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The catalytic decomposition of CFC-12 (CCl,F;) in the presence of water vapor was investigated over a series of solid acids
WO3/ZrO,. Compared with tungstic acid, anmmonium metatungstate is a better source of tungsten oxide for the preparation of WO3/ZrO,
catalysts. CFC-12 decomposition activities of WO3/ZrO, catalysts are in good agreement with their acidities. Enhancing the acidities
of catalysts is favorable to increase their CFC-12 decomposition activities. WO3/ZrO, catalysts calcined at higher temperature exhibit
good catalytic activity and stahility for the hydrolysis of CFC-12, and show better structural stability during the reaction.
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1. Introduction

Due to their beneficial chemical properties and safety
to humans, chlorofluorocarbons (CFCs) have been widely
used as refrigerants, fire-extinguishing agents, foaming
agents of foamed plastics and so on for more than 60 years.
However, considerable evidence has indicated that CFCs
diffused to the stratosphere are a major cause of ozone de-
pletion [1,2]. Although there are severa techniques to de-
stroy CFCs, catalytic hydrolysis seems to be the most prac-
tical and energetically favorable approach because of the
simple process and the availahility of water, especialy for
treating small amounts of CFCs [3]. In addition, Karmakar
et a. pointed out that the presence of water vapor in the
feed stream could improve the catalytic stability of TiO,
substantially for the decomposition of CFC-12 [4]. Li et
al. also demonstrated that the coexistence of water vapor
in the reaction system could suppress the transformation
of oxides to fluorides, progress the formation of CO,, and
improve catalyst life for the HCFC-22 decomposition [5].
Owing to these advantages, the decomposition of CFCs in
the presence of water vapor was investigated by several
groups [6-14]. However, only a few catalysts having good
stability for the hydrolysis of CFCs have been reported.
The main problem in this research direction is cataysts
durability during the reaction, because HF and HCI pro-
duced during the reaction may corrode the catalysts, thus
cause catalysts deactivation.

In this work, decomposition of CFC-12 in the presence
of water vapor over WO3/ZrO, catalysts was reported for
the first time. Effects of tungsten oxide source, calcination
temperature and tungsten oxide content on the catalytic ac-
tivity were investigated in detail. The activity was corre-
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lated with acidity of the catalysts, and catalysts life was
also examined.

2. Experimental

Aqgueous ammonia was added dropwise to a solution of
ZrOCl;-8H,0 till pH = 9-10. After washing the hydrox-
ide and drying at 110°C, it was impregnated with agueous
ammonium metatungstate followed by evaporating water,
drying and calcining in static air at different temperature
for 3 h. The obtained catalysts are designated as *WZ(t),
where x stands for the content of WOz in g-WOs/g-ZrOs,
and t. stands for the calcination temperature in °C. For
comparison, amorphous Zr(OH), precipitate was kneaded
with tungstic acid followed by calcination in static air at
different temperature for 3 h. The prepared catalysts are
labeled as tHWZ(t.), where the meaning of = and ¢. is the
same as above.

X-ray diffraction (XRD) patterns were obtained on a
Rigaku D/MAX-IIA diffractometer using Cu Ko radiation
with 40 kV and 40 mA, scan speed 16°/min and scan range
10-70°. The apparent dispersion thresholds of WO3; on
ZrO, were determined by XRD, using TiO, (anatase) as
inner standard. The peak area for reflections 001, 020 and
200 of WO3 and 101 of TiO, was measured. The peak in-
tensity ratio Iwo,/Itio, (Y axis) was plotted versus amount
of WOs3 added (X axis). An intercept on the X axis stands
for apparent dispersion thresholds of catalysts. BET surface
area, pore volume and pore size distribution of the catalysts
were measured on a Micromeritics ASAP 2000 system un-
der liquid N, temperature using N as the adsorbate. NHs-
TPD were carried out in a flow system. The samples were
pretreated at 500 °C under helium flow. NH3 was adsorbed
at 120°C, and then the temperature was raised at a rate
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Table 1
CFC-12 decomposition activity of WO3/ZrO, catalysts prepared from different WO3 sources.

Catalyst Reaction temp. Conversion (%)

(°C) 05h 10h 15h 2h 4h 6h 8h
0.15HWZ(500) 270 49.5 55.1 624 681 732 635 605
0.15WZ(500) 270 97.9 98.4 984 971 949 920 9038
0.15HWZ(800) 300 83.5 85.0 848 85 8.0 8.4 850
0.15WZ(800) 300 94.5 95.5 9.8 9.2 965 9.3 964

of 10°C/min from 120 to 550 °C. The amount of NH3 de-
sorbed was detected by gas chromatography.

