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The heterogeneous fluorination catalysts (Cr(OH)xF3−x), which
have recently been employed for the synthesis of CF3CH2F (HFC-
134a), were characterized by X-ray diffraction, infrared spec-
troscopy, and photoelectron spectroscopy. The IR study of these
catalyst samples indicated that the amount of hydroxyl group in
chromium phases decreases as the deactivation process proceeds.
Pyridine adsorption experiments showed that these catalyst sam-
ples possess both Lewis and Brønsted acid sites and the strengths of
Lewis acid sites diminish as the catalyst activity decreases. Elemen-
tal analyses and XPS revealed that the catalyst sample prepared
at a higher reaction temperature contained larger amount of cokes
that are believed to be the major cause of catalyst deactivation. The
XPS analysis indicates that the carbon cokes appear to be carbidic
carbons which are produced by the successive decomposition of re-
actants. In situ IR experiments were performed with CF3CH2Cl
and CF2==CHCl to elucidate the pathway to coke formation. The
activity quenching was observed for the alkali metal-doped catalyst,
which supports the important role of Lewis acidity in the catalysis.
c© 1997 Academic Press

INTRODUCTION

Recently, it has been believed that chlorofluorocarbons
(CFCs) used as coolants and aerosol propellants are respon-
sible for depletion of the stratospheric ozone layer (1). The
preparation of hydrofluorocarbons (HFCs) and hydrochlo-
rofluorocarbons (HCFCs) attracts much attention as the
alternatives of CFCs (1). Chromium and aluminum fluo-
ride catalysts are widely used for the preparations of HFCs
and HCFCs (1–5). Presently, we are studying a fluorina-
tion reaction to manufacture CF3CH2F (HFC-134a) from
CF3CH2Cl (HCFC-133a) using chromium–magnesium flu-
oride catalysts.

In a previous paper, we reported that the addition
of MgF2 is effective in enhancing the fluorination activ-
ity and also in reducing the formation of undesired side
products for the CrF3-catalyzed fluorination reaction (6a).
Various preparation methods were tested for the prepara-
tion of highly active CrF3–MgF2 catalyst. Among the cata-

lysts tested, the catalyst prepared by alcohol reduction of
CrO3–MgF2 solution exhibits the highest activity and the
largest surface area. One of the most important factors in
the commercialization of CF3CH2F by the heterogeneous
fluorination reaction is the lifetime of the catalyst. In order
to prolong the lifetime of the catalysts, we have been study-
ing the deactivation phenomena occurring on the catalyst
surfaces.

The deactivation of catalyst is believed to be mostly af-
fected by the coke formation for the fluorination cataly-
sis. In situ IR adsorption experiments were performed with
CF3CH2Cl and CF2==CHCl to determine the nature of pre-
cursors responsible for the coke formation. The main pur-
pose of this work is to attain a better understanding of cata-
lyst deactivation by performing the fluorination reaction
and by characterizing the structure and the composition
of the catalysts by using X-ray diffraction, Fourier trans-
form infrared spectroscopy (FT-IR), and X-ray photoelec-
tron spectroscopy.

EXPERIMENTAL

Reagents

All reactant gases and reagents for the preparation of
catalysts were commercially purchased and used as received
without further purification.

Synthesis of Chromium–Magnesium Fluoride Catalysts

Cr(OH)3 ·H2O was prepared by alcohol reduction of
CrO3 (7). Cr(OH)3 · xH2O/MgF2 (Cr/Mg= 1/4) was pre-
pared in a manner similar to the preparation of Cr(OH)3 ·
xH2O. Li- and K-doped catalysts were prepared by the im-
pregnation of Cr(OH)3 · xH2O/MgF2 with LiCl or KF aque-
ous solution and subsequent drying at 140◦C overnight.
The resulting dried solid was powdered and formed into
cylindrical pellets. The pelletized catalysts, prior to use,
were subjected to the activation process which provides
them with an activity for the fluorination of CF3H2Cl. The
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activation process of the catalysts was performed through
in situ treatment with HF. Commercially purchased anhy-
drous CrF3, CrF3 · 3H2O, and CrF3 · 4H2O were also formed
into pellets and pretreated as in the same way described
above.

Catalyst Activation

The fluorination reactor was made of an Inconel 600 tub-
ing of 1 in. diameter and 30 cm long equipped with an elec-
trical heater. Thirty grams of catalyst was loaded into the
reactor and dried in situ at 400◦C for 1 h in He at a flow
of 200 ml/min. The activation process was followed with
400 ml/min HF at 200◦C for 2 h and subsequently at 400◦C
for 1 h.

