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Catalytic hydrolysis of CCl2F2 in the presence of water vapor
and air was studied over a series of metal sulfates. TiOSO4 dis-
played the highest activity among these sulfates, over which the
conversion of CCl2F2 reached 100% at 310◦C. Supporting TiOSO4

on nanosized anatase TiO2 further increased its activity. CCl2F2

decomposed completely on the supported catalysts at 260–265◦C.
The effects of TiOSO4 loading, calcination temperature, and prop-
erties of support on activity of the supported catalysts were inves-
tigated. The activity of this type of catalyst correlates well with its
specific surface area and the amount of medium-strong acid sites
on the surface. No deactivation of the catalyst was observed dur-
ing 360 h on stream at 260◦C. CO was not detected in the effluent
gas and the selectivity to CClF3 in the product remained lower
than 0.5%. c© 2001 Academic Press

Key Words: chlorofluorocarbons; CCl2F2 hydrolysis; metal sul-
fates; titanyl sulfate; nanosized anatase TiO2 support.
INTRODUCTION

The ozone layer acts as an atmospheric shield that pro-
tects life on the earth against ultraviolet radiation from the
sun. In the past three decades, it has become very clear that
this fragile shield was gradually depleted by chlorofluoro-
carbons (CFCs) diffused into the stratosphere (1), which
leads to a variety of adverse effects such as an increase in
the incidence of skin cancer. The ultimate solution of this
problem is to stop the production and use of CFCs. In fact,
the Montreal Protocol, an international treaty to phase out
and control CFCs, was signed in 1987 and presently has
163 signatories. However, there are still 2.25 million-ton
of CFCs all over the world and numerous air-conditioning
systems are still using them as coolants. Therefore, finding a
practical way to eliminate the CFC pollutants or ultimately
to destroy all the existing CFCs is urgently required. There
are a dozen CFC destruction techniques such as incinera-
tion (2), cement kiln (3), plasma (4), supercritical water (5),
electrochemical decomposition (6, 7), irradiation by UV,
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γ -rays, or ultrasonic waves (8–10), reduction with sodium
naphthalenide (11), and catalytic hydrodechlorination
(12–15), oxidation (16–19), or hydrolysis (20–22). Catalytic
hydrolysis is the most practical way to treat CFC pollutants
because of its use of nonnoble metal catalysts and read-
ily available water, its high conversion, its simplicity, and
its mild reaction conditions (20, 21). It also produces no
dioxins. Compared with CFC oxidation in the absence of
water vapor, the presence of water vapor in the reaction
system can suppress the transformation of metal oxides in
the catalysts to corresponding fluorides, thus increasing the
selectivity and catalyst life (23, 24).

Many types of acid catalysts have been tried for the hy-
drolysis of CFCs. In general, they can be classified into
two categories. (i) Fluorine nonresistant catalysts such
as γ -Al2O3 (25), zeolites (26), heteropolyacids (27), and
alumina-based catalysts (20, 28) decompose CFCs in the
presence of water vapor at relatively high temperature and
lose their activity rather quickly on stream due to sur-
face fluorination. (ii) The activity of fluorine-resistant cata-
lysts such as titania (23), titania- or zirconia-based catalysts
(29–31), sulfated metal oxides (32–34), tungstated metal
oxides (35–37), and metal phosphates (21, 38–41) for the
hydrolysis of CCl2F2 varies, and it is difficult to make a
precise comparison among these catalysts because of the
different reaction conditions. Roughly speaking, complete
hydrolysis of CCl2F2 in the presence of water vapor occurs
on the catalysts from 250 to 450◦C. The catalytic stability
of these catalysts on stream is much better than that of the
catalysts in the first category, because surface fluorination
either hardly takes place or is not as severe as that for the
first category.

It is well known that a fair amount of medium-strong acid
sites are generated on the surfaces of many metal sulfates
after calcination (42, 43). As a result, they are active for var-
ious reactions such as hydration, dehydration, alkylation,
isomerization, esterification, and polymerization. In this
work, catalytic hydrolysis of CCl2F2 over a series of metal
sulfates was studied. Among them titanyl sulfate was found
to be the most effective catalyst for the reaction. Moreover,
titanyl sulfate was supported on nanosized titania prepared
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by different methods, and the activity, selectivity, and sta-
bility of the supported catalysts were investigated in detail.

