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Abstract. This paper is devoted to study the feasibility of combining photocatalytic degradation with

membrane filtration for the removal of organic pollutants. As a result, we have successfully prepared low-

cost microfiltration membranes based on clay and phosphate. It is expected that the phosphate and clay
composite membrane can have multifunctional separation and photocatalysis simultaneously and this type
of composite membrane can play an important role in the photocatalytic reaction in presence of TiO2 and

the separation process. We then tested the efficiency of the direct coupling of photodegradation and
filtration to determine the rate of release of TiO, particles through the microfiltration membrane. However,
we have seen that the recovery of TiO, exceeds a 96%, as well as the removal of products from the
photodecomposition of the reaction mixture in the membrane photocatalytic reactor. In our case the

methylene blue elimination rate exceeds 75%.

1 Introduction

Nowadays water pollution, caused by hazardous organic
chemicals used in industry and agriculture, is a very
serious problem. Food, pharmaceutical, pesticides, the
textile dyeing and finishing industry produces large
volumes of discharge effluent and is considered as one
of the major industrial pollutants.

Compared with conventional water treatments, which
operate in discontinuous and produce large quantities of
sludge which are disposed in land fill, the membrane
processes are used to purify water continuously, without
chemical additives. Therefore microfiltration (MF)
separation is widely used as a solid-liquid separation
technique in the drink and food industries and in
biotechnology.

The microfiltration membrane we made from natural
Moroccan clay [1-3] and phosphate [4] show their
potentialities in the rationalization of productions
systems. Their intrinsic characteristics of efficiency,
operational simplicity and flexibility, relatively high
selectivity and permeability for the transport of specific
components, low energy requirements, good stability
under a wide spectrum of operating conditions, easy
control and scale up have been confirmed in a large
variety of application, and operations.

*
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Till now, heterogeneous photocatalysis has been mainly
applied for environmental remediation because the
photogenerated active species are capable to mineralize
efficiently almost every organic pollutant. In general,
photocatalysis can be defined as an acceleration of a
photoinduced reaction by the presence of a photocatalyst
[5]. Also that, Photocatalysis is one of the so-called
“Advanced Oxidation Processes” (AOPs). AOPs are
based on the generation of very reactive species—
hydroxyl radicals (OHe) that could oxidize wide spectra
of organic matter in water quickly and non-selectively
[6]. Although, the presence of these compounds in the
environment corresponds to low concentration levels, its
continuous input from wastewater treatment plants or
direct discharge to natural riverbeds may represent a
long-term potential threat for the aquatic and terrestrial
ecosystems. A coupling system of membrane separation
and photocatalytic oxidation has been evaluated for the
removal of organic pollutants in wastewaters [7].

Coupling photocatalysis and membrane separation can
be use three main configurations can be distinguished:
(a) irradiation of the feed tank, (b) irradiation of the
membrane module or (c) irradiation of an additional
reservoir (photoreactor) which is located between the
feed tank and the membrane module Figs 1-3 [6]. In
some cases the light source can be positioned above

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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both, membrane module and feed tank (or inside them,
when the immersed UV lamps are used).
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Fig. 1. Hybrid photocatalysis-membrane processes
utilizing irradiation of the additional reservoir located
between the feed tank and membrane module.
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Fig. 2. Hybrid photocatalysis-membrane processes
utilizing irradiation of the membrane module.
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Fig. 3. Hybrid photocatalysis-membrane processes
utilizing irradiation of the feed tank.

The aim of this work is to understand this behavior and
to improve the performance of coupling photocatalysis
and membrane separation, in order to take advantage of
the benefits of both the photocatalytic and membrane
technology for water treatment. The aqueous solution
containing methylene blue is fed to the membrane unit,
obtaining a permeate free of pollutants and a rejected
flux with high concentration. Subsequently, the rejected
stream was treated by photocatalytic system of them
using TiO, as heterogeneous catalyst.

A comparative study between the photocatalytic
coupling-clay microfiltration membrane and the
photocatalytic coupling-phosphate microfiltration
membrane for the removal of methylene blue using the
configuration shown in Fig.3.

2 The use of methylene blue (MB) in
photocatalytic-membrane coupling

Most of industries like textiles, paper, plastics, leather,
food, and cosmetics industries use dyes or pigments to
color their product. It can cause eye burns causing
permanent injury to human and animal eyes. Inhalation
may cause respiration difficulties and oral ingestion may
cause burning, nausea, vomiting, sweating and heavy
cold sweats [8]. The treatment of industrial discharges
containing this type of dye is of great interest [9-10].
Indeed, the validation study of this new method will be
based on this dye (MB) which is a cationic dye with
broad applications such as dye for paper, hair, and cotton
and filters for medical surgery [11]. This pollutant not
only deteriorates water quality but also significantly
affects the environment and human health [12], this is
why this dye is chosen as a representative model of
medium-sized organic pollutants.

