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Pure and Nb-doped TiO 2 ceramic membranes supported on glass were prepared by sol-gel 
techniques. When irradiated with near-UV light, these membranes brought about the photocatalytic 
degradation of 3-chlorosalicylic acid (3-CSA). Relationships between preparation conditions and 
the characteristics and efficiencies of the different membranes have been inferred. The changes in 
the physical-chemical characteristics of these membranes when they are fired at high temperatures 
are retarded by both the Nb-doping and the coating on glass supports. Doping does not improve 
the rate of degradation of 3-CSA, despite the fact that light absorbance is higher. The increase of 
firing temperature causes an increase in the size of membrane particles and a remarkable drop in 
the specific surface area, resulting in a substantial decrease in photochemical efficiency. A discussion 
based on the hypothesis of e- /h + recombination at grain boundaries and point defects of the 
membranes is presented. © 1992 Academic Press, Inc. 

INTRODUCTION 

Illumination of suspensions of semicon- 
ductor particles by UV-visible light has been 
used both to produce nonpolluting fuels like 
hydrogen (1-6) and to degrade organic con- 
taminants present in aqueous streams 
(6-11). In attempts to improve the efficiency 
of these processes, researchers have inves- 
tigated both the influence of catalyst proper- 
ties (chemical nature of the suspended semi- 
conductor, specific surface area, porosity, 
mean pore size, presence of dopants, etc.) 
and reaction conditions (pH, temperature, 
reactant and product concentrations, light 
intensity, etc.) on the rates of model reac- 
tions of these types (12-16). Transmission 
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of light in heterogeneous media has also 
been modeled as one aspect of the design of 
photochemical reactors (5, 17). 

In these studies, TiO2 has been the most 
commonly employed semiconductor be- 
cause of its chemical stability. However, 
it can only absorb light with wavelengths 
shorter than 400 nm, giver/ the value of 
3.2 eV for the bandgap energy of the pure 
material. In order to utilize a wider range 
of the electromagnetic spectrum for photo- 
catalysis, researchers have doped TiOz to 
reduce the bandgap energy, added photo- 
sensitizers, used semiconductors with 
smaller bandgap energies (e.g., CdS, 
Fe203), and used mixtures of semiconduc- 
tors (1, 2, 6, 15, 16). 

When suspensions of TiO2 particles are 
used to photodegrade organic contaminants 
in aqueous systems, the suspended catalyst 
must be separated from the water to obtain 
a clean stream. This separation problem 
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can be avoided by replacing the TiO 2 sus- 
pension with a porous coating of TiO2 on 
a substrate (18-20). 

In an earlier study (21), TiO2 ceramic 
membranes coated on Pyrex glass supports 
were employed to photodegrade 3-CSA 
present in aqueous solution. A kinetic study 
was carried out and a mechanism proposed. 
3-CSA was chosen as a model compound 
for this work because it is a halogenated 
aromatic compound, which is representa- 
tive of a wide range of compounds of interest 
to environmentalists. 

Sol-gel techniques used to prepare TiO2 
ceramic membranes provide a vehicle for 
control of the physical-chemical character- 
istics of the resulting membrane (22-25). In 
this work, several TiO2 membranes with dif- 
ferent characteristics have been prepared. 
The photocatalytic properties of these mem- 
branes for degrading 3-CSA were investi- 
gated with the goal of elucidating how 
changes in the catalyst preparation proce- 
dure influence the properties of the finished 
catalyst. Two types of membranes have 
been used: (a) Nb-doped TiO 2 membranes, 
which should have a lower effective band- 
gap energy than pure TiO2 membranes, and 
(b) pure TiO 2 membranes, in which the mean 
pore size is modified by changing the colloid 
preparation conditions. 

EXPERIMENTAL 

(i) Materials 

Titanium tetraisopropoxide, NbCl5 and 3- 
chlorosalicyclic acid were obtained from 
Aldrich Chemical Co. Ethyl alcohol (abso- 
lute) was AR grade. All chemicals were used 
without further purification. The deionized 
water used in this study was prepared using 
a Milli-Q water purification system (Milli- 
pore Corp.) 