EXPERIMENTAL

Catalyst Preparation

The original metal sulfates used in this work were hy-
drated Ti(SO4)2, SnSO4, Al2(SO4)3, NiSO4, Fe2(SO4)3,
MnSO4, CaSO4, and CuSO4. They were dehydrated at
350◦C for 3 h and pulverized. Then the dehydrated sulfate
powder was calcined at 350◦C for 3 h, except that Ti(SO4)2
was calcined at 350–650◦C for 3 h to investigate the effect
of calcination temperature on Ti(SO4)2.

Ti(OH)4 was obtained by a conventional sol–gel method
that involved the hydrolysis of TiCl4 with ammonium hy-
droxide followed by aging, washing, and drying at 110◦C.
Titania-supported titanyl sulfate was prepared by an im-
pregnation method (44). Upon mixing Ti(SO4)2 precal-
cined at 350◦C with water, a gel-like material was obtained.
Ti(OH)4 was added to this slurry, followed by stirring, evap-
orating water, and drying at 110◦C. The final calcination
was carried out at various temperatures (400–700◦C) for
3 h. The nonsupported and supported catalysts were la-
beled as TS-t and TS/TiO2(n)-t , where n stood for the ratio
of TiOSO4 to TiO2 in gram per gram and t for the calcina-
tion temperature in ◦C.

For comparison, three other kinds of TiO2 with differ-
ent structural and textural properties were also used as
supports. A thermally stable mesoporous TiO2 (m-TiO2)

with a nanosized anatase crystalline framework and or-
dered large pores was synthesized from a reaction mixture
of 0.05 Ce3+:1.0 TEOT:0.02 EO20PO70EO20:4.0 H2O:15.5
C2H5OH by stirring at ambient temperature for 48 h, fol-
lowed by a hydrothermal process at 120◦C for 24 h (45). An-
other kind of nanosized anatase TiO2 (s-TiO2)was prepared
by a combination of sol–gel hydrolysis precipitation of tita-
nium butoxide (Ti(OC4H9)4) and hydrothermal treatment
at 80◦C for 24 h (46). A commercial crystalline TiO2 (c-
TiO2) was obtained from the Chinese Medicine Company.
Titanyl sulfate was loaded on these supports using the same
impregnation method described previously. These catalysts
were labeled as TS/m-TiO2(n)-t , TS/s-TiO2(n)-t , and TS/c-
TiO2(n)-t as stated earlier.

Catalyst Characterization

The crystallographic phases present in the catalysts were
examined by X-ray diffraction (XRD). A Rigaku D/MAX-
II X-ray diffractometer with a CuKα X-ray source, a scan
speed of 8◦/min, and a scan range of 10–80◦ was used. The
surface areas of the catalysts were measured by nitrogen
adsorption at 77 K using a Micromeritics ASAP 2000 instru-

ment and calculated by the BET method. The amount of
acid sites was measured by NH3 temperature-programmed
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desorption (NH3-TPD) in a flow-type fixed-bed reactor at
ambient pressure. The sample (0.1 g) was heated at 300◦C
for 3 h and cooled to 120◦C in flowing He. At this tempera-
ture, the sample was treated by sufficient pulses of NH3 until
adsorption saturation, followed by a He purge for about 2
h. The temperature was then raised up from 120 to 300◦C
at a rate of 10◦C/min to desorb NH3 and was further main-
tained at 300◦C for 1 h. The amount of acid sites estimated
from the amount of NH3 desorbed up to 300◦C was de-
fined as weak acid sites. The temperature was then raised
up from 300 to 500◦C and held at 500◦C for 1 h. The amount
of acid sites estimated from the amount of NH3 desorbed
between 300 and 500◦C was defined as medium-strong acid
sites. The sulfur content of the catalysts was detected by a
chemical method. Dehydrated Na2CO3 and ZnO were used
as fusing agents, and the sulfate was turned into BaSO4 and
determined by a gravimetric method.

