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A B S T R A C T

In this paper, a process combining stainless steel membrane and UV/TiO2 is developed to degrade
DDT in water. The photocatalyst TiO2 was deposited on a kind of glass cenospheres whose
diameters ranged from 20 to 200 mm, so they could be kept in the reactor by microfiltration mem-
brane. The influence of different variables (TiO2 concentration, radiation) on the reaction rate was
tested. According to the experiment, the removal was mainly caused by adsorption during the
early stages of the reaction and mainly by UV/TiO2 degradation in the later stages. Three sample
solutions with DDT concentrations: C0 ¼ 30, 40 and 50 mg/L, were treated in the reactor and the
removal rate of DDT was found to be 98.3%, 97.8% and 97.6%, respectively. Adequate dosage of
the catalyst increased the generation rate of electron/hole pairs which promoted the formation of
OH radicals for enhancing photodegradation.
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1. Introduction

DDT[(1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane)]
is one of the 12 persistent organic pollutants urgently
needed to be eliminated because they are character-
ized by a high solubility in greases. Although the use
of some chloroorganic insecticides in agriculture was
banned in most countries in the last century, thou-
sands of tons of obsolete pesticide deposits in farms
and other places have been jeopardizing the environ-
ment [1–3]. The level of DDT is regarded as one of the
non-regular indices in the newly issued drinking
water standards in China. Several methods can be
applied to remove DDT from water, these include
membrane filtration [4], activated-carbon absorption
[5] or Fenton oxidation [6]. However, they only trans-
fer DDT from one phase to another, rather than chemi-
cally destructing the toxic compound.

Titanium dioxide, TiO2, has been used as photocata-
lyst in numerous researches [7,8] since TiO2 surface
under UV-irradiation can generate highly oxidative
electrical holes to decompose various aqueous organic
compounds, particularly at ambient temperature and
pressure conditions. In the beginning of the experi-
ment, TiO2 powder was directly added to water with-
out reclamation [9–11]. In subsequent tests however,
membrane was used for reclaiming TiO2 powder
[12,13] or immobilized TiO2 on fixed media, such as
optical fiber [14], rotating disc [15], and corrugated
plate [16]. Although membrane can retain TiO2 powder
in reactor, frequent backwashing is required, otherwise
membrane fouling may occur. In addition, the reduc-
tion in the efficiency in immobilized mode pose a pro-
blem in designing proper reactor system. Stainless steel
membrane has been used in many researches for the
purpose of separation [17,18].

In this study, we developed a new membrane
photocatalytic reactor for DDT removal in water. The�Corresponding author
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reactor is combined with immobilized TiO2 and
stainless steel microfiltration.

2. Experimental

2.1 Materials

The photocatalyst was made by means of sol–gel
[5], and all the chemicals were at least the ACS grade,
supplied by Sinopharm Chemical Reagent Co., Ltd.
With isopropyl alcohol (IPA) as a solvent of titanium
tetra-butoxide and HNO3 as a catalyst, TiO2 sol was pre-
pared by the partial hydrolysis and polycondensation
with water. The molar ratio of titanium tetra-butoxide
and water was 1:1. The mixture was vigorously stirred
with magnetic stirrer for 2 h. The solution was tinged
with transparent yellowish and kept for 24 h until film
deposition.

The source water was prepared from distilled water
spiked with DDT standard sample. The pH of the
DDT-containing water was around 7.5 and was
unchanged during the reaction. Since DDT is insoluble
in water and easily adsorbed by solid powder, the
cenospheres are put into the reactor in the absence of
UV and stirred for 2 h before the experiment.

The substrate for depositing TiO2 thin films was a
sort of glass cenospheres generally used as an additive
for engineering plastic. The density of the cenospheres
was 0.6–0.8 g/cm3 with diameters ranging from 20 to
200 mm. The average specific surface area of the glass
cenosphere was 1.9 m2/g. Until film deposition, the
cenospheres were blended with water in the volume
ratio of 1:3, stirred for 24 h and then selected by flota-
tion. The selected cenospheres were put into above sol
solution and then stirred for 30 min before being sepa-
rated with filter paper. Films so obtained were first
dried at 100�C and then annealed at various tempera-
tures from 200 to 550�C for 1 h in muffle furnace. After

being coated with TiO2 film, the true density of the
cenospheres was changed to 0.8–0.9 g/cm3 (Fig. 1).

The stainless steel membrane was purchased from
Hyflux Company, Shanghai and the membrane pore
size was 0.1 mm in average.

2.2. Analytical methods

During photodegradation DDT is measured by a
Gas Chromatographer (Shimadzu GC-2010) with a
HP-5 fused silica capillary column (30 m � 0.32 mm
I.D., film thickness of 0.25 mm) [19]. Residual pollutants
in water were extracted with n-hexane and one micro-
litre aliquot of extraction was analyzed. The injector
temperature was set to 250�C. The ECD was main-
tained at 300�C. The temperature of GC oven was pro-
grammed as follows: 100�C, isothermal for 2 min, then
it was raised by 20�C/min to 250�C and held at 250�C
for 10 min.

