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a b s t r a c t

Nano-titanium dioxide (TiO2) photocatalyst was prepared by acid–sol method using tetrabutyl titanate
and ethanol, which appeared to be anatase by XRD analysis. The wastewater containing azo dye acid
red B was then subjected to photocatalytic degradation with photocatalyst TiO2 and UV as light source
in a slurry photocatalytic membrane reactor, which included a double layer cylindrical photocatalytic
reaction zone and a plate frame membrane separation part. Two kinds of ultrafiltration (UF) membranes
PVDF700 and PAN700 were applied and the combined process with photocatalysis was operated by a
itanium dioxide
hotocatalysis
embrane

eactor

continuous re-circulating mode during treatment. At first, the adsorption characteristic of the titanium
dioxide catalyst under different pH values was analyzed and the optimal operation condition of the
photocatalytic process was achieved by changing TiO2 dose and initial concentration of the dye. Then the
performance of photocatalyst separation process by ultrafiltration (UF) was investigated. It was found
that the degradation of acid red B was followed by first-order kinetics and the efficiency of photocatalysis
can be evaluated by the initial reaction rate. Finally, the conglomeration and hydrophilizion phenomena

stem
by TiO2 in the coupling sy

. Introduction

More than 10,000 species of dyes and pigments are utilized
very year, and over 50% of these dyes are azo dyes which contain
ne or more azo bonds (–N N–) and aromatics [1]. The release of
astewater containing these dyes is a dramatic source of aesthetic
ollution, eutrophication and perturbations to the environment
nd aquatic life. Due to the complex molecule structure of azo dyes,
onventional methods for waste treatment [2–4] are having several
rawbacks and not effective for complete degradation of azo dye.
ost of these technologies including chemical or biological ways

5] can only break little part of the azo bonds and remove some
egree of color, while the azo linkages are just reduced to aromatic
mines that are colorless but can also be toxic and potentially car-
inogenic. Therefore, it is urgent to develop novel technology of
ater purification leading to complete destruction of the dangerous

zo dyes.

The advanced oxidation processes (AOPs) [6] have been

roposed as the alternative methods for organic wastewater purifi-
ation in recent years. AOPs are efficient novel methods useful to
ccelerate the non-selective oxidation and thus the destruction of

� This paper was presented at the 12th Asia Pacific Confederation of Chemical
ngineers (APCChE08), at Dalian, P.R. China, 4–6 August 2008.
∗ Corresponding author. Tel.: +86 571 88320863; fax: +86 571 88320863.

E-mail address: guoliangz@zjut.edu.cn (G. Zhang).
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and its effect to different ultrafiltration membranes were analyzed.
© 2009 Elsevier B.V. All rights reserved.

a wide range of organic substances resistant to conventional tech-
nology. Among AOP technologies, photocatalytic technology has
demonstrated to be very effective to degrade different azo dyes.
The photocatalysts usually are some metal oxides such as TiO2,
ZnO, SrTiO3, and CdS·TiO2. Photocatalytic oxidization appears as the
most potential technology because of its largely available, inexpen-
sive, non-toxic, relatively high chemical stability. The key advantage
[7–9] of this method is based on its destructive nature: it does not
involve mass transfer, can be carried out under ambient conditions
(atmospheric oxygen) and may lead to complete mineralization of
azo dyes into CO2, H2O and inorganic anions.

According to literatures, there are two forms of titanium diox-
ide: suspended and immobilized. Taking account of photocatalytic
efficiency, the suspended TiO2 holds some advantageous compared
with the immobilized as to its fast mass transfer and larger reaction
areas in the same quantity [10,11]. But suspended photocatalytic
system has been held back exactly by the problem of catalyst con-
servation and water/catalyst separation in which the discharging
TiO2 with effluent might do harm to human life due to its biologi-
cal accumulative effect [12]. To solve these problems, the combining
system-photocatalytic membrane reactor has been adopted. Novel
photocatalytic membrane reactor utilizes the competitive sepa-

ration characteristic of membrane compared with conventional
separation technologies to continuously separate and maintain
high quality of TiO2 constant in photocatalytic reactor, in the mean-
time, the coupling effect will turn up to increase anti-contaminated
property of membrane [13,14].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:guoliangz@zjut.edu.cn
dx.doi.org/10.1016/j.cej.2009.04.011
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Fig. 1. Structure of acid red B.