Reaction Testing

The catalytic hydrolysis of CCl2F2 was carried out in a
continuous fixed-bed flow microreactor under atmospheric
pressure. CCl2F2 (1000 ppm), water vapor (6000 ppm),
and balance air were mixed and passed through 0.4 g
(40–60 mesh) of the catalyst at a space velocity (GHSV)
of 10,000 h−1. Effluent gases were passed through a KOH
solution to eliminate the HF and HCl produced during
the reaction. Before the KOH trap, gases were collected
and identified using a gas chromatograph equipped with a
thermal conductance detector (TCD). The main hydrolysis
product was CO2 and no CO by-product was detected for
all the catalysts. Unreacted CCl2F2 and another possible
CClF3 by-product were separated with an Apiezon grease
L/SiO2 column (0.7 m) at 70◦C and then analyzed by a gas
chromatograph equipped with a flame ionization detector
(FID). The conversion of CCl2F2 and selectivity to CClF3

were calculated as follows:

[Conversion of CCl2F2]

= ([CCl2F2]in − [CCl2F2]out)/[CCl2F2]in× 100%;
[Selectivity to CClF3]

= [CClF3]out/([CCl2F2]in − [CCl2F2]out)× 100%,

where [ ]in and [ ]out meant the concentration of the chem-
ical substance going into and coming out from the reactor.

RESULTS

Activity of Metal Sulfates

The activities of various dehydrated metal sulfates for
the hydrolysis of CCl2F2 were tested and depicted in Fig. 1
as a function of reaction temperature. Among all the sul-

fates, titanium sulfate showed the highest activity. CCl2F2



E
202 DENG

FIG. 1. CCl2F2 conversion on metal sulfates as a function of reaction
temperature. Reaction mixture: 1000 ppm CCl2F2 and 6000 ppm water
vapor in air. Catalyst: 0.4 g. j—Ti(SO4)2, d—SnSO4, m—Al2(SO4)3, .—
NiSO4, r—Fe2(SO4)3, +—MnSO4, ×—CuSO4, ×+—CaSO4.

began to decompose above 200◦C and the conversion in-
creased rapidly with reaction temperature. Complete con-
version of CCl2F2 was reached at 310◦C. No CO and CClF3

were formed during the reaction. Stannous sulfate showed
the next highest activity for the hydrolysis of CCl2F2. The
conversion on SnSO4 reached 84.5% at 350◦C. The cata-
lytic activities of all the other metal sulfates were lower,
converting less than 60% of CCl2F2 at 350◦C. The acti-
vity sequence of the anhydrous metal sulfates is Ti(SO4)2 >

SnSO4 > Al2(SO4)3 > NiSO4 > Fe2(SO4)3 > MnSO4 >

CaSO4, CuSO4.
The electronegativity and specific surface area of the

metal sulfates are listed in Table 1. No simple relation be-
tween the activity and these parameters could be found. It
has been noted that electronegativity is an important pa-
rameter of metal sulfates determining their activity and se-
lectivity in acid-catalyzed reactions (47–49). However, in
some of the reactions conducted on unsupported metal sul-
fates, such as dehydration of ethanol, a simple relationship
between activity and electronegativity does not exist. Such
a phenomenon has been explained by the difference in sur-
face area from one dehydrated metal sulfate to another

TABLE 1

Activity and Properties of Metal Sulfates

Conversion of CCl2F2 (%)
Surface

Sulfate 270◦C 310◦C 350◦C χi
a area (m2/g)

Ti(IV) 48.4 100 — 13.5 7.9
Sn(II) 32.1 69.7 84.5 9.0 9.8
Al(III) 2.4 13.9 59.6 10.5 3.0
Ni(II) 2.0 10.4 40.0 9.0 28
Fe(III) 0 4.6 32.2 12.6 5.3
Mn(II) 0 4.2 17.6 7.5 4.9
Ca(II) 0 3.2 7.5 5.0 10
Cu(II) 0 1.5 8.5 9.5 11
aχi = (1+ 2Z)χ0, χ0 is the electronegativity of the neutral atom given
by Pauling, and Z is the charge of the ion (47).
T AL.

(49). From the results in Table 1, this explanation is also
questionable. The failure to find a clear correlation between
activity and electronegativity and/or surface area here may
result from the complexity of the variation in the concen-
tration and reactivity of the surface acid sites connected to
the extent of dehydration of the metal sulfates. Since the
formation of acid sites on metal sulfates is related to the
generation of vacant sites in the sulfate structure upon de-
hydration, the acidic properties of metal sulfates depend
greatly on their degree of dehydration (43). In our experi-
ments, the degree of dehydration of the sulfates upon calci-
nation at 350◦C and the degree of their rehydration during
the reaction vary from one to another; hence it is not sur-
prising that the order of activity for CCl2F2 hydrolysis does
not parallel with that based on electronegativity and/or spe-
cific surface area.