Fluorination Reaction

The fluorination reactions were carried under an atmo-
spheric pressure in a fixed-bed reactor. Effluent reaction
mixture was analyzed by on-line Gaw-Mac 580P TCD GC
equipped with a 6-f Porapak N column after being scrubbed
with H2O and dried over molecular sieve 4A. Flow rates of
CF3CH2Cl and HF preheated in a chamber at 45◦C were
carefully controlled using Matheson mass flow controllers.
The deactivated catalyst obtained from the fluorination re-
action at 450◦C was regenerated at 420◦C in an air flow of
200 ml/min for 2 h.

Sample Preparations

Catalyst samples having different catalytic activities were
prepared from the fluorination reactions carried out under
the following conditions. Sample 1 was obtained from the
fluorination reaction carried out at 340◦C for 12 h. Sam-
ples 2 and 3 were prepared via the fluorination reactions
performed at 400 and 450◦C for 10 h, respectively and sub-
sequently at 340◦C for 2 h. Sample 3 was air regenerated at
420◦C and fluorinated at 340◦C for 12 h to give sample 4.
Samples 5 and 6 were prepared from the fluorination reac-
tion conducted at 340◦C for 12 h with 0.5% Li- and K-doped
chromium–magnesium fluoride catalyst, respectively. Sam-
ple 7 was obtained from the fluorination conducted at 340◦C
for 12 h with the CrF3 · 4H2O.

Infrared Spectroscopy

The infrared spectra of the catalyst were recorded on a
Mattson Infinity FT-IR spectrometer equipped with MCT
detector in the range of 1100–4000 cm−1 by using vac-
uum cell (6b–6d) eqipped with CaF2 windows. The self-
supporting disks were prepared by grinding catalyst sam-
ples and pressing at 15,000 psi. The catalyst samples in the
vacuum cell were outgassed at 10−5 Torr for 2 h at 300◦C and
cooled to room temperature before recording the IR spec-
trum. Pyridine adsorption experiments were performed by
admitting pyridine vapor to the vacuum cell at 50◦C and

the cell was evacuated at 150◦C for 2 h. Adsorption experi-
ments were carried out by flowing CF3CH2Cl, CF2==CHCl,
or other related fluorine-containing compounds into the IR
vacuum cell for 0.5 h at a controlled temperature and de-
gassed with N2 for 0.5 h at 50 and 200◦C, respectively.

X-Ray Diffraction (XRD)

A Rigaku (D/Max-III) diffractometer with a nikel-
filtered CuKα excitation source was employed to obtain
XRD patterns for all the catalyst samples. The X-ray source
was operated at 30 KV and 40 mA with scanning rate
4 deg/min. Compound identification was accomplished by
the comparison of measured spectra of the samples with
those of reference samples or JCPDS powder diffraction
file data.

X-Ray Photoelectron Spectroscopy (XPS)

The XPS measurements were conducted with a VG Sci-
entific ESCALAB 220 spectrometer. The X-ray source with
a non-monochromatized AlKα radiation (hν= 1486.6 eV)
was operated at 12.5 KV and 16 mA. The XPS spectra were
obtained by a hemispherical energy analyzer with the pass
energy of 40 eV and the step of 0.1 eV. Samples 1–4 used in
the XPS study were prepared ex situ in pellets. The samples
were allowed to be outgassed for several hours in the XPS
chamber to minimize air contamination to sample surface.
No other treatment such as Ar ion sputtering was attempted
since it might cause the modification of the composition
on the catalysts surfaces. In order to overcome the sam-
ple charging problem, the binding energies (B.E.) of core
levels in the observed XPS spectra were referenced to the
F1s core level (B.E.= 685.6 eV) of MgF2 or C1s core level
(B.E.= 284.6 eV) of adventitious hydrocarbon (9, 10). The
obtained XPS spectra were fitted using a nonlinear square
method with the convolution of Lorentzian and Gaussian
functions after the polynominal background substraction
from the raw spectra (11).

Surface Area

The surface areas were determined by the modified BET
method from the adsorption isotherms of nitrogen at liquid
nitrogen temperature with the help of the AREA-Meter II.