The catalytic decomposition of CFC-12 in the pres-
ence of water vapor was carried out on a continuous-
flow reaction apparatus at atmospheric pressure. CFC-12
(1000 ppm), water vapor (6000 ppm) and balance air were
mixed up and passed through 0.4 g catalyst with space ve-
locity (GHSV) of 10000 h—t. The CFC-12 conversion on
WO3/ZrO, catalysts was measured 0.5-1 h after the re-
action temperature was reached. The effluent gases were
passing through KOH solution to neutralize HCl and HF
generated during the reaction.

3. Reaults and discussion

3.1. Influence of tungsten oxide sources on catalytic
activity

The CFC-12 hydrolysis proceeds according to the equa-
tion [4,15]

CClzF2 4+ 2H,0 — CO, + 2HCI 4 2HF

However, by-products such as CO and CFC-13 are often
generated during the reaction. The exhaust gas was col-
lected and analyzed by GC-MS, and it has been demon-
strated that CCIF; (CFC-13) is the main by-product during
the hydrolysis of CFC-12 on WQOg3/ZrO, catalysts. When
100% conversion is achieved, the selectivity to CO, (de-
fined as the ratio of moles of CO, produced to moles of
CFC-12 decomposed) for all the WO3/ZrO, catalysts em-
ployed in this paper is above 98%.

Table 1 gives CFC-12 decomposition activity of WOsz/
ZrO;, catalysts prepared from different WO3 sources. At the
same calcination temperature, WZ catalysts exhibit higher
catalytic activity than HWZ catalysts, especially at lower
calcination temperature (500°C), indicating that ammo-
nium metatungstate is a better source of tungsten oxide
to prepare WOs3/ZrO, catalysts than tungstic acid. XRD
patterns of the catalysts are depicted in figure 1. The WO3
diffraction peaks are obviously observed in both HWZ cat-
alysts calcined at 500 and 800°C. However, the WO; dif-
fraction peaks do not appear in the WZ(500) catalyst, but
appear in WZ(800). The above XRD results show that
WOs is better dispersed on the surface of zirconia for WZ
catalysts than for HWZ. The number of acid sites meas-
ured by NH3-TPD and BET surface area of the samples
listed in table 2 show that WZ catalysts have higher sur-
face area and more acid sites than the corresponding HWZ
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Figure 1. XRD patterns of the catalysts prepared from different WO3
sources: (8) 0.15HWZ(500), (b) 0.15WZ(500), (c) 0.15HWZ(800) and
(d) 0.15WZ(800); (e) crystaline WOs3.

Table 2

Surface area, acidity and CFC-12 decomposition activity of the catalysts.
Samples Surface area Acid sites Too

(m?/g) (mmol/g) (°C)
0.15HWZ(500) 56.7 0.33 —
0.15HWZ(800) 32.1 0.24 —
0.15WZ(500) 84.3 0.64 265
0.15WZ(600) 78.1 0.67 260
0.15WZ(700) 56.8 0.63 270
0.15WZ(800) 420 0.45 290
0.20WZ(600) 79.4 0.71 250
0.30WZ(600) 75.8 0.68 260
0.40WZ(600) 67.3 0.62 275

catalysts prepared under the same conditions. The surface
area of the 0.15WZ(500) sample is ca. 50% higher than
that of 0.15HWZ(500), while the acid sites of the former
are 94% greater than those of the latter. In conclusion,
when ammonium metatungstate is used as the source of
WO; to prepare WO3/ZrO, catalysts, WO3 is better dis-
persed on the surface, which is beneficia to retain higher
surface area of the samples after calcination at high temper-
ature. In return, more acid sites are produced, which is the
main reason why WZ catalysts are more active than HWZ
catalysts for the decomposition of CFC-12, since acid sites
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of the samples play an important role in the decomposition
of CFCs [4,8,13,16]. Consequently, the following catalysts
studied in this paper were al prepared from ammonium
metatungstate.