Since titanium sulfate is the most efficient catalyst for the
reaction, the following experiments were conducted mainly
on this particular sulfate.

Effect of Calcination Temperature

As shown in Fig. 2, the activity of titanium sulfate de-
creased with increasing calcination temperature. CCl2F2

was decomposed completely at 310◦C on TS-350, whereas
TS-650 decomposed CCl2F2 completely at 375◦C, close to
the complete decomposition temperature of pure TiO2.
Catalytic activities of Ti(SO4)2 calcined at different temper-
atures for cumene cracking at 180◦C were reported and the
maximum activity was observed with calcination at 625◦C
(50). The inconsistency of the optimum calcination tem-
perature in these two cases suggests that the acid strengths
of the acid sites required for the two reactions are differ-
ent. Cumene cracking at low temperature is catalyzed only
by very strong acid sites, but medium-strong acid sites are
needed for the catalytic hydrolysis of CCl2F2 (39).

FIG. 2. CCl2F2 conversion on TS-t series as a function of reaction
temperature. Reaction mixture: 1000 ppm CCl2F2 and 6000 ppm water

vapor in air. Catalyst: 0.4 g. j—TS-350, d—TS-400, m —TS-450, .—TS-
500, r—TS-550, +—TS-600, ×—TS-650.
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FIG. 3. XRD patterns of TS-t series. From bottom to top: TS-350,
TS-600, TS-650. r—TiOSO4, .—anatase TiO2.

XRD patterns of Ti(SO4)2 calcined at 350, 600, and 650◦C
are shown in Fig. 3. Only diffractions of TiOSO4 were
observed in the pattern of the sample calcined at 350◦C.
Strong diffraction peaks of both anatase TiO2 and TiOSO4

appeared in the sample calcined at 600◦C, and the diffrac-
tion peaks of TiOSO4 disappeared in the sample calcined
at 650◦C. These results imply that titanyl sulfate provides
the medium-strong acid sites active for the hydrolysis of
CCl2F2, and the activity of the catalyst is correlated with
the amount of TiOSO4 in the catalyst. In contrast, the very
strong acid sites active for cumene cracking at low tem-
perature reported in the literature may result from further
decomposition of TiOSO4 above 350◦C, when the catalyst
has partly transformed to anatase TiO2. As the calcination
temperature was further increased to 650◦C, desulfation of
the catalyst was almost completed, and so the activities for
both reactions dropped.

To improve the activity of titanyl sulfate, it was supported
on titania prepared by a conventional sol–gel method.
Figure 4 illustrates the CCl2F2 hydrolysis activities of

FIG. 4. CCl2F2 conversion on the TS/TiO2(0.2)-t series as a func-
tion of reaction temperature. Reaction mixture: 1000 ppm CCl2F2 and
6000 ppm water vapor in air. Catalyst: 0.4 g. j—TS/TiO2(0.2)-400,

d—TS/TiO2(0.2)-500, m—TS/TiO2(0.2)-600, .—TS/TiO2(0.2)-700, r—
TiO2-500.
F CCl2F2 ON TiOSO4/TiO2 203

TS/TiO2(0.2)-t series catalysts calcined at different tem-
peratures. Obviously, the optimum calcination tempera-
ture for the series with the same titanyl sulfate loading of
0.2 g/g was 500 instead of 350◦C. CCl2F2 was decomposed
over TS/TiO2(0.2)-500 completely at 265◦C, which was 45◦C
lower than the complete hydrolysis temperature of the
nonsupported TS-350 catalyst. Both TS/TiO2(0.2)-400 and
TS/TiO2(0.2)-600 were less active than TS/TiO2(0.2)-500.
Complete conversion of CCl2F2 was reached on these cata-
lysts around 300◦C, which was still slightly lower than the
complete hydrolysis temperature of TS-350. Meanwhile,
the calcination temperature of 700◦C was definitely too high
for the supported catalyst due to desulfation. The catalytic
performance of TS/TiO2(0.2)-700 became similar to that
of the TiO2 support, converting CCl2F2 completely above
360◦C.

