(Table 2). For
concentration of the Cr(V) species in the N, thermal
treated Cr,0; (Cry0s-N, 22.8%) is higher than those of
the reduced Cr,0; (15.8% ), which implies the

reduction of surface CrO; species. Also, compared to

compared to the Raman results

catalysts example, the surface

the reduced Cr)Os, the spent Cr,O; catalyst contains a
lower content of surface Cr(V)) but a higher content of
crystalline Cr,0s, which indicates that some CrOs
species transform to crystalline Cr,0; during the high
temperature reaction. Nevertheless, the finding of
CrO; implies this species is quite stable in the
catalyst, possibly due to the strong interaction between
CrO; and Cr,0; in this catalyst. For the fresh CrOy
Cr,0; catalyst (Fig.7d), it shows three deconvoluted
peaks at binding energies of 578.1, 576.8 and 575.9
eV, assigned to CrO;, amorphous Cr,O;and crystalline
Cr,0s, respectively®. The spectrum of the fresh CrOy
Cr,0; contains the same features as the Cr,0; catalyst
(Fig.7b), except that the surface concentration of CrO;
in the CrOy/Cry 05 is 42.4%. This much higher value
compared to that in the Cr,0; (15.8%) suggests that
the CrOy/Cr,0; contains more CrO; species than the
Cry0;, which again agrees with the Raman results
(Fig.6). For the pre-fluorinated CrOyCr,0; catalyst
(Fig.7e), the Cr2p;, core level could be deconvoluted
into three peaks at 579.1, 576.8 and 575.9 eV. The
assignment of the peak at 579.1 eV is a little compli-
cated and it might be due to a combination of CrO,F,
species at 578.8 eV** and CrF; species at 579.4 eV,
The formation of such CrO.F, species may be due to
the fluorination of CrO, during the pretreatment with
HF to form some CrO,F,
CrOF,, CrOF;, CrOF, and CrOFP" and these species

are regarded as the active species for F/Cl exchange

species such as CrO,F,,

591 Moreover, the formation of CrFj is prob-

reaction
ably due to the decomposition of such CrO,F, species

as it was reported that CrOF; could decompose to

stable CrF; at 350 °C ™. After reaction, the spent
CrOy/Cr,05 (Fig.7f) contains CrF; species with a BE of
579.4 eV, which could be due to the decomposition
CrO,F, species during the reaction. In addition, since
the surface CrF; content in the spent catalyst is less
than 28.5% and the contents of crystalline and amor-
phous Cr,O; in this sample increase compared to the
pre-fluorinated one, it implies that some CrO; species
could transform to Cr,0; during the reaction, which is
similar to the finding in the Cr,O; catalyst (Fig.7¢).

Based on the above results, two important issues
could be clarified. The first issue concerns the
contributions of different Cr species in the reaction.
The high initial activity of the CrOyCr,0; catalyst
(30.6%) indicates the important role of the high valent
Cr(V) species, which is in line with the comprehension
that such species are crucial for the formation of
catalytically active species such as CrO,F """ .However,
the finding that the low valent Cr(ll) compounds such
as Cr,0; is also active for the reaction suggests the
role of low valent Cr species, which has been rarely
recognized in literature®.Since the Cr,0; also contains
a surface CrO; content of 15.8% (Table 2), an important
question may arise that these CrOj; species could also
contribute in the reaction. To clarify this, an
additional experiment was conducted.

Fig.8 compares the catalytic performance of the
N, thermal treated Cr,0; (Cr,05-N) and reduced CryO;
catalyst (which was used in the reaction) and it is
found that these two catalysts show almost identical
performance. Considering the fact that the Cr,0;-N
contains a higher surface CrO; content than the

(Table 2), it could be safely concluded
that such CrO; species in the Cr,O; hardly contribute

reduced one

in the reaction and the low-valent Cr(Il) species in the
Cr,0; catalyst accounts for its reactivity. Besides, the
stable performance of the Cr,0; during the reaction
provides some promising potentials in practical
application. Moreover, it is interesting to quantify the
contributions of Cr () and Cr () species in the
reaction. Considering that only the surface Cr species
reaction, the