(ii) Apparatus 

The photochemical reactor employed has 
been described elsewhere (21). In essence, 
it is a recirculating flow reactor in which the 
feedstocks flow through an annulus sur- 
rounding a mercury lamp (450 W). TiO2 (an- 

atase) membranes were supported on the 
removable inner wall (Pyrex) of the reaction 
chamber. Reactant solution (1 1) was recir- 
culated between a reservoir and the photo- 
chemical reactor. The concentration of dis- 
solved oxygen in the reactant solution was 
maintained at a constant value by bubbling 
air into the reactor. The flow rates of the 
reactant solutions and the air were 210 ml/ 
min and 1000 ml/min, respectively. These 
rates are sufficient to prevent mass transfer 
limitations on the observed reaction rate 
arising from the necessity to transport re- 
actants from the bulk solution to the exter- 
nal surface of the catalytic coating (21). The 
reactor temperature was held at 35°C. 

Concentrations of 3-CSA were measured 
by monitoring the UV absorbance of the 
solution at 300 nm. Chloride ion and CO2 
concentrations were determined as de- 
scribed elsewhere (21). The initial concen- 
tration of 3-CSA was always 125/zM. Ex- 
periments were conducted at either pH 4.3 
or pH 6. 

The flux of photons with wavelengths in 
the range 300-400 nm, which was incident 
on the membrane, was 3.6 × 10 -5 einsteins/ 
s, measured using a radiometer (UDT, 
Model 380). 

(iii) Preparation of  Colloidal Sols 

Sol-gel techniques were used to prepare 
four different precursor colloids. These sols 
were later used to prepare unsupported 
membranes or coated on glass supporting 
tubes, and then calcined to give ceramic 
membranes. 

Colloid A (Nb-doped TiO2 with a Ti/Nb 
mole ratio of 100 : 5). First, 5.73 g of NbCI5 
and 50 ml of absolute ethanol were mixed 
and stirred for 10 min. Then 125 ml of tita- 
nium tetraisopropoxide was added. This so- 
lution was stirred for an additional 10 min, 
then placed in an ice bath; 108 ml of a solu- 
tion containing 7.6 ml of H20, 0.08 mol of 
HNO 3, and EtOH was added dropwise to 
the chilled solution. Subsequently, 750 ml of 
H20 was added with vigorous stirring until a 
transparent solution formed. This solution 
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was then heated (while constantly being 
stirred) to 60°C and maintained at this tem- 
perature for 8 h, during which time a colloi- 
dal suspension formed. A rotary evaporator 
was used to remove enough solvent from 
the suspension to increase the solid's con- 
centration to 4% by weight. The final pH of 
the suspension was 0.89 -- 0.05. 

Colloid B (Nb-doped TiO2 with a Ti/Nb 
mole ratio of 100:3). The preparation 
method was the same as that described for 
colloid A, except that the amounts of NbCI5 
and titanium tetraisopropoxide were ad- 
justed to give the desired mole ratio. The 
resulting suspension contained 4% solids at 
pH 0.96 --- 0.05. 

Colloid C (Pure TiO2). This colloid was 
prepared by precipitation of TiO 2 produced 
by hydrolysis of titanium tetraisopropoxide. 
This step was followed by peptization with 
HNO3 at 80°C (24). The resulting suspension 
contained 4% (w/w) titania at pH 1.32 -+ 
0.05. 

Colloid D (Pure TiO2). This colloid was 
prepared by hydrolysis of titanium tetraiso- 
propoxide and peptization of the resulting 
precipitate with HNO3 at room temperature. 
The nearly clear titania suspension at pH 
1.35 -+ 0.05 was then placed in a dialyzing 
membrane (Spectrum Medical Industries, 
Spectra/Por 3, MWCO:3 500) and immersed 
into 4 I of deionized water. Dialysis contin- 
ued until the suspension pH reached 3.5 -+ 
0.1. Finally, the suspension was concen- 
trated by removal of water to give a total 
solids concentration of 4% (w/w) and a pH 
of 3.35 --- 0.05. 

(iv) Preparation o f  Membranes 

Ceramic membranes were prepared in 
two forms: supported on glass (porous coat- 
ings) and unsupported. 