It was noted during reaction tests that the activity
of TS/TiO2(0.2)-400 and TS/TiO2(0.2)-500 reached steady
state within 15 min under all reaction temperatures,
whereas for the other three catalysts the steady-state
activity was reached after more than 1 h on stream, as shown
in Fig. 5. The initial increase in activity for these catalysts
is probably related to the surface fluorination of TiO2 at
high reaction temperatures (23, 32). A fluorine substitu-
tion mechanism for the TiO2 catalyst has been proposed to
explain the generation of additional acid sites responsible
for the increase in activity (23). When fluorine replaces the
surface hydroxyl attached to Ti4+, fluorine pulls the elec-
trons in the adjacent bonds toward itself and consequently
the adjacent O–H bond is weakened, making the hydro-
gen more acidic. For TS/TiO2(0.2)-400 and TS/TiO2(0.2)-
500 catalysts, surface fluorination of the catalysts is inhib-
ited because of their high surface sulfate content and low
reaction temperature.

XRD patterns of TS/TiO2(0.2)-t series catalysts are
shown in Fig. 6. Only diffractions of anatase TiO2 were

FIG. 5. CCl2F2 conversion of TS/TiO2(0.2)-t series as a func-
tion of reaction time. Reaction mixture: 1000 ppm CCl2F2 and
6000 ppm water vapor in air. Catalyst: 0.4 g. j—TS/TiO2(0.2)-400

(280 C), d—TS/TiO2(0.2)-500 (260 C), m—TS/TiO2(0.2)-600 (280 C),
.—TS/TiO2(0.2)-700 (330◦C), r—TiO2-500 (330◦C).
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FIG. 6. XRD patterns of TS/TiO2(0.2)-t series. From bottom to top:
TS/TiO2(0.2)-400, TS/TiO2(0.2)-500, TS/TiO2(0.2)-600, TS/TiO2(0.2)-700.

observed in the patterns due to the high dispersion of titanyl
sulfate on TiO2 support. The intensity of the diffraction
peaks increases with calcination temperature, implying that
the crystallite size of TiO2 is increased. The sulfur con-
tent, specific surface area, crystallite size calculated from
the Scherrer equation, and amount of acid sites determined
by the NH3-TPD method of the TS/TiO2(0.2)-t series cata-
lysts are summarized in Table 2. The sulfur content, specific
surface area, and total amount of acid sites of the catalysts
decrease monotonicly with calcination temperature, while
the crystallite size of anatase TiO2 increases. The high sur-
face area and surface acidity of the catalysts calcined below
600◦C are responsible for their high activity toward CCl2F2

hydrolysis. On the other hand, TS/TiO2(0.2)-500 has more
medium-strong acid sites than the other catalysts, which
explains its maximal activity for CCl2F2 hydrolysis in the
series.

Effect of Titanyl Sulfate Loading

As the ratio of TiOSO4/TiO2 increased from 0.1 to 0.6 g/g,
the activity of the TS/TiO2(n)-500 series showed slight
changes, as shown in Fig. 7. Complete conversion of CCl2F2

over TS/TiO2(0.1)-500, TS/TiO2(0.2)-500, TS/TiO2(0.4)-

500, and TS/TiO2(0.6)-500 occurred at 265, 265, 270, and
275◦C, respective

of titanyl sulfate above 0.4 g/g may result from the reduction

ly.

TABLE 2

Physical and Chemical Properties of TS/TiO2(0.2)-t Series Catalysts

Calcination SO3 Surface Crystallite Weak acid Medium-strong Total acid
temperature content area size sites acid sites sites

(◦C) (wt%) (m2/g) (nm) (mmol/g) (mmol/g) (mmol/g)

400 10.0 129 12 0.910 0.265 1.175
500 6.6 100 18 0.705 0.292 0.997
600 1.7 47 40 0.541 0.165 0.706

in surface area with increasing loading.
700 0.9 17 240
T AL.

FIG. 7. CCl2F2 conversion on the TS/TiO2(n)-500 series as a func-
tion of reaction temperature. Reaction mixture: 1000 ppm CCl2F2 and
6000 ppm water vapor in air. Catalyst: 0.4 g. j—TS/TiO2(0.1)-500, d—
TS/TiO2(0.2)-500, m—TS/TiO2(0.4)-500, .—TS/TiO2(0.6)-500.