are involved in the quantitative

calculation of reactivity of the individual Cr species is
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based on the following assumptions: (1) Assuming that
a catalyst crystallite with a size of D (nm) consists of
numerous close-packed Cr,0; cells, then the number
of Cry0; cell in the crystallite is N,y =wD¥(6abc),
where a, b, and ¢ are lattice parameters of the Cr,0;
cell (average values of a, b and ¢ are 0.496, 0.496
and 1.359 nm, respectively, Table 1). (2) The number
of surface Cr,05 cell in the crystallite is N, =wD¥
[(ab+ac+bc)/3].  (3) Then, the proportion of the Cr,03
cell on the surface is N /Nyu =3.75/D. Since the
Cr,0; catalyst contains dominantly Cr(ll) species, the
initial reactivity of the Cr()) could be calculated
based on the results in Fig.l1, which is 4.16 x10
molyereizs s Mol ™ +s™. For the CrO4/Cr0; catalyst, it
could be seen that the enhanced initial reactivity
(reaction rate of the CrO4/Cr,Osreaction rate of the
Cr,0; in Ist hour) compared to the Cr,0; catalyst is
due to the contribution of Cr(V), and the content of
Cr(V) species in the CrOy/Cr,0; catalyst is 0.4 mmol -
2. (based on the result in Fig.5). Therefore, the initial

100f 6 —8—g—8—0—8—8—0—8—8 (100

® 80 o =
3 —e—Cr,0N 3
= —O—Cr,0 3
Q 60} 2 460 £
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Time on stream / h
Fig.8 Comparison of catalytic performance of N, thermal
treated Cr,0; and Cr,0; (reduced) catalysts

Volatilization

4
HCFC-133a  HCFC-134a /
o HF /' HCFC-133a

reactivity (reaction time of 1 h) of the Cr(V) species is
calculated to be 1.71x10™ molycpei33, - molegy ' +s™". Such
quantitative comparison clearly shows that the Cr(V])
species have much higher initial reactivity than the
(almost by 4-fold), which is in good
agreement with the findings that high valent Cr

Cr() species

species play important roles in the reaction™, due to
the formation of some catalytically active species such
as CrOF, which was confirmed by the XPS results
(Fig.7e).

The second issues concerns the catalyst stability
and species transformation during the reaction. The
deactivation of the CrOy/Cr,0; catalyst is attributed to
two possible reasons. The first one is the loss of active
species  (e.g. CrO,})) during the reaction through
evaporation of volatile CrO.F, species. It was reported
that compounds such as CrOF, have low boiling points
which could be easily evaporated at 40 ~50 °C M
Indeed, the volatilization of such Cr species was
confirmed in our experiment. Some precipitate with a
color of pale green was observed in the condensed
neutralizing solution, which was identified as Cr(OH)s.
The generation of such Cr(OH); is most likely due to
the reaction between gaseous Cr species with KOH
when the exhaust gas passed through the neutraliza-
tion solution. The second one is the transformation of
CrO.F, species to stable but inactive CrF; compound,
which is confirmed by XPS (Fig.7¢) results. The inac-
tiveness of CrF; compound is clarified by the fact that
the CrO4/Cr,0; catalyst containing considerable surface
CrF; content (Fig.7f) has the same performance as the
Cr,0; catalyst (Fig.1), which is similar to the findings

by Chung et al.™. Also, the coverage of such inactive

HCFC-134a

HCFC-133a HCFC-133a

™ AN 4 HF
—
HCFC-133a HFC-134a HCFC-133a HFC-134a
I HF +HF
R
Initial state Steady state

Fig.9 Possible reaction pathways over Cr,0; and CrOy/Cr,0; catalysts at initial and steady states
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CrF; on the Cr,0; surface could account for the CrOy/
Cr,05 catalyst deactivation (Fig.2).

Therefore, the possible reaction models on the
Cr,05; and CrOy/Cr,0; catalysts are illustrated in Fig.9.
For the Cr,O; catalyst (bottom panel), it is stable
during the reaction, and HCFC-133a could react with
HF on the surface to form HFC-134a. For the CrOy
Cr,0; catalyst (top panel), in addition to the reaction
over the Cr,0; support, the CrOJF, compounds
generated during the pre-fluorination are very active
for the reaction. However, these compounds could
either volatilize or transform to stable but inactive

CrF; during the reaction.
3 Conclusions

This work demonstrated that different species of
chrome oxide catalyst have distinctively different
behaviors in the vapor phase fluorination of HCFC-
133a to synthesize HFC-134a. The Cr,0; support
containing dominantly Cr(I)) species (amorphous or
crystalline Cr,0;) is very stable during the reaction,
although its reactivity is not high. On the contrary, the
CrOy/Cr,05 catalyst containing high valent Cr species
(Cr() could react with HF to form some catalytic
active species such as CrOF,. These species have
high initial reactivity than the Cr,0;, but they
volatilize during the reaction and could transform to
stable but inactive CrF; species, which accounts for

the catalyst deactivation.
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