
Effectiveness of a photocatalytic organic membrane for solar degradation of
methylene blue pollutant

Ouassila Benhabilesa,b, Hacene Mahmoudic,*, Hakim Lounicia,d, Mattheus F.A. Goosene

aURIE. Ecole Nationale Polytechnique, Alger, Algérie, Tel./Fax: +213 24 41 04 84; email: benhabiles.ouassila@gmail.com
(O. Benhabiles), Tel. +213 7 71 68 35 93; email: lounicih@yahoo.fr (H. Lounici)
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ABSTRACT

The results of a feasibility study are presented on the use of a polystyrene (PS) organic
membrane as a photocatalyst support in the degradation of organic pollutants in aqueous
solution. Methylene blue (MB) was employed as a model dye and commercial titanium
dioxide (TiO2) was used as a photocatalyst. The MB dye which is resistant to direct
photolysis especially at high concentrations was successfully eliminated by TiO2 fixed on
the PS membrane in aqueous dispersion under solar irradiation. Photodegradation results
of MB showed that the film with 10 wt% TiO2 exhibited a remarkable ultraviolet (sun light)
photocatalytic activity over 5 h, with 68% of the pollutant being degraded. This is similar to
a TiO2 slurry system. The photocatalytic degradation obeyed pseudo-first-order kinetics at
low initial MB concentration. The optimum pH for efficient removal of dye was found to be
11. An increase in initial dye concentration decreased the degradation rate. The applicability
of Langmuir–Hinshelwood kinetic equation revealed that the degradation of MB occurred
mainly on the surface of the photocatalyst. The concept and results provide a promising
platform for fabricating highly efficient organic photocatalytic membranes for water
treatment.

Keywords: Water treatment; Organic pollutant; Methylene blue; Solar photocatalysis;
Immobilized TiO2; Organic membrane

1. Introduction

Water pollution caused by organic chemicals
produced from the textile, paper, plastic, leather, food,
and mineral processing industries is a very serious

problem [1,2]. This is mainly due to the presence of
synthetic dyes that are resistant to bacterial degrada-
tion and conventional chemical processes. With the
increasing shortage of clean water sources worldwide,
the development of low-cost and efficient advanced
water treatment technologies is urgently needed [1,2].
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There has been significant research on applying
semiconductors for water treatment due to their effec-
tiveness in degrading organic compounds [3,4]. A very
promising technique for the separation of a catalyst
from a reaction mixture at the end of a treatment
process, for example, is to employ a fixed catalyst.
Furthermore, photocatalytic treatments and membrane
processes have also been increasingly applied to treat
waste effluents from industry [1,2]. In particular, such
catalysts have been widely used for the decomposition
of harmful compounds in the environment [5–7].
Photocatalytic reactions allow for complete degrada-
tion of organic pollutants to small and in noxious
species, without using chemicals, thus avoiding sludge
production and disposal [5–7].

Titanium dioxide (TiO2) which is a well-known
semiconductor photocatalyst that has been applied
in air purification, solar energy conversion, and
wastewater treatment owes its success to its high
photocatalytic activity, low cost, low photoerosion,
non-toxicity, and excellent chemical and thermal
stability under illumination [8–16]. In wastewater
treatment processes, TiO2 nanoparticles are generally
used as a slurry system due to the large surface area
of the catalysts, which affords high photocatalytic
efficiency [17,18]. Nevertheless, the filtration to
eliminate and recycle the powdered TiO2 suspended
in the treated water increases running cost and results
in secondary pollution. This problem has become a
limiting factor in practical application of the technol-
ogy [19,20]. To avoid secondary pollution, much effort
has been devoted to immobilizing TiO2 on a variety of
substrates [21], including glass [22,23], stainless steel
[24], carbon fiber [25], titanium substrate [26,27], and
polymers [28,29], by means of sol–gel method, thermal
treatment, chemical vapor deposition (CVD), and
electrophoretic deposition.

Membrane separation processes have been shown
to be competitive with other separation processes in
terms of energy costs, material recovery, being
environmentally friendly, and being amenable to inte-
grated processes for selective removal of impurities
[30–33]. However, this technique only concentrates
pollutants. It does not destroy the contaminants. What
are needed are new technologies that reduce the use
of chemicals in treatment processes thereby permitting
a reduction in the global environmental impact. It can
be argued that the coupling of a photocatalytic
reaction with a membrane separation process could
take advantage of the synergy of both technologies
resulting in a very powerful system, with the mem-
brane having the simultaneous task of supporting the
photocatalyst as well as acting as a selective barrier
for the species to be degraded [2,6,34,35].