The aim of this work is to understand this behavior and
to improve the performance of coupling photocatalysis
and membrane separation, in order to take advantage of
the benefits of both the photocatalytic and membrane
technology for water treatment. The aqueous solution
containing methylene blue is fed to the membrane unit,
obtaining a permeate free of pollutants and a rejected
flux with high concentration. Subsequently, the rejected
stream was treated by photocatalytic system of them
using TiO; as heterogeneous catalyst.

3 Materials and methods

3.1 Materials

Methylene blue is a cationic dye of index C. I 52015,
formula C1¢HgN;3;SCI and its molar mass is 319.85 g.
mol-1. Its visible spectrum is shown in Figure 4 [13].
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Fig. 4. Visible spectrum of the methylene blue dye
studied.

The semi-developed formula of this dye is shown in

Fig.5.
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Fig. 5. Molecular Structures of Methylene Blue.

The raw clay used in this work is clay taken from a
natural basin in the region of Souss (Morocco), crushed
and sieved to obtain fractions < 125 um and then dried at
100 °C for 24 h.

Natural Moroccan phosphates from Khouribga was used
to prepare lixiviated phosphate, the powder was crushed
and sieved to obtain fractions < 125 pm with disc mills
Mc call [4].

Chemical analyses of raw Moroccan clay and phosphate
were carried out wusing the X-ray fluorescence
spectrometer, the results are grouped in Table 1.

Table 1: Mineralogical composition of clay and
phosphate.

Clay sample Phosphate
sample

Element Weight % Weight %
Al,O; 43 0.29

Si0, 35 1.4
Fe 05 15 0.12

Na,O 3.5 1.1
CaO 1.5 51.59
K,0 1.2 0.06

MnO 0.03 -

P,0s - 334
SO; - 1.56
CO, - 4.39
MgO - 0.25
F- - 4.08

Anatase-type titania have been proven as environmental
friendly catalysts because of its capability to decompose
the different organic and inorganic pollutants [14].
However, the best photocatalytic performances with
maximum quantum yields have been always obtained
with titania [15]. In addition, anatase is the most active
allotropic form of TiO2 among the various ones
available [16]. Unfortunately, due to a wide band gap
(about 3.2 ¢V) TiO2 is inactive under visible light [17].
Recently, numerous investigations have been focused on
different modifications of TiO2 in order to improve its
activity under UV irradiation or to reduce the band gap
energy so that it is able to utilize the visible light [18—
20]. An overview of various modification techniques
which could improve TiO2 activity under visible light
was recently presented by Rehman et al. [17].

3.2 Methods

3.2.1 Water permeability test

Before using the elaborated ceramic membranes, it is
necessary to make a test to determine the permeability to
distilled water. The agitated reactor is pre-filled with
distilled water, then a valve was used to control the
pressure in the system, it varies between 0 and 2 bar, the
valve is opened which makes it possible to send the
water with the aid of a pump to the microfiltration
reactor Fig.6. Membranes were conditioned by
immersion in pure deionised water for a minimum of 24
h before the filtration tests.

Membrane
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Fig. 6. Scheme of the pilot of filtration.

3.2.2 Methylene blue filtration on ZrO, / phosphate
and ZrO, / clay

We performed a BM filtration at an initial concentration
of 25 ppm on a tubular membrane of ZrO2 deposited on
a phosphate support [4], the experiment was done in
absence of TiO2 and at a pressure of 1 bar. We have thus
realized the same study and the same condition, but this
time on a tubular clay microfiltration membrane.

Next, we carried out a filtration in the presence of TiO,
through the membrane of ZrO,/Phosphate under the
same conditions of BM concentration and pressure and
without irradiation.

3.2.3 Study of BM adsorption on TiO2 in darkness

The adsorption of dyes on the surface of semi-
conductors is an important process. Indeed, the
adsorption of the micro pollutant on the photocatalyst is
a step prior to its degradation, very important for the
development of the photodegradation reaction. It should
be noted, however, that this process is debated.
According to some authors [7-9], adsorption is a
prerequisite for photodegradation.