The objective of this work was to investigate the degradation
ehavior of simulated wastewater containing acid red B by a slurry
hotocatalytic membrane reactor, which was performed with sus-
ended TiO2 and ultrafiltration (UF) membranes under different
perating conditions, such as the value of pH, initial dye concen-
ration, dose of TiO2 and operating time. The effects of operating
ondition on separation characteristics were studied in detail to
stablish the optimal state.

. Experimental

.1. Materials and reagent

Acid red B was adopted in this experiment as a model pollutant,
hich was a typical azo dye in the textile industries and was sup-

lied by Zhejiang Runtu Co., China. The chemical structure of the
cid red B was shown in Fig. 1. The chromophore was azo bonds
–N N–) and auxochrome was sulfonic acid group (–HSO3). The
ye was negatively charged by dissolving in de-ionized water.

The catalyst used was titanium dioxide prepared by the acid–sol
ethod. At first, 15 mL tetrabutyl titanate was added into anhy-

rous ethanol. After 20 min intensively stirring, a yellow solution
as obtained. Then 30 mL 1 M HNO3 was added into the solution

nd stirred tempestuously for 1.5 h. The solution was adjusted at
H 1.5 and followed by agitation for 1.5 h to give a transparent TiO2
el. When the gel was dropped into 35 mL 1 M polyethylene glycol-
000, the pH value was adjusted to 7 and solution was kept stirring
h at 100 ◦C. After that, the gel was washed twice by de-ionized
ater to deprive of the PEG and dried for 0.5 h at 120 ◦C. TiO2 was
roduced after calcined at 300 ◦C for 2.5 h. The XRD graph of the tita-
ium dioxide was presented in Fig. 2, which indicated that titanium
ioxide was totally anatase. Calculated by Scherrer equation, the

verage diameter of the crystal was 13.12 nm, and BET of titanium
ioxide was 107.44 m2/g.

Two kinds of self-made ultrafiltration membranes such as
VDF700 and PAN700 were employed in the membrane separation

Fig. 2. XRD graph of TiO2 by acid–sol method.
Fig. 3. Schematic diagram of experiment.

unit. Molecular weight cut-off of both membranes was 70,000 Da
and the effective area was 68.56 cm2 for each disc of modules.
According to membrane materials, PVDF was relatively hydropho-
bic while PAN was hydrophilic. The synthesized wastewater was
achieved by dissolving the dyes in de-ionized water. The pH of this
synthetic waste effluent was adjusted by the addition of either HCl
(10%) or NaOH (10%).

2.2. Photocatalytic membrane reactor

Schematic diagram of experiment was shown in Fig. 3, which
was composed of a slurry photocatalytic reactor and an ultrafiltra-
tion separation unit. The photocatalytic reactor was made of double
layer cylindrical Pyrex with an effective volume of 1.2 L, and the out-
side of the reactor was coated by tinfoil to increase efficiency of UV
light. In the center of reactor, a low pressure UV lamp (main wave-
length 365 nm, 100 W, Philips YPZ220) equipped with a quartz tube
was located and immersed in the dye wastewater. The heat pro-
duced by the UV lamp was taken away by the cooling water in the
interlayer simultaneously in order to maintain the temperature in
reactor at about 20 ◦C. The magnetic stir at 3000 r/min made tita-
nium dioxide in the dye wastewater suspended. Air was pumped
through a gas diffuser placed at the bottom of reactor to ensure
small bubble formation for effective purging continuously during
treatment.