Membrane separation may be combined with a
photocatalysis process in what is called a photocat-
alytic membrane reactor (PMR). In such a reactor, the
catalysts could be immobilized on the membrane
surface or suspended in water [35,36]. Most of the
previous work reported in the literature has focused
on the use of TiO2 photocatalysts suspended in water
[37]. However, the problem with this system is that
the photocatalyst has to be eventually separated from
the suspension. A promising solution is to employ
PMRs with TiO2 photocatalysts immobilized on the
membrane surface for wastewater treatment. The
TiO2 photocatalyst may be immobilized through
physical absorption, hydrogen bonding, or chemical
bonding.

Turchi and Ollis [38] reported on the TiO2

photocatalysis reaction mechanisms. The initial
photodegradation rates of different compounds were
similar under identical conditions. This could only be
explained by a rate-limiting step consisting of hydro-
xyl radical formation or attack. Since, adsorption is
considered critical in the heterogeneous photocatalytic
process, the Langmuir–Hinshelwood model was used
to describe the photooxidation kinetics of dyes [39].
The Langmuir–Hinshelwood pseudo-first-order kinetic
model modified to accommodate reactions occurring
at a solid–liquid interface is as follows (1) [40]:

rð Þ ¼ �dC

dt
¼ kKC

1þ KC
¼ kappC

1þ kCþ KsCs
(1)

where r is the rate of degradation of the pollutant
(mg/min); k is the reaction rate constant (mg/min); K
the adsorption equilibrium constant of the reactant
(L/mg); C the pollutant concentration (mg/L); kapp the
apparent rate constant of degradation (min−1); KSCS

the contribution of solvent.
Two cases are possible: for dilute solutions

KC � 1:

ðrÞ ¼ � dc

dt
¼ kKC ¼ kappC (2)

where kapp is the apparent rate constant of a reaction
of pseudo-first-order. Eq. (2) can be integrated
according to Eq. (3):

ln ðC0=CÞ ¼ kappt (3)

The apparent rate constant kapp is determined from
the slope of the curve obtained by representing
ln(C/Co) as a function of time t.
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At high concentrations, Eq. (1) can be simplified
and reduced to zero-order kinetics. Its integral form is
given by Eq. (4):

ðC0 � CÞ ¼ kappt (4)

The half-time reaction is very useful information for
assessing the speed of a chemical reaction. It
is determined from Eq. (3):

for C ¼ C0=2 t1=2 ¼ ln ð2Þ =kapp (5)

The aim of the current study was to assess the
effectiveness of a polystyrene (PS) organic membrane
as a photocatalyst support in the degradation of
organic pollutants in aqueous solution. Methylene
blue (MB) was employed as a model dye and
commercial TiO2 was used as the photocatalyst under
solar irradiation.

2. Experimental

2.1. Materials

In this study, PS used as a membrane material; it
was a kind gift from the plastics industry in Algeria.
The solvent used was acetone purchased from
Chemical Factory “Biochem Chemo Pharma” (Quebec,
Canada). Commercial TiO2, photocatalyst used in our
experiments was produced by the Chemical Factory
“BiochemChemo Pharma” (Quebec, Canada).

The pollutant MB with chemical formula
C16H18CIN3S is presented in Fig. 1. MB is an azoic
dye widely used in the textile industry in Algeria,
with the max absorption wavelength of 664 nm, pro-
vided by Biochem Chemopharma (Montreal, Quebec).

2.2. Membrane preparation

PS was dissolved in proper solvent to form 16 wt
% casting solution at room temperature. The solvent
was employed without further purification. A 4 wt%
of a commercial form of inorganic photocatalytic
TiO2 was added to the casting solution under
stirring. The solution was cast on a glass plate to a
predetermined thickness of 40 μm with a Gardner
knife. The glued membrane was then immersed in a
coagulation bath (distilled water). After precipitation,
the membranes were peeled off and dried in an oven
at 60˚C.

2.3. Membrane characterization and photocatalyst physical
properties

The surface morphology and cross section of
prepared TiO2/PS composite membranes were
observed using a scanning electron microscope
SEM, Jeol JSM 630 SEM. The samples were coated
with a thin sputtered gold layer under vacuum.
Measurements of X-ray diffraction were performed
using a PW 1729X-RAY GENERATOR PHILIPS
device. This equipment uses Cu Kα1 radiation
(λ = 1.5406 Å).