The adsorption capacity of the methylene blue dye per
unit mass of TiO2 has been calculated using the
following formula:

q = [(Co-CJxV/mTiO; (1)

Were q is the quantity of BM adsorbed at time t, m the
mass of TiO, (mg/g TiO2), CO the initial concentration
of BM (mg.L") and Ct the concentration of BM at time t
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a. . Determination of adsorption equilibrium
time

All adsorption isotherms were performed in the dark
after a 60 min equilibrium period at natural pH and
25°C. The same amount of TiO, adsorbent (1 g.L-1)
Various aqueous dye solutions were added to 100 mL at
concentrations 20, 40, 60, 80 and 100 mg.L-1 before
being mechanically agitated at 200 rpm at room
temperature.

b. Effect of temperature

The influence of temperature was studied using a
thermostat bath to maintain temperature at desired value
(25°, 30°, 35° and 40°C). The experiments were
achieved by adding 12 mg/L of methylene blue solution.

c. Effect of pH

The influence of the pH of the solution on adsorption
was studied using different pH values. The experiments
were carried out by adding 0.2 g/L of TiO2 to the
Methylene blue (T=25°C, C0 =10 ppm).

d. Effect of TiO; doses

The study of the effect of increasing the quantity of
semiconductor on the adsorption of dyes, for the BM
dye, within a series of concentrations of the catalyst
(TiO02) stretching from 0.5 g/L to 3 g/L and a dye
concentration of 20 ppm.

3.2.4 Removal of MB from the membrane-
photocatalytic reactor

After testing the reactor for distilled water and testing
the adsorption of MB under different conditions, we
performed photocatalytic degradation experiments (UV
lamp 30W) followed directly by tangential filtration of
methylene blue.

The feed reactor is pre-filled with the MB solution at a
concentration of 25 mg / L, before adding the TiO2
semiconductor of 1 g / L of the catalyst used in powder
form. it is left stirring for 10 minutes, then the valve is
opened which allows to send the reaction mixture before
the photocatalytic degradation to the photochemical
reactor to the microfiltration reactor, by means of a
pump. the stirring speed is set, the recirculation flow rate
of the reaction mixture depends on the applied pressure.
samples are taken every 10 minutes. In BM
photodegradation reactions, the pH of the suspension is
about 6.5 the initial volume of the reaction mixture is 2L.

4 Results and discussion
4.1 Study of MB adsorption on TiO,.

4.1.1 Time of equilibrium adsorption

Figure 7 shows that the increase in the initial BM
concentration leads to a substantial increase in the
amount of BM selected for the same amount of TiO2.
The amount of adsorbed BM becomes constant for an
equilibrium time of 40 min and an initial concentration
above C0 = 60 ppm of BM.
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Fig. 7. Effect of initial BM concentration on TiO2
adsorption kinetics.

4.1.2 Influence of temperature on adsorption

In the range temperature considered, the temperature
does not have a large effect on adsorption. A small
increase in adsorbed amounts is observed with the
increase in temperature (Fig.8).

30 4

OQags (m g,-"ni‘" )

a ') —&
10 4
0 T T T T 1
20 25 30 35 40 45
Temperature(°C)

Fig. 8. Effect of temperature on the adsorbed amount of
BM on the photocatalyst.

Increasing the temperature would increase the mobility
of ionized dye molecules, and would result in a widening
of the pores in the internal structure of the adsorbent.
This would allow dye molecules to penetrate.

4.1.3 Influence of pH

The curve in Figure 9 shows that the pH parameter
improves the removal percentage, when the pH increases
from 4 to 7 the percentage of elimination increases from
34 % to 91 % and when the pH changes from 7 to 14 a
decrease from 91 % to 77 %. The maximum percentage
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of elimination is 91 % which corresponds to the zero
load point (ZLP) for TiO2 particles at pH = 6.8.
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Fig. 9. Effect of pH on BM equilibrium adsorption rate
in darkness

4.1.4 Influence of TiO2 concentration on adsorption
rate

The results of the evolution of the adsorbed amount of
dye over contact time are shown in Figure 10 and show
that the increase in the concentration of catalysts (TiO,)
causes an increase in the adsorption rate.
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Fig. 10. Evolution of the adsorbed amount of the dye as
a function of the concentration of TiO, in the dark.

4.2 Study of BM removal by TiO, photocatalysis

4.2.1 Effect of initial concentration

Before any study, photolysis alone of methylene blue
under solar irradiation was carried out in aqueous
solution. It was found to be negligible, since only 2 %
discolouration of the dye is observed in 90
min. Moreover, Figure 11 shows that, when irradiating
the solution with a concentration of TiO2 of 0,2 g/L, the
dye is completely eliminated for low concentrations.

100 4

80 B

% elimination

40 T T 1
0 5 10 15

Initial concentration of BM
Fig. 11. Effect of initial concentration on BM removal.