The photocatalysis treated wastewater containing fine titanium
dioxide was transported continuously by a diaphragm pump to
membrane separation unit. Velocity of feed was controlled at a
range of 0–40 L/h and operating pressure was adjusted by the
switches on the retentate pipeline.

2.3. Experimental procedure

Before photocatalytic experiment, the maximal adsorption
wavelength (510 nm) of acid red B was determined by a UV–vis
spectrophotometer and the calibration curve was got at maximal
adsorption wavelength as presented in Fig. 4.

Photocatalytic membrane reaction was performed in three
steps. Firstly, the TiO2 adsorption experiment was tested under dif-

ferent pH values. Then the photocatalytic reaction was established
in terms of initial concentration of dye and dose of TiO2. Through
calculation of the initial reaction rate (r0), the optimum value of
both parameters could be obtained. After that, a continuous sys-
tem coupling photocatalytic oxidation process with ultrafiltration
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where Ct and C0 were dye concentrations at t and zero time, respec-
tively.
Fig. 4. Calibration curve of acid red B (at 510 nm).

as set up. The filtration flux of the membranes and its stabilization
as examined.

.4. Sample analysis

A UV–vis T6 spectrophotometer (Beijing Purkinje General,
hina) was used for determination of absorbance in range of
00–700 nm. The values of pH and conductivity were measured
ith a pHs-25 instrument (Rex Analytical, Shanghai, China) and a
DS-11D conductivity detector (Jingke, Shanghai, China). To deter-
ine the extent of mineralization of acid red B in waste solution

nder different conditions, the total organic carbon of reaction solu-
ion was measured with a TOC-VCPH total organic carbon analyzer.
o figure out the rejection of particular TiO2, turbidity of the per-
eate in the process was detected with a SGZ-IP nephelometer

Yuefeng Co., Shanghai, China).

. Results and discussion

.1. Effect of pH on adsorption of TiO2

According to literature [15,16], influence of pH was an important
actor during dye adsorption on the photocatalyst. The experiment,

ith acid red B concentration of 50 mg/L and TiO2 of 0.5 g/L, was
arried out to find optimum value in the range of pH 2–11. The pH
as adjusted by adding appropriate amount of NaOH and HCl solu-

ion.The result was presented in Fig. 5. It was noted that the highest
ejection was achieved in acid solution at pH 2 and decoloration
ate was more than 70% after 30 min stirring in dark environment.
n neutral and alkaline solution, the removal of color owing to the
iO2 adsorption was no more than 5%, which indicated that the
dsorption contribution to photocatalysis could be neglectable. The
ossible explanation of these results was the surface charge prop-
rties of TiO2 with pH value around 6.8, which was the point of
ero charge (pzc) of TiO2. It was positively charged in acidic solu-
ion (pH < 6.8) and negatively charged in alkaline solution (pH > 6.8).
n view of practicality, solution pH of the following tests was set
losed to its natural value 6.0 ± 0.2.

.2. Photocatalytic degradation
To investigate the anti-photolysis of acid red B, the degrada-
ion of acid red B in the absence of photocatalyst was performed.
ye concentration of model waste solution was 50 mg/L, and pho-

olysis process was working 120 min under continuously stirring.
Fig. 5. Effect of pH on TiO2 adsorption.

The rejection rates of color and TOC were shown in Fig. 6. It was
observed that decoloration rate increased sharply with the illu-
mination time, while the rejection of TOC rose slowly and mildly.
After 120 min irradiation, the rejection of dye and TOC was 82.32%
and 23.50%, respectively. The interpretation of this phenomenon
was that some of the chromophore was just broken up to smaller
molecular organic, leading to the higher rejection of color than TOC.
As a result, the simple adsorption or photolysis was not useful to
decompose acid red B to innoxious matters, and the intensively
photocatalyic degradation reaction was imperative.