Membranes supported on glass. The ex- 
terior surface of the inner glass (Pyrex) tube 
of the photochemical reactor was coated 
with TiO2 using the following procedure. 
The tube, which had been sealed at one end, 
was immersed in the colloidal sol for 30 s, 
withdrawn at a controlled speed of 16.73 cm/ 

min, and dried at room temperature for 1 h. 
This tube was then calcined in a furnace 
by heating from 100°C to the desired firing 
temperature (400, 500, or 600°C) at a rate 
of 3°C/min. It was then held at the firing 
temperature for 1 h. This protocol has the 
effect of depositing one layer of TiO2 on 
the glass. To deposit additional layers, the 
entire process was repeated. 

In order to measure several physical char- 
acteristics of supported membranes, glass 
plates (2.5 cm x 7.5 cm x 1.5 mm) were 
coated using the same protocol. In this case, 
TiO2 membranes were deposited on both 
faces of the plates. 

Unsupported membranes. Aliquots of the 
colloidal sols were placed in uncovered plas- 
tic containers and allowed to evaporate un- 
der controlled humidity conditions into air 
at room temperature. The resulting trans- 
parent xerogels were then fired following 
the same protocol used to prepare supported 
membranes. These unsupported ceramic 
membranes were crushed with an agate 
mortar and pestle to produce powders, 
which were characterized by different tech- 
niques. 

(v) Characterization o f  Membranes 

Surface areas, porosities, and pore size 
distributions of unsupported ceramic mem- 
branes were determined by physical adsorp- 
tion of N 2. Specific surface area was calcu- 
lated from the BET equation. Porosity was 
determined from the adsorption maxima. 
Pore size distributions based on the adsorp- 
tion and the desorption branches of the iso- 
therm were calculated using the Kelvin 
equation (26). The adsorption branch was 
used to obtain the modal size, given that 
it better represents the entire sample. The 
desorption branch overemphasizes the nar- 
row sectors of the porous structure. Typical 
profiles of these pore size distributions have 
been presented elsewhere (24, 25, 27). It 
was verified that the modal pore size ob- 
tained by this procedure was in agreement 
with the corresponding value obtained by 
mercury porosimetry (24). 
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The average sizes of the primary particles 
in both supported and unsupported mem- 
branes were calculated from the peak widths 
at half-height obtained in X-ray diffraction 
(XRD) measurements at 25.4 ° or 27.5 ° in the 
case of anatase or rutile, respectively, using 
a Scintag, Inc., PAD V Diffraction System. 
These measurements also indicated that all 
of the supported membranes were com- 
posed of crystalline particles ofanatase. For 
those unsupported TiO2 membranes where 
both anatase and rutile phases were present, 
the average crystal size was calculated from 
peak area. 

The thickness of the supported mem- 
branes was determined by profilometry 
(Tencor Instruments, alpha-step 200). Mo- 
bility measurements for the membrane pre- 
cursor particles in the colloidal sols were 
performed on a PenKem System 3000 mi- 
croelectrophoresis instrument in order to 
determine the isoelectric points of the differ- 
ent materials. Results are presented in Fig. 
1, where mobility is represented vs pH. Iso- 
electric points are obtained from these 
curves for mobility equal to zero. These val- 
ues are the following: colloid A, PHie  v = 

5.4; colloid B, P H i e  p = 5 . 7 ;  and colloid C, 
pHi~ p = 6.5. 

The transmission of light through the 
membranes coated on glass plates was mea- 
sured with a radiometer (UDT, Model 380). 
The light source used for this measurement 
was a 150-W Xe lamp enclosed in a metal 
chamber provided with an opening. Light 
from this source was passed through a 
monochromator and associated optics to 
give a beam with a cross-sectional area of 4 
mm z. The photodetector (1 cm 2 area) was 
placed just behind the coated glass plates. 
Since the incident light was normal to all 
interfaces (air-TiO2-glass-TiO2-air) the re- 
flection coefficient was estimated for each 
change of medium according to 

R = (nl - n2)2 
(nl + n2) 2' (1) 

where R is the reflection coefficient and nl 
and nz are the refractive indices of the two 
nedia at each interface. 
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F16.1. Mobilities of precursor particles in the colloi- 
dal sol. Colloid: B, A; A, B; @, C. 