2.4. Solar photoreactor

The photocatalytic degradation of MB was carried
out in a solar photoreactor located in northern Algeria
(latitude 36˚.39´; longitude 2˚.42´ at sea level), during
the period from August to September, using solar
irradiation. The reactor was developed at the Solar
Equipment Development Unit (SEDU) in Algeria.
The effective volume of the photoreactor (32 cm

Fig. 1. (a) (LHS) Methylene blue (MB) chemical structure and (b) (RHS) UV–vis absorption spectrum of MB in aqueous
solution.
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length × 24 cm wide × 6.5 cm high) was 5 L. The
photoreactor tank was made from Pyrex glass contain-
ing a flat membrane doped with 4 wt% catalyst as
shown in Fig. 2.

During solar experiments, the intensity of solar
radiation was measured with a Pyranometer CMP 11
(285–2,800 nm), which provides data in terms of
incident WUV m−2. Thus, results could be referred to
as accumulated UV energy, QUV,n (kJ L−1), calculated
by Eq. (6) [41–43].

The quantity QUV,n (kJ L−1) is received on any
surface in the same position with regards to the sun,
per unit of volume of water inside the reactor, in the
time interval Δt:

QUV;n ¼ QUV;n�1 þ DtnUVG;n
Ar

Vt
; Dt ¼ tn � tn�1

(6)

where tn (s) is the time corresponding to n-water
sample, Vt the total reactor volume (1 L), Ar the
illuminated surface area (0.0768 m2) and UVG;n the
average solar ultraviolet radiation (W m−2) measured
during the period DtnðsÞ.

2.5. Procedure and analysis

One liter of MB solution with different initial con-
centrations (i.e. 10, 20, and 30 mg/L) containing 4 wt%
TiO2 embedded in the organic membrane was illumi-
nated with solar light for 5 h. The pH of the solution
was not adjusted (Free pH) and the temperature was
not controlled; varying from 22 to 30˚C.

One liter of MB solution was prepared with
diverse pH (i.e. 3, 5, 7, 9, and 10) in order to study the
effect of pH on MB photodegradation. A 2 mL sample
was pipetted out at 10 min intervals and the change in
transparency of the dye solution was observed. The

dye concentration was recorded by a UV–visible
spectrophotometer (Shimadzu-1800). The changes in
the concentration of MB were monitored at their
characteristic absorption wavelengths of 609 and
664 nm using the UV–visible spectrophotometer. The
absorbance at 664 nm was employed to monitor the
discoloration of MB. The influence of light source on
the degradation efficiency was examined at constant
dye concentration 10 mg/L using the organic
membrane with 4 wt% catalyst.

2.6. Adsorption test

The adsorption experiments were performed with
the dye solution at different concentrations. One liter
of the aqueous dye solution was kept in contact with
the TiO2/PS composite membrane over 5 h. In order
to avoid the photoreaction of TiO2, the samples were
kept in the dark for the entire period of the
experiment. The concentration of the dye solution was
determined from its absorbance at 664 nm. The
amount of dye adsorbed on the catalyst was calculated
by a mass balance. UV spectral analysis was carried
out using UV–visible spectrophotometry.

3. Results and discussion

3.1. Membrane characterization

From Fig. 3(a), the surface characterization of the
composite membrane PS/TiO2 shows homogeneity
and from Fig. 3(b) thickness was estimated to be
around 30 μm as observed. The distribution of TiO2

particles is relatively uniform in the matrix suggesting
that the synthesized membranes are homogeneous in
nature and hence form a dense membrane Fig. 3(c).

3.2. Photocatalyst physical properties and
photodegradability of methylene blue

The Brunauer–Emmett–Teller (BET) surface area of
TiO2was found to be 4.61 m2 g−1. Measurement of
X-ray diffraction indicated that TiO2 has a structure
consisting of 90% anatase and 10% rutile. The average
particle size was found to be 48 nm.

Photocatalytic degradation of MB with commercial
TiO2 catalyst using the photocatalytic reactor at
300 min of UV irradiation indicated that 70% of the
dye was degraded in the presence of TiO2 incorpo-
rated in the membrane (Fig. 4). When the dye was UV
irradiated without catalyst there was a low degrada-
tion (i.e. 35%). The same experiment when performed
in the absence of UV light but with TiO2, only a 3%Fig. 2. Solar photoreactor.
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decrease in dye concentration was observed. This was
apparently due to adsorption of the dye on the surface
of the catalyst.