RESULTS AND DISCUSSION

Activity Study

The fluorination reaction of CF3CH2Cl to CF3CH2F was
studied in a fixed-bed flow reactor.

CF3CH2Cl+HF→ CF3CH2F+HCl [1]

Table 1 shows that MgF2-doped chromium fluoride cata-
lyst, sample 1, exhibits much higher catalytic activity in
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TABLE 1

Catalytic Activity (mmol h−1 g−1 cat) of Chromium–Magne-
sium Fluoride Catalyst Samples 1 to 7 Measured at 340◦C (HF/
CF3CH2Cl= 8/1)

Sample 1 2 3 4 5 6 7

Activity 0.63 0.24 0.03 0.68 0.02 0.01 0.02
(mmol/h · g-cat)

Surface area (m2/g) 69 64 55 73 73 71 8
Carbon content (%) 0.32 1.01 2.98 0.3 0.29 — —

comparison with undoped chromium fluoride catalyst, sam-
ple 7, indicating the important role of MgF2 in the fluori-
nation of CF3CH2Cl. Wojciechowska et al. have published
numerous reports on the role of MgF2 in the magnesium
fluoride doped metal oxide-catalyzed reactions. They found
that the interaction of metal oxide such as MoO3, Cr2O3,
and V2O5 with MgF2 generates a considerable increase of
the surface area and Lewis acidity (6b–6d). In our previous
paper, the use of MgF2 support is found to be effective in the
CrF3-catalyzed fluorination reaction of CF3CH2Cl by en-
hancing the catalytic activity, suppressing the formation of
unwanted side products and lengthening the lifetime of the
catalyst (6a). Such an activity enhancement by MgF2 sup-
port can be attributed mostly to the increase in the surface
area and acidity (see Fig. 5). However, the electronic inter-
action of MgF2 with CrF3 or the formation of a highly active
metal compound such as MgCrOxFy cannot be excluded.

The effects of temperature on the catalytic activity are
also shown in Table 1 and Fig. 1. Figure 1 shows that the
initial catalytic activity increases with the increasing reac-

FIG. 1. Performance of catalyst as a function of time on stream
(HF : CF3CH2Cl= 8 : 1). d, 340◦C; ¥, 400◦C; ., 450◦C; m, 340◦C, after
activation.

tion temperature. However, for the reactions carried out at
400 and 450◦C, deactivation proceeds very rapidly possibly
due to the coke formation. Carbon content was analyzed
to correlate the catalytic activity with the extent of coke
formation (Table 1). As expected, the more deactivated
sample exhibits the higher degree of coke formation, that
is, as going from sample 1 to sample 3. Measurements of
surface areas also revealed that the higher carbon content,
less active catalyst sample shows the smaller surface area.
This is obviously due to the fact that cokes formed on the
catalyst surfaces block the active sites and catalyst pores
resulting in lower activity and smaller surface area. It is no-
ticeable that the catalytic activity is completely recovered
after air regeneration of highly deactivated sample 3. These
results strongly suggest that carbon deposition on the cata-
lyst surface may be a major factor for the deactivation. The
detailed discussion will be given later.

The effect of alkali metal on the catalytic activity was
also examined in helping to understand the nature of the
active sites for the fluorination reaction. In a brief study, it
was observed that addition of 0.5 wt% Li or K to the fluo-
ride catalyst completely quenched the reaction (see Table 1,
catalysts 5 and 6) strongly indicating that the active centers
are Lewis acid sites. As shown in Fig. 2, the fluorination
reaction of CF3CH2Cl with HF yielded various side prod-
ucts depending on the reaction temperature. The selectiv-
ity to CF3CH2F (HFC-134a) decreases with the increasing
temperature, whereas the formations of CF3CHF2 (HFC-
125), CF2==CHCl (HCFC-1122), and CF3CH3 (HFC-143a)
increase significantly. The plausible pathways to the side
products formation are presented as follows:

FIG. 2. Variation of selectivity with the reaction temperature (HF :
CF3CH2Cl= 8 : 1). d, CF3CH2F (HFC-134a); m, CF2==CHCl (HCFC-
1122); ¥, CF3CHF2 (HFC-125); ., CF3CH3 (HFC-143a).
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Cl↔F exchange (fluorination)

CF3CH2Cl+HF→ CF3CH2F+HCl [1]

Disproportionation

2CF3CH2Cl→ CF3CHCl2 + CF3CH3 [2]

Cl↔F exchange (fluorination)