The intensity of the light scattered by the 
membrane was calculated from measure- 
ments performed at 440 nm. At this wave- 
length light is not absorbed by TiO2. For all 
the membranes used in these experiments 
this intensity was less than 4% of that of the 
incident light. The scattering measured at 
440 nm is expected to be comparable to that 
for wavelengths between 300 and 400 nm. 
Measurements of light intensity always in- 
volved comparisons to blank experiments 
using uncoated glass plates. The absorption 
of light by the membranes was computed 
from the measured values of the reflected, 
transmitted, and scattered light intensities. 

RESULTS AND DISCUSSION 

(i) Physical-Chemical Characteristics 

The physical-chemical characteristics of 
the membranes used to perform the photo- 
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T A B L E  1 

Character is t ics  of  TiO 2 Ceramic Membranes  

Membrane  a Firing 
temp.  
(°C) 

Unsuppor t ed  membranes  Supported membranes  

Surface Porosi ty Pore Particle Particle Layers  Th ickness  Absorbed/  
area (%) radius size size (/~m) Incident  

(mZ/g) (~,) (nm) (nm) l igh¢ 

A.1 400 125 28 17 6.0 8.6 6 1.1 0.52 
A,2 500 88 25 19 13.0 11.4 6 1.0 0.56 
A.3 600 33 19 13 20.0 13.0 6 1.0 0.56 
B. I  400 130 29 17 6.5 8.3 6 1.1 0.45 
B.2 500 50 20 20 14.7 - -  6 1.1 0.48 
B.3 600 8 11 - -  33.3 - -  6 1,2 0.47 
C.1 400 140 31 17 6.8 8.1 6 1.l 0.32 
C.2 500 2 3 - -  30.0 14.6 6 1.0 0.36 
C.3 600 ~0.1 ~0.1  - -  46.9 26.6 6 1.1 0.38 
D. I  400 168 45 25 7.2 4.6 9 0.9 0.35 

a The  letter in the  label for each membrane  indicates the  precursor  colloid f rom which it was prepared.  
b For  a wavelength  of 365 rim. 

degradation of 3-CSA are summarized in Ta- 
ble I. For all the membranes fired at 400°C 
the values of the particle size, surface area, 
porosity and mean pore radius are quite sim- 
ilar, except for membrane D. 1, which was 
prepared from the dialyzed colloid. This 
membrane has a significantly larger porosity 
and a larger mean pore radius, although its 
specific surface area is comparable to those 
of the other membranes. These physical dif- 
ferences are believed to result from the dial- 
ysis process. Continuous withdrawal of pro- 
tons, the potential-determining ions for the 
particles, from the suspension causes the 
formation of aggregates with loose struc- 
tures. These aggregates, which have rela- 
tively large pores and pore volumes, tend to 
retain their porous structure during gelation. 
Additional details concerning these mem- 
branes have been presented elsewhere (28). 

As the firing temperature is increased, sin- 
tering of the membrane occurs. In the early 
stages of sintering, grain growth and a small 
amount of linear shrinkage take place. 
These phenomena are reflected by the in- 
crease in the primary particle size and the 
decrease in specific surface area (and poros- 
ity), respectively. This is depicted in Fig. 
2A, where specific surface area (Ss) has 

been plotted vs particle size for unsupported 
membranes. The specific surface area de- 
creases exponentially as particle size in- 
creases, accordingly with the following 
equation, 

where 

Sg= a e -bDp, (2) 

a = 258 - 0.2 m2/g 
b = -0.103 +- 0.019nm -1 

for membranes A (5% Nb) and B (3% Nb), 
and 

a = 471 +_- 0.2 m2/g 
b = -0.18 +-- 0.02 nm -~ 

for membrane C (pure TiO2) Figure 2B is 
representation of the linearized form of Eq 
(2). The solid line in Fig. 2A represents ar 
equivalent specific surface area (S~); tha 
is, the specific surface area of equivalen 
spherical particles if they were separatec 
from one another. This equivalent specifi. 
surface area is determined by the well 
known equation 