The XRD patterns of the TS/TiO2(n)-500 series are given
in Fig. 8. Broad diffraction peaks of anatase TiO2 were ob-
served for all the samples, implying that the crystallites of
TiO2 in the catalysts were nanosized. No TiOSO4 diffrac-
tion peaks were found for samples with TiOSO4/TiO2

ratios below 0.2 g/g, indicating that the sulfate was
highly dispersed on the support. For the sample with a
TiOSO4/TiO2 ratio of 0.4 g/g, a weak diffraction peak
(2θ = 28◦) of TiOSO4 was observed. The intensity of the
diffraction peaks of TiOSO4 increased further with an in-
creasing TiOSO4/TiO2 ratio. The specific surface area of
the catalysts and the crystallite size of TiO2 in the cata-
lysts calculated from the Scherrer equation are listed in
Table 3. The crystallite sizes of anatase TiO2 in the catalysts
are much smaller than those in pure TiO2 calcined at the
same temperature, so that the surface areas of the catalysts
are considerably higher than those in pure TiO2. This shows
that dispersion of titanyl sulfate on TiO2 inhibits the growth
of anatase crystallites significantly during calcination. The
slight decrease in catalytic activity for samples with loading
0.327 0.107 0.434
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FIG. 8. XRD patterns of TS/TiO2(n)-500 series. From bottom to top:
TS/TiO2(0.1)-500, TS/TiO2(0.2)-500, TS/TiO2(0.4)-500, TS/TiO2(0.6)-500.
r—TiOSO4.

Effect of Various TiO2 Supports

There are numerous ways to prepare nanosized TiO2. The
most common method is sol–gel hydrolysis precipitation
followed by calcination (51) or hydrothermal treatment
(46). The latter was known to be an effective method to
promote crystallization of titania under mild temperatures
and to produce a nanocrystalline titania of ultrahigh sur-
face area. Hence, in this work nanosized anatase TiO2

support (s-TiO2) was prepared following the procedure
described in the literature (46). Recently, a mesoporous
TiO2 with a nanosized crystalline anatase TiO2 framework
(m-TiO2) was synthesized successfully using a block copoly-
mer EO20PO70EO20 as a structure-directing agent in our
laboratory (45). This type of material has a high specific
surface area (≈150 m2/g), a large pore size (≈6 nm), and a
regular pore structure, which are essential to a good cata-
lyst support. Titanyl sulfate was loaded on s-TiO2, m-TiO2,
and a commercial TiO2 (c-TiO2), and the activities of these
catalysts for CCl2F2 hydrolysis were compared.

Figure 9 shows the temperature profiles of CCl2F2 hy-
drolysis on titanyl sulfate supported on various types of
TiO2. Among the catalysts, TS/m-TiO2(0.2)-500 exhibited
the highest activity. Complete hydrolysis of CCl2F2 oc-
curred at 260◦C, which was even lower than the complete

TABLE 3

Properties of TS/TiO2(n)-500 Series Catalysts

Surface area Crystallite size
Catalysts (m2/g) (nm)

TS/TiO2(0.1)-500 84 21
TS/TiO2(0.2)-500 100 18
TS/TiO2(0.4)-500 79 14
TS/TiO2(0.6)-500 68 14
TiO2-500 16 200
T
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FIG. 9. CCl2F2 conversion of titanyl sulfate supported on vari-
us TiO2 as a function of reaction temperature. Reaction mixture:
000 ppm CCl2F2 and 6000 ppm water vapor in air. Catalyst: 0.4 g. j—
S/TiO2(0.2)-500, d—TS/s-TiO2(0.2)-500, m—TS/m-TiO2(0.2)-500, .—
S/c-TiO2(0.2)-500.

ydrolysis temperature (265◦C) of TS/s-TiO2(0.2)-500 and
S/TiO2(0.2)-500. TS/c-TiO2(0.2)-500 was the least active
atalyst. It was almost inactive for the reaction below 240◦C,
nd the conversion of CCl2F2 on the catalyst was only about
0% at 260◦C.