2.3 Reactors and procedure

A schematic representation of the geometry of the
photocatalytic reactor is shown in Fig. 2. The reactor
is composed of a water box, UV lamps, cenospheres
coated with photocatalyst and stainless steel mem-
brane that prevents fine cenospheres from escaping.
The diameters of pores in the membrane were about
0.1 mm. In static state, the cenospheres can be floated
on water. Bubblers fixed at the bottom of the reactor
aerate to ensure a well-mixed condition in the reaction
zone. Furthermore, the fed bubbles suspended the
cenospheres to provide a good mass transfer condition
for the reaction and prevent them from adhering to the
surface of membrane. Each UV lamp was installed in a
two-tier quartz casing, and cooling water passed
through the casing to maintain the reaction tempera-
ture. Before filling water in the reactor, UV light

(a) Cenospheres (b) Coated with TiO
2
 film

Fig. 1. Cenospheres before and after being coated with TiO2 film.
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intensity at the quartz casing surface was tested with
cooling water passing through the casing.

3. Results and discussion

3.1. The adsorption of DDT by cenospheres

DDT adsorption from water by cenospheres was
determined by measuring DDT remaining in solution.
In the test, the concentration of cenospheres was 2 g/L
while the concentration of DDT in raw water samples
were 31.2, 52.5 and 80.1 mg/L, respectively. The reactor
was run in dark condition and the results indicate that
the adsorption was almost complete during the first 10
min of the experiment as illustrated by Fig. 3. In order
to detect the removal effect of DDT by photocatalytic
reaction, water was sampled after the first and subse-
quent 10 min for all the tests.

3.2. The contributing factors towards DDT removal

Three initial concentrations of DDT solution (C0¼ 30
mg/L, 40 mg/L, 50 mg/L) were treated in the reactor.
Cp represents the concentration of DDT in water

samples and the removal rate can be defined as
(C0� Cp)/ C0, After 70 min of irradiation in the presence
of TiO2 deposited on the cenospheres, the removal rate
of DDT was 98.3%, 97.8% and 97.6%, respectively.

It can be seen from Fig. 4 that 1/(C0 � C) is in linear
relation with time, so this phenomenon is illustrated
well in second-order kinetics:

r ¼ kC2
p; ð1Þ

where r represents the reaction rate of DDT degrada-
tion, mg/L.min; k is the second-order degradation
constant of the main compound (DDT), L/mg.min.

On condition that the reaction zone is mixed com-
pletely and the power of UV is not changing, there are
mainly two factors related to k: UV light intensity and
photocatalyst concentration [20]. So k is the function of
I and Cc as in Eq. (2):

k ¼ f I;Ccð Þ; ð2Þ

where I represents the light intensity, mW/cm2; and Cc

represents the photocatalyst concentration of the reac-
tor, g/L.

3.2.1. The effect of UV light intensity on k

The influence of the UV light intensity on the degra-
dation of DDT was investigated by using different
power of 254-nm lamp. The power of the lamp was var-
ied from 8 to 32 W while other reaction conditions were
kept constant.

According to the result (Fig. 5), it was found that
UV light intensity has significant effect on the rate of
photocatalytic degradation of DDT. The stronger the
UV light intensity, the deeper the penetration of UV
light into the catalyst. Since the concentration of
photocatalyst was kept constant, the reaction rate was

stainless steel membrane
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Fig. 2. UV/TiO2 and stainless steel microfiltration combined
reactor.

Fig. 3. Adsorption of DDT by cenospheres at different initial
concentrations.

Fig. 4. Relation between 1/(C0 � C) and time.
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not proportional to the light intensity at high intensity
level.

3.2.2. The effect of Cc on k

The effect of Cc on k is shown in Fig. 6. It shows that
more DDT was removed with the increase of ceno-
spheres concentration which led to an increase in the
number of reaction sites and thus the quantity of
hydroxyl radicals produced. A further increase in
catalyst loading may cause opacity and light scattering
and thus decrease in the passage of irradiation through
the solution. Therefore, the degradation rate was not
linear with respect to the concentration of cenospheres.

3.3. The fouling of stainless membrane

By keeping the water level of the box and the valve
of effluent unchanged during the test, the flux of

effluent along time is as shown in Fig. 7. Though the
value decreased during the whole process, the slope
was very small. The reasons can be attributed to fol-
lowing: the first reason is that, the treatment sample
was prepared from distilled water. As such, it was
clean and difficult to be fouled. Secondly, the mixing
effect from air made the water to be in a fluidized state,
which kept cenospheres and some other granules from
adhering on the membrane. Finally, there was little cat-
alyst powder casted from cenospheres, which also kept
the water clean.

4. Conclusion

During the process of catalytic oxidation of DDT, the
active surface area of the catalyst is very important. At
the same time one has to consider the catalyst stability,
recovery and reuse since it is expensive and can cause
solid pollution if disposed arbitrarily. In the experiment,
the photocatalyst TiO2 was deposited on a kind of glass
cenospheres whose diameters ranged from 20 to 200
mm. Stainless steel membrane was used to ensure the
photocatalysts remained within the reactor during the
treatment. With high TiO2 specific surface area and
good mass transfer efficiency, the reactor was effective
to remove DDT in water. Within an appropriate range,
higher photocatalyst concentration led to higher reac-
tion efficiency. However, excessive photocatalyst may
cause opacity and light scattering and thus decrease
in the passage of irradiation through the solution. The
reactor is suitable for treating water with refractory
organic matter but without turbidity.
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