6 
Se = , C pDp 

where p = 3.9 g / c m  3 is the density of TiO 
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FI6. 2. Evolution of specific surface a r e a  (Sg) VS 
particle diameter (Dp) as membrane firing temperature 
increases from 400 to 600°C (from left to right; see 
Table 1). Unsupported membranes: e ,  A(5% Nb); IS], 
B(3% Nb); II, C(pure TiO2), ©, D(pure TiO2). (A) The 
dotted lines are curves fitted to the equation Sg = 
ae-bDp ; the solid line is the equivalent specific surface 
area (S~). (B) Plot of the linearized equation. 

As expected, the evolution of Sg as mem- 
branes are fired falls below Se. The differ- 
ence S e - Sg corresponds to grain bound- 
aries and closed pores in the membranes. 

The increase in mean pore radius with an 
increase in firing temperature from 400 to 
500°C has consistently been observed in our 
studies of ceramic membranes (24, 25). Our 
interpretation of this observation is that as 
hydroxyl groups desorb from the pore walls 
when the firing temperature is increased, the 
large pores increase in size while the small 

pores collapse. The thermal removal of wa- 
ter and hydroxyl groups and its significance 
for photo-induced processes at TiO2 sur- 
faces have been pointed out by several au- 
thors in detailed studies (29, 30). In the 
particular case of TiO2 membranes, adsorp- 
tion studies carried out in our laboratory 
with salicylate anions (31) revealed a de- 
crease in adsorption (mol/g) with increasing 
firing temperature. However, when the ad- 
sorption isotherms were normalized with re- 
spect to the surface area (mol/m2), data for 
all these membranes fit on the same iso- 
therm. Therefore, the decrease in adsorp- 
tion with increasing firing temperature 
seems to be related directly to a decrease in 
the numbers of titanium cations and hy- 
droxyl groups present per unit area available 
for bonding. 

At higher sintering temperatures, shrink- 
age is greatly accelerated, since the sintering 
process is then dominated by viscous flow 
effects arising from the thermodynamic 
forces striving to minimize the surface en- 
ergy of the system. Surface area and poros- 
ity drop rapidly to zero, all the Pores close, 
and a densified material is produced. In the 
case of the membrane prepared from colloid 
A, the data in Table 1 indicate that the pores 
start to close at 600°C. Unfortunately, pore 
radii could not be determined for other 
membranes fired at 600°C, as their specific 
surface areas were less than 20 m2/g. 

Note that both doping of membranes with 
Nb and placing membranes on supports act 
to limit the physical changes that occur in 
the membranes as they are heated. If mem- 
branes fired at different temperatures are 
compared, changes in surface area, porosity 
and pore size are more drastic for pure TiO2 
membranes (C) than they are for Nb-doped 
Ti02 membranes (A and B). When pure TiO2 
membranes are fired at 600°C, less than 
0.1% of the original surface area remains, 
and the porosity decreases dramatically. At 
the same time the mean particle size in- 
creases greatly. 

If the mean particle sizes for the sup- 
ported and unsupported membranes are 
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compared as the firing temperature for the 
membranes is increased, the particles con- 
stituting the unsupported membranes grow 
much faster than do those of the supported 
membrane. Evidence obtained in our labo- 
ratory indicates that unsupported TiO2 
membranes fired at 500°C are partially con- 
verted to the rutile crystalline form, while 
unsupported membranes fired at 600°C are 
converted completely to rutile (31, 32). The 
transition temperature appeared to be in the 
range 475-500°C (31). However, supported 
membranes fired at these temperatures re- 
main in the anatase form (32). These obser- 
vations suggest that it is more difficult for 
particles attached to a support to sinter or 
convert to other crystalline forms than it is 
for particles in unsupported membranes to 
undergo these processes. Thus, for sup- 
ported membranes, changes in surface area, 
porosity, and pore radius should not be as 
drastic as those for unsupported membranes 
(see Table 1). However, measurements per- 
formed on unsupported membranes can at 
least provide a relative indication as to how 
the sintering protocol used to prepare sup- 
ported membranes affects the physi- 
cal-chemical properties of those mem- 
branes. 