3.2. Effects of calcination temperature and tungsten oxide
content on catalytic activity

Figure 2 depicts the CFC-12 conversion on some typical
WZ catalysts as a function of reaction temperature. Their
activities increase with reaction temperature and show typ-
ica sigmoid curves. The temperatures at which 90% of
the CFC-12 was converted (Tgo) were read from the curves
and used as a measure of the decomposition activities. The
activity of 0.15WZ catalysts calcined at different temper-
atures for the CFC-12 decomposition is given in table 2
and figure 3. It can be seen that the catalytic activity of
0.15WZ catalysts increases with cal cination temperature up
to 600 °C and then decreases as the cal cination temperature
of the catalysts is further increased. The number of acid
sites measured by NH3-TPD of 0.15WZ catalysts calcined
at different temperatures is also depicted in figure 3, and it
isin good agreement with the activity of the catalysts. The
maximum acid sites are observed for 0.15WZ(600) catalyst
which exhibits the highest activity for the CFC-12 decom-
position.

The influence of tungsten oxide content on the catalytic
activity of WZ(600) samples for the decomposition of CFC-
12 was also investigated and the results are shown in table 2
and figure 4. The activity increases with tungsten oxide
content up to 0.20 g-WOs/g-ZrO, and decreases as the con-
tent of tungsten oxide is further increased. As illustrated
in figure 4, the number of acid sites on WZ(600) catalysts
with different tungsten oxide contents correlates well with
their catalytic activity. The highest activity is observed over
0.20WZ(600) which contains maximum acid sites.

Imamura et a. demonstrated that the decomposition of
CFC-12 proceeded on the acid sites whose Hy was more
negative than —5.6 [16]. Takita et al. reported that the rel-
atively weak acid sites were aso active for the decompo-
sition of CFC-12 [13]. Fu et a. suggested that the tremen-
dous increase in activity for CFC-12 decomposition ob-
tained by modifying TiO, with H,SO,4 may be attributed to
the superacidity of the sulfated catalyst [11]. Other authors
also demonstrated that acid sites are the active centers for
the CFCs decomposition [4,8]. However, relating the cat-
alytic activity to surface acidity systematically has rarely
been reported. Our results on the relationship between the
CFC-12 decomposition activity of WZ catalysts and their
acidities further demonstrate that acid sites of the catalysts
play an important role in the decomposition of CFC-12.
Increasing the acidity of the catalysts is favorable to the
CFC-12 decomposition.

3.3. Sability of the catalysts

In order to select typical catalysts to investigate the
catalyst stability in the CFC-12 hydrolysis, the apparent
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Figure 2. CFC-12 decomposition activity of some typica WZ cataysts:
(M) 0.15WZ(800), (e) 0.20WZ(600) and (LJ) 0.40WZ(600).
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Figure 3. Relationship between CFC-12 decomposition activity of 0.15WZ
catalysts cacined at different temperature and their acidities.
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Figure 4. Relationship between CFC-12 decomposition activity of

WZ(600) catalysts with different WOz content and their acidities.

dispersion thresholds of catalysts prepared from ammo-
nium metatungstate calcined at 600, 700 and 800°C, re-
spectively, were determined by XRD, using TiO, (anatase)
as inner standard. The apparent dispersion thresholds of
WZ(600, 700, 800) samples are 0.44, 0.34 and 0.11 g-WOs/
0-ZrO,, respectively. The catalytic activities of selected cat-
alysts with time on stream are listed in table 3. The CFC-
12 decomposition activity of WZ(600) catalysts decreases
gradually with time on stream, especially during the initial
20 h, no matter whether the tungsten oxide content is lower
or higher than the apparent dispersion threshold, while that
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Table 3
CFC-12 decomposition activities of selected catalysts with time on stream.