CF3CHCl2 + 2HF→ CF3CHF2 + 2HCl [3]

Dehydrofluorination

CF3CH2Cl→ CF2==CHCl+HF [4]

For the higher temperature reactions, dehydrofluorina-
tion and disproportionation seem to be facilitated. It is in-
teresting to note that the selectivity to CF2==CHCl (HCFC-
1122) at 450◦C is lower than the selectivity at 400◦C. This is
probably due to the decomposition of CF2==CHCl (HCFC-
1122) into a high molecular weight carbonaceous com-
pound, which is believed to be the precursor of the coke:

CF2==CHCl→ CF≡CCl
oligomerize−−−−−→Carbonaceous material

[5]

The effect of molar ratio of HF/CF3CH2Cl on the formation
of side products was studied at 340◦C in a separate exper-
iment. The amount of side products, CF3CHF2, CF3CH3,
and CF2==CHCl decreases with increasing molar ratio of
HF/CF3CH2Cl up to 8 suggesting that excess HF are func-
tioning to suppress the formation of side products possibly
by tying up the disproportionation and dehydrofluorination
sites. Beyond HF/CF3CH2Cl= 8, however, the amount of
side products was nearly independent of the molar ratio of
HF/CF3CH2Cl indicating the presence of equilibrium.

X-Ray Diffraction

Figure 3 shows XRD patterns of the catalyst samples hav-
ing different catalytic activities. The XRD results reveal
that polycrystalline MgF2 phase appears in all of the sam-
ples while chromium fluoride phase exists in amorphous
state. Interestingly, we observed that additional XRD mea-
surements of samples 1–4 after exposing to air for about
2 weeks show the significant appearance of CrF3 · 3H2O
only in highly active samples 1 and 4. From these results,
it is suggested that the catalyst samples contain anhydrous
or less hydrated amorphous CrF3 or CrOxFy species which
might undergo slow hydration reaction to give crystalline
CrF3 · 3H2O when contacted with atmospheric H2O. In
the case of deactivated samples 2 and 3, the cokes formed
are believed to occupy the active sites at which water
molecule can be adsorbed and therefore the formation of
CrF3 · 3H2O is prohibited. In order to identify the active
species, we have performed the fluorination reaction with
CrF3, CrF3 · 4H2O, CrF3 · 3H2O, and CrOxFy in separate

FIG. 3. XRD patterns of samples 1–4 and 4a. 4a, after exposing sam-
ple 4 to air for 2 weeks.

experiments. Amorphous CrOxFy was obtained from the
air calcination of CrF3 · 4H2O or CrF3 · 3H2O at 400◦C for
4 h and is known to have the formula as CrF2O1/2 · 1/2H2O
(4b, 4c). Experimental results that the activity of CrOxFy

is almost 30 times higher than those of CrF3, CrF3 · 4H2O,
and CrF3 · 3H2O strongly imply that CrIIIF3 is not an ac-
tive species. The effect of water on the catalytic activity
was also examined. The presence of H2O in the feed was
found to drastically reduce the catalytic activity. When flu-
orination reaction was performed at 340◦C with CF3CH2Cl
containing about 2000 ppm H2O, 70% reduction in activity
was observed in 10 h. The original catalyst activity was re-
stored in 2 h on replacing H2O-containing CF3CH2Cl feed
by anhydrous CF3CH2Cl indicating that H2O competes with
CF3CH2Cl for the same active sites. Such a phenomenon
is also observed in many other fluorination reactions per-
formed in our laboratory. This might indicate that active
sites are located on the surface of chromium fluoride species
where H2O molecules can be adsorbed. However, it is also
conceivable that the presence of water in the reactant could
reduce the surface fluoride level resulting in lower activity,
and higher surface fluoride level may return to their equi-
librium values when water feeding is stopped.

IR Study

The IR experiments have been conducted to describe
qualitatively the chemical change of chromium compounds
on the catalysts in terms of coordinated hydroxyl group.
Kijowski et al. have reported that the gradual loss of catalyst
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activity is associated with a slow and progressive replace-
ment of Cr(III)–O by Cr(III)–F bond (12). In our exper-
iments, the IR spectrum of the catalyst samples 1 to 4
show the broad peak centered at ∼3400 cm−1 which can
be assigned to hydroxyl group in CrFx(OH)3−x (x= 1–2)
decreases along the progress of deactivation (spectra are
not shown here). From this result we might consider the
additional deactivation pathway, beside carbon deposition,
due to the decrease in the hydroxyl group in CrFx(OH)3−x

phase which is suspected as another catalytic center.
The hydroxyl group of Brønsted acid site would gener-

ate the acid-catalyzed fluorination reaction, depicted as fol-
lows, where the interaction of the hydroxyl group with the
chlorine of CF3CH2Cl causes to weaken the C–Cl bond in
CF3CH2Cl.