3.2.1. Effect of catalyst concentration
During photocatalytic process, one of the most important

parameters in operation was dose of catalyst. The effect of different
TiO2 dose on photocatalytic oxidation of acid red B was then car-
ried out. Experimental data demonstrated that the degradation of
acid red B obeyed the first order reaction. The observed degradation
constant k can be calculated by the following equation [17]:

C

Fig. 6. Photolysis of acid red B without catalyst.
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from 228.90 L/(m2 h) to 123.88 L/(m2 h). The decline of permeate
flux might be mainly attributed to membrane pollution owing to
the adsorption of dye molecules. The difference of the flux between
both membranes depended on the difference of membrane mate-
Fig. 7. In(Ct/C0) vs. t.

By plotting ln(Ct/C0) vs. t, as presented in Fig. 7, the value of k
an be obtained from the reciprocal of the curve slope. The half life
ime (t1/2) could be obtained by the following equation:

1/2 = ln 2
k

= 0.693
k

(2)

Due to the photocatalytic process including solid and liquid
hases, the degradation efficiency could be denoted by the initial
eaction rate (r0):

0 = k × � (3)

here � (mg/g L) was the dye adsorbed on the TiO2 after 30 min
tirring.

The data in Table 1 demonstrated that the initial reaction rate
as increasing with the increase of catalyst concentration below

.5 g/L and adverse influence came up when catalyst dose was
eyond 1.5 g/L. As can be interpreted, at low TiO2 level, the increase
f catalyst might enlarge the active site for adsorption and degrada-
ion of acid red B. Too much of catalysts led to the light scattering of
V light and catalyst agglomeration (particle–particle interactions).
herefore, the optimal concentration of TiO2 was set at 1.5 g/L.

.2.2. Effect of initial dye concentration
The effect of initial dye concentration was investigated with

ptimal catalyst dose of 1.5 g/L. The initial reaction rate (r0) in the
unction of different dye concentration was represented in Fig. 8.

It was evident that photocatalytic process was depended on
nitial acid red B concentration. The optimum concentration was
0 mg/L with an initial reaction rate of 1.141 mg/(L min g). When the

nitial dye concentration was too low, effective reaction area was not

nough and the utilization of photons and catalyst was not enough.

hen initial dye concentration became too high, photo-generation
f holes or •OH radicals on the catalyst surface was reduced
ince the active sites were covered by dye ions. Another possi-
le explanation was that the penetration of UV light through dye

able 1
ffect of TiO2 dose on photocatalytic reaction parameters.

iO2 (g/L) r0 (mg/(L min g)) k (min−1) t1/2 (min) R2

.5 0.201 0.030 23.1 0.986

.0 0.071 0.059 11.7 0.989

.5 1.141 0.113 6.1 0.977
0.609 0.069 10.0 0.982
Fig. 8. Effect of initial dye concentration on photocatalysis process.

became weaker and efficiency of photo-generation of catalyst was
lower.

In sum, the optimal concentration was 1.5 g/L for catalyst and
50 mg/L for dye. To evaluate the mineralization of acid red B, TOC
of solution in function of illumination time was presented in Fig. 9.
After 120 min illumination, the TOC of solution was 5.14 mg/L and
the rejection rate of TOC was up to 70%, which indicated that most
of acid red B in solution was mineralized and toxicity of benzene
was almost removed.

3.3. UF membrane performance

In order to determine the contribution of ultrafiltration mem-
branes in photocatalytic membrane reactor, separation of acid red
B (50 mg/L) by PVDF700 and PAN700 membranes was carried out
under 0.12 MPa separately. Fig. 10 showed the permeate flux change
with time. The Jt/J0 value of PAN700 was higher compared to
PVDF700, which indicated that PAN700 was better in permeate
flux and stabilization. After 120 min, the flux of PAN700 decreased
from 352.96 L/(m2 h) to 238.99 L/(m2 h), while PVDF700 ranged
Fig. 9. Mineralization of acid red B in photocatalysis process.
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Fig. 10. Separation of azo dye by single membrane unit.

ials. PVDF was more hydrophobic, and in contrast, PAN was more
ydrophilic and superior to the water permeability. The rejection
f acid red B by both UF membranes could be up to 70%.