The photocatalytic degradation of MB dye using
TiO2 obeyed pseudo-first-order kinetics. At low initial
dye concentration, the rate expression is given by
Eq. (2), where kapp is the pseudo-first-order rate
constant. Integration of Eq. (2) (with the limit of
C = C0 at t = 0 with C0 being the equilibrium concen-
tration of the bulk solution) gives Eq. (3), where C0 is
the equilibrium concentration of dye and C is the
concentration at time t.

3.3. Effect of initial dye concentration

The influence of the initial concentration of the dye
solution on the photocatalytic degradation is an
important aspect in determining the effectiveness of
the process. The photodegradation rate decreased with
increasing initial dye concentration which varied
between 10 and 30 mg L−1 (Fig. 5). After 5 h, the high-
est level of decomposition was observed at C/Co = 0.30

(i.e. 70% degradation) for Co = 10 mg/L. A lower
degree of decomposition at C/Co = 0.54 (i.e. 46%
degradation) was obtained for 20 mg/L, while for
30 mg/L dye, C/Co only decreased to 0.70 at 5 h
irradiation (i.e. 30% degradation of MB dye).

In Fig. 5 very similar curves were observed using
solar light when the extent of degradation was repre-
sented vs. time. Even if degradation profiles were
similar in these three cases, other parameters must be
taken into account for better comparison. This is the
accumulated energy (Fig. 6). An explanation for this
behavior is that as the initial concentration increases,
more and more organic substances are adsorbed on
the surface of TiO2; therefore, the generation of hydro-
xyl radicals will be reduced since there are fewer
active sites for adsorption of hydroxyl ions and the
generation of hydroxyl radicals. Furthermore, it can be
argued that as the concentration of the dye solution
increases, photons are intercepted before they can
reach the catalyst surface. Hence the absorption of

Fig. 3. SEM images of (a) surface, and (b,c) cross section of TiO2/PS composite membrane at 500×, 1,000×, and 4,000×
magnification, respectively.

Fig. 4. Photodegradability of MB (Vt = 1 L; MB = 10 mg/L;
pH 6–7; catalyst load 4 wt% in the casting solution).

Fig. 5. Effect of MB initial concentration on photocatalytic
degradation (Vt = 1 L, catalyst load 4 wt% in the casting
solution, pH 6–7, sun light).
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photons by the catalyst decreases, and consequently
the degradation level (i.e. C/Co) is reduced [44–47].

The UV–vis spectra of MB solutions (10 and
30 mg/L) at different irradiation times are shown in
Figs. 7 and 8. There was no significant change in UV
spectra during irradiation. The intensity at 609 and
664 nm decreased gradually during the degradation.
This revealed that the intermediates do not absorb at
the analytical wavelengths of 609 and 664 nm [47].

Fig. 7. The changes in UV–vis spectra of MB under
sun light irradiation in the presence of PS/TiO2 com-
posite membrane during 300 min. (MB = 10 mg/L; pH
6–7; catalyst load 4 wt% in the casting solution;
Vt = 1 L).

3.4. Effect of pH on the MB degradation

Fig. 9 shows the time-reduced concentration pro-
files of MB degradation at various pH. The extent of
photocatalysis increased with increasing pH. At higher

pH (11), there was probably an excess of hydroxyl
anions, which would have facilitated photogeneration
of the hydroxyl radicals [48–50]. The interpretation of
pH effects on the efficiency of dye photodegradation
process is a very difficult task since it has multiple
roles. Due to the amphoteric behavior of most semi-
conductor oxides, an important parameter governing
the rate of reaction taking place on semiconductor
particle surface is the pH, since it influences the
surface charge properties of the photocatalysts.
Furthermore, industrial effluents may not be neutral.
Therefore, the effect of pH on the rate of degradation
needs to be considered.

To introduce the influence of other parameters
such as surface area, treated volume, and accumulated
energy, Fig. 10 was plotted using Eq. (6). The resulting
degradation profiles in Fig. 10 were similar to those
vs. time (i.e. Fig. 9). The degradation rate for dye was
found to be lower at lower pH values, which
increased with an increase in reaction pH. The highest
efficiency was observed at pH 11 in the presence of
photocatalyst. This effect may be attributed to more

Fig. 6. Solar photocatalytic degradation of different initial
MB concentrations vs. the quantity of accumulated energy.
(Vt = 1 L, catalyst load 4 wt% in the casting solution, pH
6–7, sun light).

Fig. 7. The changes in UV–vis spectra of MB under sun
light irradiation in the presence of PS/TiO2 composite
membrane during 300 min. (MB = 10 mg/L; pH 6–7;
catalyst load 4 wt% in the casting solution; Vt = 1 L).