–Cr–OH+CF3CH2Cl→
Cr–Oδ− · · · ·Hδ+ · · · ·Cl · · · ·CH2CF3

The initial fluorination of chromium hydroxide is intended
to increase the Brønsted acidity of remaining OH group,
that is, the replacement of the hydroxyl group linked to
chromium with fluorine anion weakens the remaining O–H
bond due to its strong electronegativity, causing a higher
proton mobility. In situ IR experiments with CF3CH2Cl
(HCFC-133a) over sample 4 show that the intensity of the
peak corresponding to hydroxyl group of the catalyst de-
creases as the reaction proceeds, possibly due to the inter-
action of hydroxyl group with CF3CH2Cl (Fig. 4). However,

FIG. 4. IR spectra of sample 4 after adsorption of CF3CH2Cl at vari-
ous temperatures.

FIG. 5. IR spectra of samples 1–5 and 7 after pyridine adsorption.

at the moment, it is difficult to conclude that such an inter-
action is related to the catalysis.

It has been proposed that fluorination and disproportion-
ation catalysts must possess Lewis acidity to account for
their activities (8). In order to identify Lewis and Brønsted
acidity in the catalysts we have performed pyridine adsorp-
tion experiments. Figure 5 shows the IR spectra of adsorbed
pyridine on the catalyst samples outgassed at 200◦C after
pyridine adsorption at 50◦C. Adsorption bands were ob-
served at 1451, 1540, and 1612 cm−1 on all of the samples.
The band at 1451 and 1612 cm−1 is commonly referred to
pyridine coordinatively bound to Lewis acid centers. The
band at 1540 cm−1 is associated with the pyridinium ion
resulting from the interaction of Brønsted acid sites with
pyridine molecules (6b–6d). As expected, the intensities
of the bands associated with Lewis and Brønsted acidity
are extremely weaker for inactive CrF3 catalyst, sample 7,
compared with those for MgF2-doped catalyst, sample 1, in-
dicating that MgF2 play an important role in enhancing the
catalytic activity by giving Lewis acidity to the CrF3 cata-
lyst. For the catalyst samples 1–3, the intensities of these
bands decrease with increasing reaction temperature, that
is, with decreasing activity. The Lewis and the Brønsted acid
strength of regenerated sample 4 are almost identical to
those of sample 1. The vacant sites of CrF3 or CrFx(OH)3−x

are believed to be responsible for the Lewis acidity, whereas
Brønsted acidity can be attributed to the presence of hy-
droxyl group. Kijowski et al. have also reported a descrip-
tion of fluorination mechanism at a fluorinated chromia
surface (12). According to their mechanism, a key of the
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catalytic reactions is the existence of labile fluorine pro-
duced by the following scheme, which is weakly coordinated
to Lewis acidic chromium of CrF3.

HF (weakly adsorbed)↔ catalytically active F→CrIII–F

The vacant sites for the coordination of labile fluorine ex-
ist in the coordinatively unsaturated chromium species. In
our experiments, the coordinatively unsaturated chromium
species are not directly observed. However, as discussed in
XRD results, the hydrated chromium phase is thought to
represent the coordinatively unsaturated chromium species
since the reaction temperature (≥340◦C) is high enough
for the water molecule to be dissociated from chromium
species. In other words, the decrease of hydrated chromium
species means the decrease in the coordinatively unsatu-
rated chromium species, prohibiting the coordination of
labile fluorine. Therefore, this argument is well consistent
with the experimental result that the samples with more
hydrated chromium fluoride phase in the spectroscopic
analysis demonstrate the greater catalytic activity. On the
other hand, the disappearance of coordinatively unsatu-
rated chromium fluoride phases in deactivated samples is
likely to be explained by the XPS result that the part of
active chromium phase undergo the structural or chemical
changes into metal carbides by the interaction with carbon
layers during the deactivation process. The correlation be-
tween acidity of catalyst and catalytic activity might suggest
that both Lewis and Brønsted acid sites are active centers
for the Cl–F exchange reaction. As already mentioned, the
addition of small amount of alkali metal (0.5%) such as K
and Li was found to greatly depress the catalytic activity
and also to diminish the intensity of the band at 1451 cm−1