.4. Continuous-recirculation suspended photocatalytic
embrane reactor

After the optimal operating conditions for single units were
ained, the continuous-recirculation suspended photocatalytic
embrane reactor was set up. Acid red B waste solution with vol-

me of 1 L and concentration of 50 mg/L was first stirred in the
bsence of TiO2 for 30 min and suspended solution was illuminated
0 min. The UF membrane unit was then coupled with photocata-

yst and the feed flux of acid red B solution in water tank was equal
o the permeate of UF membrane to keep the volume of solution
onstant in photocatalytic reactor.

Fig. 11 showed the permeate flux decline with operating time at
.12 MPa. The curves displayed that the reduction of permeate flux

n photocatalytic membrane reactor could be almost neglectable
ompared with UF separation process. According to low the turbid-
ty of permeate (<0.3 NTU), TiO2 in photocatalytic treated water was

otally retained and recovered. The XRD of catalyst showed that the
iO2 power particle was 13.12 nm, which indicated that it was hard
o retain such particle by the UF membrane theoretically. However,
hile added into the solution, conglomeration phenomena easily

appened between particles [18,19]. As presented in Fig. 12, the

Fig. 11. Coupling photocatalysis with membrane separation.
Fig. 12. Size distribution of the TiO2 particles in solution.

average volume diameter was as big as 9.502 �m, which was easily
rejected by UF membranes.

The contribution of ultraviolet, photocatalysis and membrane
separation with PVDF700 in photocatalytic membrane reactor was
shown in Fig. 13. It indicated that the photocatalysis was the most
important part in photocatalytic membrane reactor. The fluctuation
of decoloration rate with time might be partly attributed to the
instability of pilot installation.

The membrane after operation was washed by de-ionized water
flush in the disc and TiO2 cake was easily washed away. The SEM of
the membranes (Fig. 14) after 2 h working in photocatalyst separa-
tion indicated that there was little difference to PAN700 membrane
before and after experiment. But for PVDF700 membrane, it was
very different. An obvious change occurred at the surface of mem-
brane. In this case, we found the skin layer became more finely
microporous and the former hole tended to be larger. The interface
was coarser after TiO2 rejection. Compared with common ultrafil-
tration process, this phenomena was very interesting and could be
attributed to the property of, which predicted that the hydrophobic
PVDF membrane was more easily hydrophilized by TiO2 than orig-
inally hydrophilic PAN membrane. More research should be taken

to elucidate this phenomena.

Fig. 13. Contribution of different parts in photocatalytic membrane reactor.
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Fig. 14. SEM of membranes in the separation. (a) PAN700 before testing; (b

. Conclusions

The reactor coupling the photocatalytic and ultrafiltration can
uccessfully degrade the azo dye wastewater containing acid red

normally in the textile effluent. During the adsorption process,
cid solution was propitious to the acid red B adsorption on the
urface of TiO2. The initial reaction rate (r0) indicated that the opti-
al concentrations of TiO2 and acid red B were 1.5 and 50 mg/L,

espectively. After 120 min illumination by low pressure UV lamp,
ost of acid red B was mineralized. Single UF membrane separa-

ion process could remove some of the dye owing to the membrane
etention and adsorption, but the drawback of large permeate
ux decline was essential and could not be neglected, while in
he coupling system it could be improved due to the conglom-
ration and hydrophilizion phenomena by TiO2. Therefore, the
hotocatalytic membrane reactor was not only very effective to
ecompose the acid red B, but also take advantage of keeping per-
eate flux constant, which predicted potential application in the

ear future.
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