XRD patterns of these supported titanyl sulfate cata-
ysts are given in Fig. 10. Similar to TS/TiO2(0.2)-500, only
road diffractions of anatase TiO2 were observed in the pat-
erns of TS/m-TiO2(0.2)-500 and TS/s-TiO2(0.2)-500, indi-
ating that titanyl sulfate was also highly dispersed on these
anosized anatase TiO2 supports. Sharp diffraction peaks
f anatase TiO2 and relatively weak peaks of rutile TiO2

ere observed in TS/c-TiO2(0.2)-500. The specific surface
rea and crystallite size of anatase TiO2 calculated from
he Scherrer equation of the catalysts are listed in Table 4.
he variation of activity among these catalysts correlates
ell with their difference in surface area, showing that

FIG. 10. XRD patterns of titanyl sulfate supported on various
iO2’s. From bottom to top: TS/TiO2(0.2)-500, TS/m-TiO2(0.2)-500, TS/s-

iO2(0.2)-500, TS/c-TiO2(0.2)-500. d—rutile TiO2
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TABLE 4

Properties of Various Supported Titanyl Sulfate Catalysts

Surface area Crystallite size
Catalysts (m2/g) (nm)

TS/m-TiO2(0.2)-500 111 13
TS/s-TiO2(0.2)-500 103 15
TS/c-TiO2(0.2)-500 8.0 —
TS/TiO2(0.2)-500 100 18

increasing the surface area of the titania-supported cata-
lyst is advantageous to the reaction.

Catalyst Stability

TS/TiO2(0.2)-500 was chosen as a representative sample
to test the catalytic stability of this type of catalyst. To clarify
the changes in activity with time, the test was carried out at
260◦C because the conversion of CCl2F2 would not reach
100% under this condition. The result is shown in Fig. 11,
and no deactivation was observed on TS/TiO2(0.2)-500
within the test period. The initial conversion was 96.9%,
and it remained unchanged after 360 h on stream. Again,
no CO was detected in the effluent gas, and the selectivity
to CClF3 is shown in Fig. 11. The amount of CClF3 detected
in the effluent did not exceed 0.5% in the whole reaction
course of 360 h.

XRD patterns of the catalyst before and after reaction
are compared in Fig. 12. No obvious structural change of the
catalyst could be found. The surface area and sulfur content
of the catalyst after reaction were 86.8 m2/g and 6.4 wt%,
respectively, which were a little lower than those of the
fresh catalyst (see Table 2). The previous results demon-
strate that TS/TiO2(0.2)-500 is not only active and selective
for the complete hydrolysis of CCl2F2 in the presence of
water vapor but also very stable on stream, implying that
the catalyst is rather inert toward the gaseous products HF
and HCl formed in the reaction.

FIG. 11. Activity and selectivity of TS/TiO2(0.2)-500 on stream. Reac-

tion mixture: 1000 ppm CCl2F2 and 6000 ppm water vapor in air. Catalyst:
0.4 g. m—Conversion of CCl2F2, d—selectivity to CClF3.
T AL.

FIG. 12. XRD patterns of TS/TiO2(0.2)-500 before and after reaction.
From bottom to top: TS/TiO2(0.2)-500 before reaction, TS/TiO2(0.2)-500
after reaction.

DISCUSSION

The major reaction of CCl2F2 hydrolysis in the presence
of water vapor and air is (39)

CCl2F2 + 2H2O→ CO2 + 2HF+ 2HCl.

Based on in situ IR results, the following reaction mecha-
nism has been proposed (23):

CX4 +H+ → CX4H+ X = Cl, F

CX4H+ +OH− → COX2 + 2HX

COX2 +H2O→ CO2 + 2HX.

Adsorption of CCl2F2 molecules on Brønsted acid sites with
simultaneous reaction between CCl2F2 and surface hydrox-
yls is probably the rate-determining step, when the concen-
tration of water vapor in the feed is in excess, so that the
activity of the catalysts depends on the amount of acid sites
on the catalyst surface. Meanwhile, CClF3 may form in the
reaction as a minor by-product through halogen exchange
on the catalyst,

CCl2F2 + F− → CClF3 + Cl−.

Strong acid sites could abstract F− from CCl2F2, leading
to an increase in the concentration of F− on the catalyst
surface and enhancing the formation of CClF3 (39). There-
fore, catalysts abundant in medium-strong acid sites, such
as TiOSO4 formed by calcination of titanium sulfate at an
appropriate temperature, are more ideal for complete and
selective hydrolysis of CCl2F2.