Logically, the effectiveness of discolouration decreases
with the increase of the dye concentration. Some
justifications of this behaviour can be considered. First,
it is possible that the photogeneration of h+ holes and/or
OHP radicals on the catalyst surface may be reduced due
to the covering of the active sites by the dye. Another
justification would be that the absorption of a significant
amount of UV by dye molecules rather than by the
surface of TiO2 reduces the intensity of the absorbed
radiation at the catalyst, thus reducing the efficiency of
the photocatalytic reaction.

4.2.2 Influence of pH on photocatalysis

Since the pH of the dye solution is an essential parameter
for the progression of degradation, comparative
experiments were carried out at different pH values: an
acidic pH (3.3), two of the basic pH (11.4 ; 13.3) and a
natural pH (7.7). Figure 12 illustrates the variation in the
amount of dye removed as a function of the pH of the
solution at a fixed temperature.
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Fig. 12. Effect of pH on BM removal.

4.3 Study of BM removal on the microfiltration
membrane
4.3.1 Test of permeability
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Fig. 13 shows that the water flux through the membrane
depends on the applied pressure but the stabilization of
the flux needs about 0.5 hour due to formation of a
polarization layer. The permeability was determined
from the values of flux measured after stabilisation for
each working pressure. The curve given the flux vs.
pressure is a straight line with slop equal to about 121.6
L/h.m?.bar which corresponds to the permeability of the
membrane (Fig.14).
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Fig. 13. Evolution of water permeation flux as a function
of time.
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Fig. 14. Evolution of water permeation flux as a function
of pressure.

4.3.2  Filtration of BM on
ZrO2/phosphate and ZrO2/Clay

membrane

- Filtration on ZrO2/phosphate: The results presented in
Figure 15 show that the release rate reaches a maximum
value of 3.5 % after 40 minutes of filtration. This
confirms that the BM is not well retained by a
microfiltration membrane.
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Fig. 15. Filtration of BM without TiO2 and without
irradiation on ZrO2/Phosphate

Next, we carried out a filtration in the presence of TiO,
through the membrane of ZrO,/Phosphate under the
same conditions of BM concentration and pressure in the
presence of TiO2. Figure 16 showed that the rejection
rate improved by comparing it with the previous figure.
This can be explained by an adsorption of BM on TiO,.
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Fig. 16. Filtration of BM in the presence of TiO2 and
without irradiation on ZrO2/Phosphate.

- Filtration on ZrO2/clay : We carried out the same study

but this time with microfiltration membrane based on

clay.
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Fig. 17. Filtration of BM without TiO2 and without
irradiation on ZrO2/Clay.

After a filtration test on a microfiltration membrane, we
found that the release rate (Figure 17) reaches a
maximum value of 3,8 % after 40 min. This confirms
that the BM is not well retained by a microfiltration
membrane. The results presented in Figure 18 show that
the release rate has improved compared to the absence of
TiO2 and irradiation and that fuel a value of 38 % after
40 minutes of filtration. This can be explained by an
adsorption of BM on TiO2.
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Fig. 18. Filtration of BM in the presence of TiO2 and
without irradiation on ZrO2/Clay.

44 Study of  photodegradation and
microfiltration membrane separation

The rejection rate of the ceramic membrane for the TiO2
photocatalyst with two membranes was shown in Figure
19.

In the initial period of the microfiltration, the rejection
rate for TiO, particles was more than 98%. After 40 min,
the rejection rate completely TiO, particles was more
than 99.5%. Meanwhile, no TiO, particles could be
detected in the permeation liquid. This showed that TiO,
photocatalyst was separated completely.

In order to measure the photocatalyst degradation rate in
the coupling reactor, the photocatalytic oxidation of
methylene blue was conducted in the coupling reactor.
The result is shown in Figure 20. The degradation
reaches 75% in 1 hours of filtration.
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Fig. 19. The rejection rate of TiO2.
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Fig. 20. The rejection rate methylene blue solution
5 Conclusion

The preparation and characterization of a new
microfiltration membrane based on Moroccan clay has
been described and used in this work.

Different tests were studied to confirm the efficiency of
the direct coupling of photodegradation and filtration
and determine the rate of release of TiO, particles
through the microfiltration membrane.

The photocatalysis membrane separation coupling
reactor system was studied. The rejection rate of TiO,
particles, the microfiltration flux and the photocatalytic
degradation rate of methylene blue was investigated in
the reactor under optimized operating conditions. This
coupling reactor can meet the needs of both the
separation of the particles and the photocatalytic
reaction, and it is suitable for continuous and pilot scale
operations.
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