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Abstract

Catalytic decomposition of Cgl, in the presence of water vapor and air was investigated over mesoporous titanium and aluminum
phosphates. They are much more active than the ordinary titanium and aluminum phosphates. Comparison between two mesoporous cataly
shows that mesoporous aluminum phosphate is slightly more active than mesoporous titanium phosphate, but the latter catalyst exhibits high
stability than the former one during the reaction. The results based @AlRB and IR show that the activity of the catalysts is correlated
with their surface acidity and hydroxyl groups.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [4,15-18] have been attempted for the hydrolysis of
CFCs.

Chlorofluorocarbons (CFCs) diffused into the strato- Since the pioneering work of the Mobil researchers in the
sphere deplete the ozone layer and they are greenhouséevelopment of silica mesoporous molecular sieves in 1992
gases tod1,2]. Various kinds of CFCs have been banned [19], mesoporous inorganic materials have attracted increas-
since the Montreal Protocol signed in 1987. However, there ing interest because of high surface area, large pore volume
are still 2.25 million-tonnes of CFCs all over the world anduniform mesopores, which provide potential applications
and numerous air-conditioning systems are still using them as catalysts or catalyst supports involving bulky molecules.
as coolants. If these CFCs are released to the environ-Thermally stable mesoporous metal phosphates have been
ment without pretreatment, they will still endanger the successfully synthesized in several gro[#is-24]using the
ozone layer in the future. Several methods to destroy supramolecular assembly approach developed by researchers
CFCs have been developed so far. Among them catalyticat Mobil. More recently, block copolymer templating syn-
hydrolysis appears to be the most practical and promis- thesis of ordered stable mesoporous metal phosphates based
ing approach because of the simple process, readily avail-on an acid—base pair route was developed in our university
able water, high conversion and mild reaction conditions [25,26] However, so far there have been no reports describ-

[3,4]. Many types of acid catalysts, such as zeolitgl ing the use of mesoporous metal phosphates as catalysts for
heteropolyacidg6], alumina-based catalysfg,8], titania- the hydrolysis of CFCs.
or zirconia-based catalys{®-14] and metal phosphates In this work, mesoporous titanium and aluminum phos-

phates were synthesized based on an acid—base pair route.
The catalytic hydrolysis of CGF, over these materials has

* Corresponding authors. Tel.: +86 2165642409; fax: +86 2165641740, P€€N investigated and compared with ordinary metal phos-
E-mail address: wmhua@fudan.edu.cn (W. Hua). phates.
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2. Experimental and balance air were mixed and passed through 0.4g
catalyst (40-60 mesh) at a flow rate of 40mlmin
2.1. Preparation of catalysts Effluent gases were passed through a KOH solution to

eliminate HF and HCI produced during the reaction.

Mesoporous aluminum and titanium phosphates were syn-Unreacted CGIF> and another possible CGby-product
thesized following the procedure in the literatgb,26] were separated with an Apiezon grease L/Si&lumn
5mmol AICl3, 5mmol HsPO; and 0.1 mmol F127 were at 70°C and then analyzed by gas chromatography. The
addedto 0.65 mol ethanol. The mixture was stirred vigorously experimental data were obtained at 1 h after reaching the
for 30 min at room temperature and transferred into a dish to desired temperature by sequential heating, unless otherwise
evaporate ethanol at 4C for 6 h then at 80C for additional stated.
2 h. The product obtained was calcined at 56@or 6 h in air.
Mesoporous aluminum phosphate is designated as m-AIPO.
Mesoporous titanium phosphate (labeled as m-TiPO) was3, Results and discussion
prepared in the similar way by using Ti(QBg)4—PCk as an
acid—base pair and triblock copolymer P123 as a structure-3.7. Structural characterization
directing agent. The ordinary aluminum phosphate (desig-
nated as AIPO) was synthesized by a precipitation method  The wide-angle XRD patterns of mesoporous titanium and
[27].0.25 M aqueous Nkisolution was added dropwise toan  aluminum phosphates as well as the phosphates of Ti and
aqueous solution composed of stoichiometric amounts of alu- Al are shown inFig. 1 Only a very diffuse reflection near
minum nitrate and 85 wt.%4POy under stirringuntilpH4.5, 29 = 25° was observed in the scan range of 10%&tdicating
and then aged for 24 h. The precipitate was filtered, washedthat these samples are amorphdtig. 2 shows the small-
thoroughly with deionized water, dried at 140for24hand  angle XRD patterns of mesoporous metal phosphates. The m-
finally calcined at 550C for 6 h. The ordinary titanium phos-  AIPO sample exhibits an intense reflection at 0.88d a very