corresponding to Lewis acid site indicating that Lewis acid-
ity is a key factor in the fluorination of CF3CH2Cl (8). It is
reported that catalyst deactivation proceeds via the trans-
formation of Cr–OH to Cr–F after a long period time of
reaction in the Cr2O3-catalyzed fluorination reaction (12).
The importance of the presence of hydroxyl group can
be related to Brønsted acidity. However, further studies
seem to be needed to determine whether Brønsted acid
sites are functioning as the catalytic active centers even
though the more active catalyst results in the higher in-
tensity of band at 1540 cm−1 indicative of Brønsted acid
site.

It is known that the chlorine in the CF3CH2Cl is very dif-
ficult to replace and thus requires a very high reaction tem-
perature. It is an unfavorable equilibrium reaction. Only
about 3% conversion of CF3CH2Cl is obtained with stoi-
chiometric amount of HF and CF3CH2Cl (13).

CF3CH2Cl+HF→ CF3CH2F+HCl 1H = 18 kJ/mol

Therefore, a higher molar ratio of HF/CF3CH2Cl and reac-
tion temperature are required to increase the conversion. A

major problem for this catalysis reaction is the catalyst life.
It has been reported that the presence of small amount of
oxygen helps to lengthen the catalyst lifetime up to 6 months
without any decline in catalyst activity (14). Another ma-
jor problem is the elimination of HF from CF3CH2Cl to
give toxic CF2==CHCl (HCFC-1122) which is difficult to re-
move from the product, CF3CH2F (HFC-134a), due to the
formation of azeotrope. Formation of CF2==CHCl is con-
sidered as a major source of the deactivation since further
elimination of HF would lead to coke precursors such as
halogenated acetylenes (13). The formation of CF2==CHCl
strongly depends on the reaction condition such as molar
ratio of HF/CF3CH2Cl and reaction temperature.

With the hope of identifying the coke precursor, we have
conducted in situ FT-IR adsorption experiments with var-
ious types of CFCs, HCFCs, and HFCs compound such
as CF3Cl, CF2Cl2, CF2==CH2, CF2HCl, CF2ClCH3, and
CF3CH3 in addition to CF3CH2Cl and CF2==CHCl with-
out the presence of HF. Adsorption temperature were var-
ied from 50 to 300◦C. After adsorption, the vacuum cell
was flushed with N2 at 50, 200, and 300◦C, respectively,
and IR spectra were recorded after each desorption at the
specified temperature. Unfortunately, we could not able to
observe any adsorption of CF3CH2Cl below 200◦C. How-
ever, above 200◦C a newly adsorbed species came to emerge
whose IR absorption bands are 1592, 1436, and 1259 cm−1

(Fig. 6). The newly formed species was difficult to remove
from the catalyst surface until air regeneration was per-
formed at 400◦C. Interestingly, experiments performed with

FIG. 6. IR spectra of (A) CF3CH2Cl (HCFC-133a); (B) CF2==CHCl
(HCFC-1122); (C) catalyst sample 4, after HCFC-133a adsorption at
200◦C; (D) catalyst sample 4, after HCFC-1122 adsorption at 150◦C; and
(E) after air calcination of D at 400◦C for 4 h.
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CF2==CHCl yielded the same species, but at lower tempera-
ture (150◦C). Even though we failed to identify the species,
it is believed that the irreversibly adsorbed haloalkane
species, coke precursors are formed from the interaction
of CF2==CHCl with strong acid sites. Kemnitz et al. re-
ported that CFCs are only weakly adsorbed on the sur-
faces of certain metal halides and oxides (5c). Therefore,
the possible explanation for the failure to detect adsorbed
species at lower temperature is likely that weakly adsorbed
CF3CH2Cl is flushed away by N2 flow during the process
of removing gaseous free CF3CH2Cl. Or, the surface cov-
erage of CF3CH2Cl is too low to be detected by IR spec-
troscopy. On the other hand, at a higher temperature, the
adsorbed CF3CH2Cl species immediately transform into
the same species as obtained with CF2==CHCl, suggesting
that CF2==CHCl could be an intermediate to the coke pre-
cursor. The possibility of the formation of one-carbon ad-
sorbed species by the C–C bond cleavage could be ruled
out because adsorption IR spectra of CF3Cl, CF2Cl2 and
CF2HCl are completely different from those of CF3CH2Cl,
CF3CH2F, and CF2==CHCl. At the moment, it seems diffi-
cult to conclude whether the adsorption of CF3CH2Cl takes
place covalently or ionically. However, we may speculate
that CF3CH2Cl adsorb on the Lewis or Brønsted acid sites
covalently or ionically and then lose HF via 1,2-elimination
process to give adsorbed CF2==CHCl species at higher tem-
perature. The adsorbed CF2==CHCl species again lose HF
to give adsorbed acetylenic CF≡CCl species which is eas-
ily polymerized to a carbonaceous material, or the ad-
sorbed CF2==CHCl species may react with neighboring ad-
sorbed CF2==CHCl species to give unidentified oligomeric
species. An effort to characterize the coke precursor is still
in progress.