(ii) Photoefficiency 
The complete dechlorination of 3-CSA 

was demonstrated in a previous work (21). 
An ion selective electrode was employed to 
determine the chloride ion concentration. In 
experiments where the reaction proceeded 
to near completion, the amounts of HC1 pro- 
duced were always >98% of the 3-CSA 
which disappeared. Production of CO 2 was 
demonstrated by observing the precipitation 
of BaCO 3 in the Ba(OH)2 solution used to 
scrub the effluent gas stream. More recently 
(33), in experiments where 3-CSA was ana- 
lyzed by HPLC, the ratio (3-CSA con- 
sumed)/(HC1 produced) was constant, ca. 
1, as the reaction proceeded. Furthermore, 
total organic carbon measurements indi- 
cated that 3-CSA had completely been min- 
eralized. 

120 

oo*o 

~ 4o 

30 60 90 

TIME (MIN) 

FIG. 3. Degradation of 3-chlorosalicylic acid with 
membranes fired at 400°C, pH 6. Membrane: ©, A.1; 
ZX, B.1; A, C.1; 0 ,  D.1. 

Initial experiments were performed to de- 
termine the effect of TiO 2 coating layers on 
the degradation rate. For all membranes 
fired at 400°C, the photoactivity initially in- 
creased as the number of layers increased. 
However, plateaus were reached after six 
layers for membranes A.1, B.1, and C.1, 
and after nine layers for membrane D.I. 
Supports coated with enough layers to reach 
these plateau values were used in subse- 
quent studies. 

For the membranes fired at 400°C, Fig. 3 
depicts the decrease in the concentration of 
3-CSA concentration as illumination time 
increases. Pseudo-first-order kinetic con- 
stants and quantum yields are summarized 
in Table 2. Membrane D.1 produced the 
fastest degradation. Nb-doped membranes 
(A. l and B. 1) were less active than the pure 
TiO2 membranes (C. 1 and D. 1). To analyze 
the effect of Nb-doping, one should com- 
pare membranes prepared by the same 
sol-gel technique, i.e., A. l, B. 1., and C. 1. 

Doping reduces the effective bandgap. 
The dopant energy level makes it appear 
that the effective bandgap is less than the 
actual bandgap of TiOv When the dopant is 
from a neighboring group of the Periodic 
Table, it increases the electrical conductiv- 
ity. The dark conductivity of unsupported 
pure and Nb-doped membranes was mea- 
sured using a standard four-probe dc tech- 
nique (34). Results and discussion have 
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TABLE 2 
Pseudo-first-order Kinetic Constant (k) and 

Quantum Yield for the Degradation of 3-CSA Using 
Different TiO2 Ceramic Membranes 

k a Q.y.b 

Membrane  pH ( x  10 4 s -1) (%) 

A.1 4.3 2.89 0.15 
A.1 6 2.42 0.13 
A.2 6 2.31 0.11 
A.3 6 1.35 0.07 
B.1 6 2.08 0.13 
B.2 6 1.96 0.11 
B.3 6 1.26 0.07 
C.1 4.3 4.28 0.37 
C. 1 6 3.76 0.33 
C.2 6 3.68 0.28 
C.3 6 2.89 0.21 
D. 1 6 4.65 0.37 

a Values calculated at 3-CSA concentration 100/xM. 
b Quantum Yield: (Reaction rate, mol/s)/(Absorbed 

light, einstein/s). 

been presented elsewhere (32). Conductiv- 
ity increased drastically with Nb doping and 
reached a plateau about 5 mole %. This in- 
crease is considered to be due to Nb 4÷, 
which behaves as an electron donor (35). 