Fig. 8. The changes in UV–vis spectra of MB on under sun
light irradiation and the presence of PS/TiO2 composite
membrane during 300 min. (MB = 30 mg/L; pH 6–7;
catalyst load 4 wt% in the casting solution; Vt = 1 L).

Fig. 9. Effect of initial pH on photocatalytic degradation of
MB. UV Sun, catalyst load 4 wt% in the casting solution,
[MB]0 = 10 mg L−1.
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efficient generation of hydroxyl radicals by the
photocatalyst with increasing concentration of OH−.
At alkaline pH values, the hydroxyl radicals have to
diffuse away and degrade the dye in the bulk
solution. Similar results have been reported by other
research groups for acetate ion, acid blue 40, and
chrysoidine Y(1) [51,52].

The shape of the curves in Fig. 9 is exponential
decay, which predicts that the kinetics of degradation
of MB is pseudo-first-order. Rate constants for each
concentration were determined by linear regression
from the plot of the evolution of -ln (C/C0) function
of time (Fig. 11). The initial rate of photodegradation
was studied as a function of the initial concentration
of the substrates using the linearized form of the
Langmuir–Hinshelwood equation, which was well
fitted by the membranes over the whole range of
concentration, and from which the apparent rate con-
stants kapp, initial rates degradation (r0) and time of
half reaction t1/2 were evaluated and are summarized
in Table 1.

3.5. Effect of irradiation source

The influence of light source and intensity on the
degradation efficiency has been examined at constant
dye concentration (10 mg/L) and at 4 wt% casting
solution. The results showed a large variation on MB
removal with the change in light source. Fig. 12
presents the changes in dye concentration during the
photocatalytic process using solar and UV Lamp
irradiation.

Using the sun irradiation, the mean UV accumu-
lated energy during this experimental day was
QUV = 965 kJ/L, we obtained 68% of MB degradation
or removal, after 300 min. In comparison with the UV
lamp, there was only a 20% degradation or removal
on MB. It is evident that the percentage of pho-
todegradation increases with increasing light intensity
as shown in Figs. 13 and 14.

UV irradiation generates the photons required for
the electron transfer from the valence band to the con-
duction band of a semiconductor photocatalyst, and
the energy of a photon is related to its wavelength,
and the overall energy input to a photocatalytic
process is dependent on light intensity. The rate of

Fig. 10. Solar photocatalytic degradation of MB vs. the
quantity of accumulated energy for different initial pHs.
(Vt = 1 L, catalyst load 4 wt% in the casting solution,
[MB]0 = 10 mg L−1, UV sun).

Fig. 11. Kinetics of MB degradation for different initial
pHs. (Vt = 1 L, catalyst load 4 wt% in the casting solution,
MB0 = 10 mg L−1, sun light).

Table 1
Values of kinetic constants, initial rates, degradation rate,
and the time of half-reaction after 300 min of solar irradia-
tion for different initial pH. (Vt = 1 L, catalyst load 4 wt%
in the casting solution, [MB]0 = 10 mg L−1, sun light)

pH kapp (min−1) r0 (mg/L min) t1/2 (min) R%

3 0.0001 0.001 6,931 16
5 0.003 0.030 231 61
7 0.003 0.027 231 68
9 0.002 0.020 347 55
11 0.012 0.105 58 98

Fig. 12. Photolytic degradation of MB, normalized MB
concentration vs. time. (Vt = 1 L, TiO2 load 4 wt%,
MB0 = 10 mg L−1, sun light and UV lamp). Changes in dye
concentration during the photocatalytic process using solar
and UV Lamp irradiation (2 Phillips PL-L 24 W/10/4P
lamps (λmax = 365 nm)).
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degradation increases when more radiation falls on
the catalyst surface and hence more hydroxyl radicals
are produced [13,47,53].

4. Conclusions

It has been demonstrated that flat organic
photocatalytic membranes can be fabricated and
employed for the efficient degradation of MB organic
dye in aqueous solution. The MB dye was successfully
degraded by TiO2 fixed on PS membranes in aqueous
solution under irradiation by solar light. The dye was
resistant to direct photolysis especially at high
concentrations. The photocatalytic degradation obeys
pseudo-first-order kinetics at low initial concentration.
The optimum pH for efficient removal of dye was
found to be 11. An increase in initial dye concentra-
tion decreases the degradation rate. The applicability
of Langmuir–Hinshelwood kinetic equation revealed
that the degradation of MB occurs mainly on the
surface of the photocatalyst. The concept and results
provide a promising platform for fabricating highly
efficient organic photocatalytic membranes for water
treatment.
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