XPS Study

Figure 7 shows the relative concentrations of carbon,
chromium and oxygen in the catalyst samples 1–4, which
are estimated from the quantification of high resolution
XPS spectra. To evaluate the relative concentration, we
used the equation

Relative concentration for element i (%)

= ai /si∑
i ai /si

× 100,

where ai is the area of the peak of chosen core level or ele-
ment i, and si is atomic sensitivity factor for XPS as derived
by Wagner (15). It is known that the XPS probes the compo-
sitions near the surface region due to the short attenuation
length of electrons. The highly deactivated sample 3 shows
the decrease of chromium and oxygen concentration in the
surface region. On the other hand, the relative concentra-
tion of carbon in that sample increases rapidly. This result is
consistent with that of elemental analysis which measures

FIG. 7. Relative surface concentration of carbon, chromium, and oxy-
gen for samples 1–4.

total carbon concentration in bulk. The increase in carbon
concentration is likely due to the deposition of carbona-
ceous layer produced by the decomposition of reactants
during the fluorination reaction on the catalyst surface. The
decrease of the chromium concentration of the deactivated
sample 3 in the surface region can be explained by the fact
that the chromium surface is covered with carbon layers
during deactivation. Also, the decrease of concentration
of oxygen can be explained in terms of carbon deposition
on the chromium oxide surface and/or substitution of OH
with F in chromium species. Figure 7 also shows that, in the
reactivated sample 4, the carbon concentration is quite re-
duced compared to that of the deactivated sample 3 and the
relative Cr and O concentrations are recovered, however,
somewhat different from those of the fresh catalyst (sam-
ple 1), which might be due to compositional change accord-
ing to the high temperature air calcination for the sample 4.

Cr2p core level spectra for samples 1–4 are shown in
Fig. 8. The Cr2p peak can be deconvoluted with three com-
ponents for all the samples by a curve fitting procedure. The
deconvoluted components are assigned as follows. The high
binding energy component at∼580 eV is attributed to CrF3

(16). The intensity of CrF3 phase increases slightly as going
from sample 1 to sample 3. These species are produced by
substituting the hydroxyl group of Cr(OH)3 · x(H2O) with
fluoride during the activation process and/or fluorination
reactions. In addition, the component at ∼578 eV is as-
cribed to Cr(OH)3 · x(H2O), and/or Cr(OH)xFy, where the
extent of hydration is not known. The lowest binding en-
ergy component at ∼576.6 eV is attributed to chromium
oxide phase like Cr2O3 phase (17). One can notice that the
intensity of this chromium oxide component decreases as
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FIG. 8. XPS spectra of Cr2p for samples 1–4.

going from sample 1 to sample 3; that is, along with the
progress of deactivation while the recovered chromium ox-
ide intensity of the regenerated sample 4 is larger than that
of the fresh sample 1 due to the air calcination at high tem-
perature (420◦C) as mentioned earlier. This trend of the
decrease in chromium oxide phases upon deactivation of
the catalysts is also confirmed in the O1s core-level spectra
of these samples (not shown here), in which the intensity
of O1s component attributed to chromium oxides also de-
creases from sample 1 to sample 3. This result indicates that
the chromium oxide phases also play a role as an active cen-
ter as well as the coordinatively unsaturated CrF3 phases as
mentioned earlier.