Semiconductors with smaller bandgap en- 
ergies utilize a wider range of the light spec- 
trum and have greater optical absorption at 
each wavelength. Thus, for the same mem- 
brane thickness and porosity, Nb-doped 
TiO2 membranes absorb more light than pure 
TiO2 membranes (see Table I). The higher 
electric conductivity observed for Nb-doped 
membranes indicates that, in doped mem- 
branes, less time is necessary for electrons 
and holes to reach the catalyst surface where 
they can induce photodecomposition reac- 
tions. Both these effects should improve the 
photocatalytic properties of Nb-doped TiOz 
membranes relative to pure TiO2 mem- 
branes. However, Nb-doping will also affect 
the rate at which electron-hole recombina- 
tion processes occur in the catalyst. If the ra- 
diationless recombination rate increased on 
doping, then the reaction efficiency would 
decrease. The data in Fig. 3 seem to indicate 
that this is the case. 

1:o' 
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8 ~ 

? 
e~ 4(; 
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FIG. 4. Effect of pH on the rate of degradation of 3- 
chlorosalicylic acid over membranes fired at 400°C. 
Membrane: II, A. 1 (pH 4.3); O, A. 1 (pH 6); O, C. 1 (pH 
4.3); A, C.I (pH 6). 

Another factor that can influence the rate 
of the degradation reaction is the surface 
charge on the membrane. This parameter is 
important in determining the propensity for 
3-CSA to adsorb on the membrane. Since 3- 
CSA exists completely in the anionic form at 
pH 6, adsorption will be favored on surfaces 
bearing a positive charge. 

The mobilities of the particles in the pre- 
cursor colloidal sols are shown as functions 
of pH in Fig. 1. Note that at pH 6, the pure 
TiO 2 surface bears a positive charge while 
the Nb-doped TiOz bears a negative charge. 
Because 3-chlorosalicylate ions would more 
readily adsorb on pure TiO2 surfaces than 
on Nb-doped surfaces, photodegradation on 
pure TiO z should be faster. To test this hy- 
pothesis, kinetic studies were performed at 
pH 4.3, where the membrane surfaces are 
all positive. The results depicted in Fig. 4 
indicate that the degradation occurs more 
rapidly at pH 4.3 than at pH 6. It should be 
noted that, at pH 4.3, the protonated form of 
3-CSA is not negligible, but the predominant 
species is still the anionic form. 

This is in agreement with the results of a 
previous work devoted specifically to a 
study of the relation between adsorption and 
the photodecomposition rate (31) where un- 
supported pure TiO2 ceramic membranes 
were used. It was found that the adsorption 
densities of 3-CSA decreased with both in- 
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creasing solution pH and membrane firing 
temperature. Likewise, the photodegrada- 
tion rate of 3-CSA also diminished with in- 
creasing pH. 

For all the membranes studied, photodeg- 
radation at pH 4.3 was slightly faster than at 
pH 6. Nonetheless, the pure TiO2 membrane 
was still more efficient than either Nb-doped 
membrane. This observation suggests that 
the different surface charges on pure TiO2 
and Nb-doped TiOz at pH 6 are not primarily 
responsible for the higher activity of pure 
TiO2. Therefore, a larger rate for e-/h ÷ re- 
combination processes seems to be the most 
logical explanation for the lower degrada- 
tion efficiency observed with Nb-doped 
TiO2 membranes relative to pure TiO2 mem- 
branes. 

In an earlier work, where the photoelec- 
trochemical properties of Nb-doped TiO2 
ceramic membranes were studied (32), it 
was observed by using a hole scavenger 
(EtOH) that the larger increases of pho- 
tocurrent corresponded to those mem- 
branes with the most grain boundaries. 
These increases were also higher for doped 
membranes, when compared with undoped 
membranes fired at same temperature. Both 
facts seem to support the idea of an enhance- 
ment of e-/h + recombination at dopant cen- 
ters and at grain boundaries, where the mis- 
match of crystal domains can be regarded 
as crystal defects. Bulk recombination at 
point defects and dislocations has been ana- 
lyzed and is well documented ((36) and cita- 
tions therein). 