phate (designated as TiPO) was prepared by mixing aqueousveak peak at 1.36 whereas the m-TiPO sample displays a
Ti(SOq4)2 solution and 85wt.% BPO, under stirring. The

precipitate obtained was treated in the same manner as the
above.

2.2. Catalyst characterization

The wide-angle XRD patterns were recorded on a Rigaku
D/MAX-1IA diffractometer using Cu kx radiation, whereas
the small angle XRD patterns were recorded on a Bruker

C
D4 ENDEAVOR diffractomater using Cudlradiation. The M

Intensity (a.u.)

N2 adsorption/desorption isotherms were measured on a
Micromeritics ASAP 2000 instrument at196°C. The spe- Ly e T et
cific surface areas of the samples were calculated from the 10 20 30 40 50 60 70 80
adsorption isotherms by the BET method, and pore size dis- 2 Theta (degree)
tributions from the adsorption isotherms by the BJH method. _ _ _ _
Transmission electron microscopy (TEM) was conducted on Ft')g'T.ll'D éRD pat;eugnos of Lhe dSZTFP('DeS in the wide-angle region. (a) m-TiPO;
a JEOL-2011 instrument. The temperature-programmed des-( ) TIPO: (e m- and (d) '
orption of NHz (NH3-TPD) of the samples was carried outin

a flow-type fixed-bed reactor. The Nkdsorption tempera-
ture was 120C, and the temperature was raised at a rate of
10°C min~1. The desorbed Ngiwas collected in a liquid N

trap and analyzed by gas chromatography. For infrared spec-
troscopic (IR) study, self-supporting wafers with a density
of ca. 3mgcm? of the catalysts were prepared. IR spec-
trum was recorded on a Perkin-Elmer 983G spectrometer
after evacuation at 30@ for 3 h.

Intensity (a.u.)

2.3. Reaction testing e U B
0 1 2 3 4 5

2 Theta (degree)

The catalytic hydrolysis of CGF; was carried out in a
continuous fixed-bed flow microreactor under atmospheric rig 5 xRrp patterns of (a) m-AIPO and (b) m-TiPO in the small-angle
pressure. CGF2 (1000ppm), water vapor (6000ppm) region.
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Fig. 5. Pore size distributions of (a) AIPO and (b) TiPO.
Fig. 3. Ny adsorption/desorption isotherms of (a) m-AlPO and (b) m-TiPO
at—196°C. Table 1
Textural properties of the samples

single reflection at 0.88 The diffraction peaks in the small  sample Surface area  Pore diameter (nm) Pore volume
angle region are assigned to mesostructure. (m?g™h) (cmPg™h)
Fig. 3illustrates the N adsorption/desorption isotherms m_tipo 201.9 4.8 0.26
of mesoporous titanium and aluminum phosphates. The BJHTiPO 122.6 7.5 0.40
pore size distributions of the samples are present&iin. m-AlPO 298.6 10.2 0.54
139.7 10.9 0.41