Catalyst Reaction temp. Conversion (%)
(°0) 1h  5h 9h 20h 24h 28h 32h
0.20WZ(600) 270 9.7 948 936 872 8.1 848 846
0.70WZ(600) 300 955 942 931 897 892 8.0 891
0.15WZ(700) 290 936 99 8.4 84 86 861 854
0.40W2Z(700) 295 984 984 983 984 980 981 981
0.075WZ(800) 320 9.7 95 95 9.6 973 974 975
0.15W2Z(800) 300 973 971 970 970 969 99 970
of WZ(800) catalysts keeps steadily during the reaction. " 100
As for WZ(700) catalysts, their activity is stable when the g ool
WO;3 content is above the apparent dispersion threshold, 2
but unstable when the WO3 content is below the apparent S g0t
dispersion threshold. 8 T,
The monolayer dispersion capacities of WZ(600, 700, 2 701
800) samples, calculated from the model on assuming 6 I
that the WO3 is dispersed as a close-packed monolayer ) 60_'
on the ZrO, surface, are 0.22, 0.13 and 0.098 g-WOs/g- 50— . . . ) . .
ZrO,, respectively. The apparent dispersion threshold of the 0 20 40 60 80 100 120
WZ(800) sample detected by XRD approximately agrees Time on stream, h
with the calculated monolayer dispersion capacity of WO;
on ZrO,, while those of both WZ(600) and WZ(700) sam- Figure 5. Long-term test of the catdysts. (e) 0.15WZ(800) and
. ) (M) 0.20WZ(600).
ples are much higher than the corresponding monolayer
dispersion capacities of WOz on ZrO, caculated using
the close-packed monolayer model, indicating that tung-
sten does not exist completely in the form of WO3; on the d
surface of both WZ(600) and WZ(700) samples. It may
exist partly in the form of polytungstate or the mixture of
HoW1208, and WeO3, on the surface of catalysts, which c
was investigated by IR in our earlier results [17]. When
the calcination temperature of WZ catalyst is higher (e.g.,
800°C), the tungsten on the catalyst surface exists in the A A A b
form of WO3, and the interaction between W and ZrO,
may be stronger, thus the tungsten on the catalyst surface
is not easy to lose, leading to the steady activity during
the reaction. When the calcination temperature is lower a
(e.g., 600°C), the interaction between W and ZrO, may be ; \ R N
weaker, aznd the polytgn_gstate or the mixture of HW1,0%, 10 30 50 70
and W6_Olg partly existing on the surfac_e of catalysts may 20/°
be relatively easy to lose during the reaction, so the catalyst
deactivates gradually, especially during the first 20 h. Figure 6. XRD patterns of the fresh and used catalysts: (a) fresh
To investigate the stability of WZ catalysts for longer 0.20WZ(600), (b) used 0.20WZ(600), (c) fresh 0.15WZ(800) and (d) used
term, the reaction has been run continuously for 120 h at 0.15WZ(800)-
300°C over 0.15WZ(800) and at 270 °C over 0.20WZ(600) Table 4
which is most active for the CFC-12 hydrolysis among Surface area and pore volume of the fresh and used catalysts.
the catalysts tested, and the results are depicted in fig-  cqayy Sger (M2/g) V (cmPlg) D2 (nm)
ure 5. It can be seen that the CFC-12 conversion on the Fresh  Used  Fresh  Used  Fresh  Used
0.20WZ(600) catalyst decreases from 98.4 to 74.5% after
120 h on stream. While for the 0.15WZ(800) catalyst, its  0200Z(00) 794 498 005 004 3% 380

initial conversion of CFC-12 is 97.3%, and after on stream
for 120 h it keeps steadily at ca. 97% without any observ-
able trend of deactivation.

The physicochemical properties of the catalysts before
and after the reaction for 120 h are compared. Figure 6
depicts XRD patterns of the fresh and used catalysts.

aMost probable pore diameter.

An obvious drop in the peak intensities is observed for
0.20WZ(600) after the reaction, suggesting a partial de-
struction of the crystallite structure by the corrosion of the
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Figure 7. Pore size distribution of the fresh (ll) and used (e) catalysts: (a) 0.15WZ(800) and (b) 0.20WZ(600).

reaction product HF. No appreciable drop in the peak in-
tensities (<5%) of the 0.15WZ(800) catalyst after 120 h of
operation can be noticed, indicating that there is no loss
in crystallinity for 0.15WZ(800) after the reaction. Table 4
compares the surface area and pore volume of the fresh and
used catalysts. Compared with the fresh sample, the sur-
face areaand pore volume of the used 0.15WZ(800) catalyst
decrease dlightly, showing that the 0.15WZ(800) catalyst is
stable with respect to the CFC-12 hydrolysis. However, the
used 0.20WZ(600) catalyst has lost its ca. 1/3 surface area
and pore volume. In addition, as illustrated in figure 7, no
significant changes in pore size distribution are observed
for 0.15WZ(800) after the reaction, while for 0.20WZ(600)
its most probable pore diameter increases by 11% after the
long-term test. It is concluded that the 0.15WZ(800) cata-
lyst which exhibits good catalytic stability shows much bet-
ter structural stability during the CFC-12 hydrolysisthan the
0.20WZ(600) catalyst which is most active for the reaction.
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