The effect of firing temperature on the 
photocatalytic activity of the membrane is 
indicated in Fig. 5 and Table 2. Results ob- 
tained with membranes fired at 400°C were 
not included in Fig. 5. The specific surface 
area seems to play a key role in determining 
the efficiency of the degradation process. In 
a previous kinetic study (21), it was found 
that a rate law of the general Langmuir-Hin- 
shelwood-Hougen-Watson form was con- 
sistent with kinetic data. The rate equation 
was developed from a reaction mechanism 
that involves the adsorption of 3-CSA and 
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FIG. 5. Effect of firing temperature on the degrada- 
tion of 3-chlorosalicylic acid, pH 6. Membrane: 0 ,  A.2; 
II, B.2; A, C.2; O, A.3, D, B.3; A, C.3. 

oxygen on the surface. Therefore, the avail- 
ability of surface sites is crucial for the pro- 
cess. Unfortunately, the specific surface 
areas of the supported membranes are not 
known. However, a rough estimate can be 
inferred based on the particle size values 
measured for the supported membranes and 
the use of the appropriate form of Eq. (2) 
for doped and undoped membranes, respec- 
tively. These equations have been derived 
for unsupported membranes. However, the 
structural changes in the corresponding sup- 
ported membranes when fired could evolve 
following paths close to those represented 
in Fig. 2, though retarded by the support. 

Figure 6A is a plot of the natural logarithm 
of quantum yield (Q.Y.) divided by specific 
surface area (Sg) vs particle size (Dp). As 
shown, the undoped membrane C when 
fired (increasing Dp) follows a linear path 
with positive slope. This is in agreement 
with the hypothesis of the e- /h + recombina- 
tion at grain boundaries, for the area of the 
grain boundaries decreases and membrane 
crystallinity increases as particles grow with 
firing temperature. Nb-doped membranes 
behave in a different manner, the ratio QY/ 
Sg being independent of Dp. This would be 
expected if recombination at point defects 
created by doping was comparatively much 
greater than that at grain boundaries. 

Figure 6B an illustration of the evolution 
of quantum yield with the ratio specific sur- 
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FIG. 6. Correlations of quantum yield (Q.Y.) vs spe- 
cific surface area (Sg) and particle size (Dp). Mem- 
branes: e ,  A(5% Nb); D, B(3% Nb); II, C(pure TiOz); 
(3, D(pure TiO2). (A) Effect of raising firing temperature 
(increasing Dp) on the ratio Q.Y./Sg. (B) Quantum yield 
vs the ratio (S~/Se). Se = 6/pDp is the equivalent specific 
surface area. (Firing temperature increases from the 
right to the left). 

face area/equivalent specific surface area 
(Sg/Se). If Eq. (2) and (3) are taken into ac- 
count, 

Sg _ pDpSg _ apDpe-bDP (4) 
S~ 6 6 

Therefore, Figure 6B is another way of cor- 
relating the same variables, Q.Y. and Dp. 
As Dp increases with firing temperature, the 
ratio Sg/S~ decreases and so does the quan- 
tum yield. It illustrates once again the rele- 
vance of Sg for the efficiency of this process 
and, in addition, the importance of having 
a ratio Sg/S~ close to unity. As this ratio 
approaches unity, the proportion between 

specific surface area and grain boundaries 
and closed pores increases dramatically. 
The increase of Sg enhances the amount of 
charge scavengers in the membrane that can 
restrain e- /h ÷ recombination. This seems 
particularly crucial in Nb-doped mem- 
branes, where the density of bulk defects is 
much higher. Membrane D, undoped, with 
the highest Sg and Sg/Se values, gives the 
best efficiency. 

CONCLUSIONS 

----TiO 2 ceramic membranes supported on 
glass are able to bring about the complete 
mineralization of 3-CSA, a halogenated aro- 
matic compound. 

--Both doping the TiO2 membranes and 
coating the membranes on a support limit 
changes in the physical-chemical character- 
istics of these ceramic membranes when 
they are fired at high temperatures. 

--Doping with niobium improves the light 
absorbance of membranes. However, the 
rate of the degradation of 3-CSA is not im- 
proved. 

--The growth of membrane particles as 
firing temperature is increased produces an 
exponential reduction in specific surface 
area. As a result, the efficiency of the mem- 
brane decreases substantially. The effi- 
ciency decline is more marked in the Nb- 
doped membranes. 

- -An explanation based on the hypothesis 
of e-/h + recombination at flaws and point 
defects of the membranes seems to account 
for these facts. 
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