The isotherms for both samples are of type IV with a typical AIPO

H1 hysteresis loop at high relative pressure, which is related
to the capillary condensation in the mesoporous channels. ]
The m-AIPO sample exhibits a much larger hysteresis loop latter sample. Comparison between both mesoporous metal
than m-TiPO, and the hysteresis loop appears inFitie p'h.osphates shows that the m-AIPO samp.le has h|gher spe-
range of 0.44—0.91 for m-AIPO and 0.43-0.72 for m-TiPO, cific surfa_ce area, larger pore volume ar_1d wider pore diameter
suggesting that the pore volume and pore diameter of the for-than m-TiPO. The TEM images of m-TiPO and m-AlPO are
mer sample are higher than those of the latter one. A narrowdiVen inFig. 6. The worm-like channels are observed for both
pore size distribution centered at 10.2 nm for the m-AIPO Samples.
sample and at 4.8 nm for m-TiPO is observed, as revealed
in Fig. 4 The BJH pore size distributions of the AIPO and 3 5 Acidic properties of the samples
TiPO samples are shown kig. 5 Both samples exhibit a
rather broad pore size distribution, and the pores in these  The surface acidity of the samples was measured by-NH
samples are those of the aggregates of nanosized nonporougpp method. There is only one broad peak on thesNH
particles. TPD profiles of all the samples, as shownFiy. 7. The

The specific surface area, pore volume and the most prob-peak temperature and number of acid sites on the samples
able pore diameter of all the samples are summarized ingre summarized iable 2 The peak temperatures are in
Table 1tis clear that the surface areas of mesoporous metal e range of 227-324C, showing that the acid sites of the
phosphates are much higher than those of the respective metadamples are of weak-medium strength. The acid strength and
phosphates. The pore volume of m-AlPO is larger than that of nymper of acid sites of the m-TiPO sample are greater than
AIPO. However, the pore volume of m-TiPO is smaller than those of TiPO. The acid strength of m-AIPO is identical to
that of TiPO, which is due to the wider pore diameter of the 5t of AIPO, and the number of acid sites on the former

sample is lower than that on the latter one. The Ti-containing

samples possess stronger acid sites than the Al-containing
a
008l b ones.
"g
=]
e Table 2
E o004l Results of NH-TPD and the CGIF, hydrolysis reaction
é Catalyst NHR-TPD CCbF; hydrolysis
2 Peak NH3 desorbed  Tso (°C)  Too (°C)
0.00 L temperature®C)  (mmolg1)
e P e m-TiPO 324 0.586 400 455
0 5 10 15 20 25 30 35 .
Pore diameter (nm) TiPO 297 0.503 420 475
m-AlPO 227 1.066 400 445
AIPO 226 1.362 505 560

Fig. 4. Pore size distributions of (a) m-AIPO and (b) m-TiPO.




J. Zhao et al. / Journal of Molecular Catalysis A: Chemical 242 (2005) 218-223 221

3800 3600 3400 3200

Wavenumber (cm™')

Fig. 8. IR spectra of (a) m-AIPO and (b) AIPO.
3.3. IR spectroscopy

The infrared adsorptions of the hydroxyl groups on m-
AIPO and AIPO were measured after evacuation at°80
and depicted irFig. 8 The spectra of the two samples are
similar, presenting a band in the 3800-3200¢megion at
3669 cn! corresponding to the hydroxyl group vibration.
It is evident that the relative intensity of the hydroxyl group
vibration of m-AIPO is higher than that of AIPO, indicating
that the former sample is more abundant in hydroxyl groups.

3.4. Catalytic hydrolysis of CCIoF

The activities of the catalysts for the hydrolysis of G
were tested and depicted fig. 9 as a function of reaction
temperature. Their activities increase with reaction tempera-
Fig. 6. TEM images of (a) m-AIPO and (b) m-TiPO. ture. The temperatures at which 50 and 90% of E&ivere
converted (designated @5y andTgo, respectively) were read
from the curves and used as a measure of the decomposition
activities. TheTsg and Tgg of the m-AlPO catalyst are 400
and 445C, respectively, which are ca. 100 lower than
those of the AIPO catalyst (s@able 2. This indicates that
the former catalyst is much more active than the latter one.
The activity of the m-TiPO catalyst is also higher than that of
TiPO. Comparison between two mesoporous catalysts shows
that the m-AIPO catalyst is slightly more active than m-TiPO.
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Fig. 7. NHs-TPD profiles of (a) TiPO, (b) m-TiPO, (c) m-AIPO and (d)  Fig. 9. CChF; conversion on®) m-TiPO, (O) TiPO, (o) m-AIPO and ()
AIPO. AIPO as a function of reaction temperature.
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Table 3 100 100
Selectivity to CCIR at different CCF, conversions 3@ r 1 @
< 80t 480
Catalyst Conversion (%) CCiFselectivity (%) o | a2 et gttt i o
m-TiPO 245 0.2 S 6o 160 8
96.3 0.5 S r 1 =
TiPO 24.5 0.2 g 4or 740 =
95.7 0.5 2 1. &
m-AIPO 21.0 0.2 = 2 13
95.4 5.7 S { 0 2
Y T T
AIPO 34.7 3.1 0 20 40 60 80 100
91.6 8.2