Figure 9 shows the C1s core level spectra of samples 1–4
which show the various peaks at B.E.= 283–288 eV, indicat-
ing the existence of various carbon species on the catalyst
surface. The curve fitted spectra give rise to four overlap-
ping components for these samples. The deconvoluted com-

ponents are assigned as follows. The highest binding energy
component (B.E.∼289 eV) is ascribed to CHFx species on
the surface (18). The peaks at B.E.∼286.6 eV are also at-
tributed to C–OH species on the surface. In addition, the
component at B.E.∼284.6 eV is ascribed to the adventitious
hydrocarbon (19). The carbon species of B.E.<284 eV have
previously been known as a carbidic carbon associated with
a form of atomic carbon such as ≡CH or Cads on various
surfaces (283.7 eV on Rh(111) (20), 283.9 eV on Fe(110)
(21), 283.8 eV on Fe(100) (22)). These species on the metal
surfaces appear to be formed by a hydrogenation reaction
in the temperature range of 100–400◦C. Therefore, the peak
at B.E.∼283 eV which appears to be distinct particularly in
the deactivated sample 3 is attributed to carbidic carbon.
This peak intensity increases as the deactivation proceeds
as going from sample 1 to sample 3. But this feature dis-
appears in the regenerated sample 4. These results may
indicate that the main cause of the deactivation of these

FIG. 9. XPS spectra of C1s for samples 1–4.
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catalysts is the formation of carbidic carbon on the catalyst
surface by decomposition of the reactants during catalysis
reaction, that is, carbon coking (23, 24).

The deactivation process has been, in general, divided
into four classes which are poisoning carbon coking, sin-
tering, and solid state transformation (25, 26). The deacti-
vation due to poisoning may be negligible in this system,
since no impurity occupying the active sites of the catalyst
is observed within the detection limit of the Auger electron
spectroscopy and XPS. Thermal induced deactivation like
sintering or solid state transformations should be consid-
ered for the investigation of the deactivation of the catalyst
samples, where the catalytically active phases can be con-
verted into the inactive phase. As already mentioned from
the experimental results, the chromium species having va-
cant sites regarded as active centers can be coordinatively
saturated as the deactivation proceeds. The interaction be-
tween active components and supports are proposed in sev-
eral other systems (27, 28). Such an interaction also may
not be excluded as one of causes of the deactivation of our
catalysts. The possibility of sintering of these catalysts ac-
companying the crystal growth of catalyst phase with the
decreasing surface area may not be excluded. Carbon cok-
ing might be one of the major causes for the deactivation of
the catalyst, where the carbonaceous species encapsulate
the catalysts crystallites or the plug pore between support
particles. The deactivation of these catalysts will proceed
in combination of the processes as mentioned above. How-
ever, we can conclude that the main cause of the deactiva-
tion for these catalysts is attributed to the carbon coking
of the active centers, coordinatively unsaturated chromium
species.

CONCLUSION

In summary, the fluorination of CF3CH2Cl was per-
formed over chromium–magnesium fluoride catalysts. Ini-
tial activity increases with the increasing temperature; how-
ever, deactivation was found to proceed fairly rapidly with
the reaction time for the higher temperature reactions.
The catalyst deactivation was studied by using XRD, IR,
and XPS. Pyridine adsorption experiments showed that
the catalysts possess both Lewis and Brønsted acid sites
of which the strengths diminish with proceeding in de-
activation. Addition of alkali metal to the fluoride cata-
lyst was found to quench the reaction showing the im-
portant role of Lewis acidity in the catalysis. In situ
IR studies did not show any appreciable adsorption of
CF3CH2Cl at the temperature below 200◦C, possibly due
to the fact that weakly adsorbed CF3CH2Cl species is
flushed away by He flow during the process of remov-
ing gaseous free CF3CH2Cl, or the surface coverage of
CF3CH2Cl is too low to be detected by IR spectroscopy.
Instead, irreversible adsorption of newly formed species

was observed above 200◦C and the same species was
also obtained from the CF2==CHCl adsorption experi-
ments conducted at a lower temperature, 150◦C. These re-
sults suggest that CF3CH2Cl loses HF to give CF2==CHCl
and the resulting CF2==CHCl immediately transforms
into another species which is believed to be a coke
precursor.

From the XRD, IR, and XPS results, it is proposed that
the active centers are coordinatively unsaturated chromium
species which are easily hydrated and the major cause of
deactivation is the blocking of the active sites by the coke.
Further studies are in progress to elucidate the deactivation
phenomena occurring on the catalyst surfaces.
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