Hydrogen fluoride formed in the hydrolysis of CCl2F2 is
extremely corrosive. Alumina, zeolites, and many other acid
catalysts will deteriorate during reaction due to surface fluo-
rination. Chemical compounds with smaller negative Gibbs

free energy changes for their reaction with HF should be
more resistant to fluorination (39, 51). The1G values of the
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TABLE 5

1G Values of the Formation of Fluoride from Metal Oxides,
Phosphates, and Sulfates

Oxide 1G (kJ/mol) Phosphate 1G (kJ/mol) Sulfate 1G (kJ/mol)

MgO −96.3 Mg3(PO4)2 −43.1 MgSO4 −27.0
CaO −123.0 Ca3(PO4)2 −33.5 CaSO4 +1.3
γ -Al2O3 −57.4 AlPO4 −35.0 Al2(SO4)3 −34.0
Fe2O3 −40.9 FePO4 — Fe2(SO4)3 −18.2
NiO −37.3 Ni3(PO4)2 −7.3 NiSO4 +6.0
CuO −25.8 Cu3(PO4)2 −5.0 CuSO4 +9.6
a-TiO2 −10.1 — — — —

formation of metal fluorides from metal oxides, phosphates,
and sulfates were calculated using the few thermodynamic
data available in the handbook (53) and are listed in Table 5.
It is obvious that the calculated1G values of metal sulfates
are less negative than those of metal oxides and phosphates
and in some cases the 1G values even become positive.
This explains the superiority of metal sulfates over metal
oxides and phosphates in the aspect of antifluorination dur-
ing reaction. Therefore, it is not surprising to find that cat-
alysts composed of metal sulfate have a longer catalyst life
than the other catalysts. In addition to this, the 1G value
of fluoride formation of anatase TiO2 is less negative com-
pared to those of the other metal oxides, so that anatase
TiO2 is an ideal supporting material for CCl2F2 hydrolysis
catalysts.

A high specific area is one of the essential requirements
for an active catalyst. The specific surface area of TiOSO4

formed by calcination of titanium sulfate at 350◦C is
only 7.9 m2/g, which is indeed rather small for a practical
catalyst. Supporting TiOSO4 on nanosized anatase TiO2

is an effective way to increase the specific surface area of
the catalyst to around 100 m2/g and to improve its catalytic
activity. In the present work, nanosized titania-supported
titanyl sulfate catalysts have been prepared successfully
in two ways. One is a two-step method, i.e., preparing a
nanosized anatase TiO2 support first and then supporting
TiOSO4 on it by impregnating and calcining at 500◦C,
such as the preparation methods of TS/m-TiO2(0.2)-500
and TS/s-TiO2(0.2)-500. The other is a one-step method,
i.e., impregnating TiOSO4 directly on amorphous Ti(OH)4

and calcining at 500◦C, such as the method used for
TS/TiO2(0.2)-500. It has been observed that there is no
significant difference in the structure and specific surface
area of the catalysts prepared in these two ways, and so
their activity and selectivity for the hydrolysis of CCl2F2

are close to each other. Experimental results in this work
show that dispersion of TiOSO4 on amorphous titania
promotes the formation of nanosized anatase TiO2 and
inhibits its crystal growth during calcination, so that the

crystallite size of anatase TiO2 in TS/TiO2(0.2)-500 is much
smaller than that in TiO2-500 and only slightly larger than
F CCl2F2 ON TiOSO4/TiO2 207

that in TS/m-TiO2(0.2)-500 and TS/s-TiO2(0.2)-500 (see
Tables 3 and 4). On the other hand, the dispersion of
TiOSO4 also inhibits the phase transition of the nanosized
anatase TiO2 in the catalysts. Hence, no rutile phase has
appeared in the catalysts calcined at 500–600◦C, which
helps the catalysts to maintain their large surface area and
high catalytic activity for the hydrolysis of CCl2F2.

CONCLUSIONS

The hydrolysis of CCl2F2 in the presence of water va-
por and air was studied over various metal sulfates. Among
these sulfates, TiOSO4 formed by calcination of titanium
sulfate at 350◦C is the most active catalyst for the reaction.
The complete hydrolysis temperature of CCl2F2 on TiOSO4

is 310◦C. Supporting TiOSO4 on nanosized anatase TiO2

may further increase its activity. CCl2F2 decomposes com-
pletely on nanosized titania-supported TiOSO4 catalysts at
260–265◦C. The activity of the supported catalysts corre-
lates well with their specific surface area and the amount
of medium-strong acid sites on the surface. The results of
a 360-h long-term experiment show that the activity of the
supported catalyst is very stable and the selectivity to CClF3

in the effluent remains lower than 0.5%. This supported
TiOSO4 catalyst promises to be of practical use.
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