Reaction time (h)

. . . Fig. 10. Activity and selectivity of m-TiPO and m-AIPO during 100 h on
The major reaction of CGF, decomposition in the pres- stream. W, @) m-TiPO: (A, ¥) m-AIPO. @, A) conversion of CGIFy: (@,

ence of water vapor and air is v) selectivity to CCIR.
CCLF2+2H0 — COz+2HF + 2HCI period. The decline in activity is greater for m-AlPO than for
As recognized by many researchers, acid center is Verym—TiPO. In the whole reaction course of 100 h the selectivity

important for the decomposition of CF¢&-9,15,16] Kar- to CCIR; did not exceed 0.5% over m-TiPO. Interestingly, an
makar and Green®] suggested that the reaction proceeds increase in selectivity to CC#was observed over m-AlPQO in
through the following steps: adsorption of GE} molecules the initial 5 h. This observation is probably related to the sur-
on Bronsted acid sites, the reaction between adsorbegfgCl ~ face fluorination of m-AlPO, since Takita et 6] proposed
and neighboring surface hydroxyls to produce intermedi- that. CCIR is formed through halogen exchange between the
ates such as COghnd COFCI, the reaction between these F~ ions on the catalyst surface and the glolmolecules,
intermediates and water to form complete oxidation prod- i-€- CCbF2+F~ — CCIRz+CI™.

ucts. According to this mechanism, the surface acidity of

the catalysts should play an important role in the reaction. .

Here, the surface acidity refers to the acid strength and acid® Conclusions

number of the samples. Therefore, the higher activity of m-

TiPO than TiPO is associated with the higher acidity of the d ai tudied tal phosphat
former catalyst. The activity difference between two meso- ﬁ/ln ar was ts'tu e m;ler n;leioporog.spén el p Oﬁ phates.
porous phosphates can be also interpreted by their acidities. esoporous titanium phosphate (M-TiPQ) is much more
However, the surface acidity of m-AlPO is lower than that of active thgn the or_dl_nary titanium phosphate, which is re_la_lted
AIPO, which does not coincide with their activities. Accord- to the higher acidity of the former catalyst. The acivity

ing to the above reaction mechanism, surface hydroxyls couldﬁf rnes?hporc:rt:stal?$|nun&_phospratg (m-AII;:O) '; Oth'OE.S|¥1
be also very important for the hydrolysis of GE}. Hence, igher than that oTthe ordinary aiuminum phosphate, whic

we consider that the higher activity of m-AlPO than AIPO is associated with the more surface hydr_oxyl_ groups of the
is caused by the more hydroxyl groups on the former cata- former catalyst._ The activity of m-AlPQ IS slightly hlgher
lyst, as revealed by IR result. In this case, it does not meanth"Jln that of m_—T|PO, butthe latter catalyst displays the higher
that Bronsted acid sites on the catalyst are notinvolved in thecataIytIC stability.
reaction, but the surface hydroxyls are more important for the
reaction.

CCIFs may form as a major by-product in the GE}

decomposition reactionTable 3 shows the selectivity to This work was funded by the Chinese Major State Basic
CCIFs at different CC3F, conversions. The amognt of CGF  Research Development Program (2000077507), the Shang-
detected in the effluent did not exceed 0.5% on the Ti- hai Major Basic Research Program (03DJ14004) and the

_containing_phosphates. However_, Fhe selectivity to G;C":, National Natural Science Foundation of China (20303004).
is much higher on the Al-containing phosphates, and it

increases with the conversion of GE}.
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