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a b s t r a c t
In this study, a novel clay membrane coated with carbon–copper co-doped titanium oxide 
(C–Cu–TiO2) nanoparticles was synthesized via sol-gel method. The membrane was evaluated in 
terms of purification of polluted seawater under illumination of UV and real sunlight by measuring 
some characteristic physical and chemical parameters such as, conductivity, salinity, nitrate (NO3

–), 
nitrite (NO2

–), ammonium (NH4
+), chloride (Cl–), phosphate (PO4

3–), sulfate (SO4
2–), sodium (Na+), 

potassium (K+), calcium (Ca2+), magnesium (Mg2+), total nitrogen (TN), and total organic carbon 
(TOC). Compared with pure TiO2/clay, the C–Cu–TiO2/clay membrane exhibited an excellent photo-
catalytic performance. The removal efficiency has been increased remarkably from 64.91% to 93.22% 
for TOC and from 36.92% to 68.94% for TN, when C–Cu–TiO2/clay membrane was used, revealing 
its feasibility for the purification process. Moreover, the stability and potentiality of C–Cu–TiO2/clay 
membrane for continuous reuse have been successfully demonstrated.
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1. Introduction

Globally, the problem of water scarcity is anticipated to 
grow in the coming years, due to the insufficient availability 
of clean water and deficiency of satisfactory water treatment. 
It is estimated that more than 1 billion people are exposed to 
unsafe drinking water source [1]. Particularly, this problem 
is significant in arid zones where water sources are scarce 
and in developing countries. The importance of seawater as 
a significant water source is globally increasing, since more 
than 70% of the earth’s surface is covered by oceans, which 
contain 97% of the earth’s water [2,3]. Therefore, the purifi-
cation of seawater is an issue of significant environmental 
interest.

The limitations and drawbacks of traditional water 
treatment processes as well as the rigorous environmen-
tal standards have emerged the need to search for a novel 

water treatment technology to ensure sustainable production 
of high water quality. Accordingly, tremendous efforts have 
been devoted in the development of innovative and cost- 
effective modern treatment technologies to provide clean 
water. Recently, Intensive research has proven that solar 
photocatalysis technology utilizing photocatalyst nanopar-
ticle can efficiently detoxify polluted water. Investigations 
included various photocatalysts, such as TiO2 [4–9], WO3 
[10,11], Fe2O3 [12,13], CuS [14] and ZnO [15]. Due to its 
commercial viability, chemical stability, and environmen-
tally benign properties, titanium oxide (TiO2) has received 
great attention for environmental remediation. However, its 
wide bandgap (3.0–3.2 eV) requires UV light, of high energy, 
to excite electron in the valance band to conduction band, 
leaving a positive hole in the valance band, which is the key 
step in the photocatalysis mechanism. This hole can quickly 
recombine again with the electron resulting in a decline in 
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the photoactivity of the catalyst. Thus, it is critical to modify 
the catalyst to overcome these two obstacles.

Recently, modification of n-TiO2 photocatalyst by carbon 
proved to be an effective technique for reducing its opti-
cal bandgap [16], and successively, can absorb visible light 
photons [17–20]. Additionally; doping of TiO2 by Cu(II) 
could improve its efficiency by suppressing the electron–
hole recombination [21–26]. Concurrently, the doping by 
carbon can reduce the optical bandgap energy of TiO2, 
and Cu-doping can overcome the recombination problem. 
Therefore, the co-doping of TiO2 with both C and Cu is 
expected to facilitate and expedite the development of more 
sustainable processes for the remediation of contaminated 
water by efficient utilization of real solar light.

On the other hand, conventional inorganic membranes 
such as ceramic have shown some potential for the utilization 
as a physical tool for filtration and separation processes, 
due to its advantageous features such as, low capital cost, 
compact design, higher separation factors, excellent com-
binations of mechanical, chemical and thermal stability, 
and better cleaning properties [27]. Several methodologies 
have been proposed and addressed for the fabrication of 
composite membranes, including chemical vapor deposition 
[28], dip-coating [29], microwave-assisted hydrothermal 
treatment [30,31] and electroless plating [32]. In this context, 
fabrication of the membrane with cheap raw materials and 
lowering the temperature during sintering process would 
be beneficial to minimize the cost of the ceramic membranes 
and consolidate their industrial applications.

Due to their interesting simultaneous physical separa-
tion and chemical decomposition functions toward water 
contaminants and their promising practical applications 
[33,34], attention has been given to the fabrication of TiO2 
photocatalytic membranes. Therefore, the combination of 
physical purification tool with the photocatalysis technique 
employing visible light active nano-photocatalyst in a single 
unit will be of a great potential for purification technique. 
To the best of our knowledge, the application of combined 
inexpensive low-cost raw clay with C–Cu–TiO2 nanoparti-
cles to purify polluted seawater under natural sunlight has 
not been reported in the literature. Based on the aforemen-
tioned considerations, this work focused on the preparation 
of a clay membrane coated with carbon–copper co-doped 
titanium oxide (C–Cu–TiO2) nanoparticles. The C–Cu–TiO2/
clay membrane was tested for the purification of polluted 
seawater under UV and real sunlight. The membrane 
performance was evaluated in terms of measuring of some 
characteristic physical and chemical parameters such as, 
conductivity, salinity, nitrate (NO3

–), nitrite (NO2
–), chloride 

(Cl–), phosphate (PO4
3–), sulfate (SO4

2–), sodium (Na+), potas-
sium (K+), calcium (Ca2+), magnesium (Mg2+), total nitrogen 
(TN) and total organic carbon (TOC).

2. Experimental

2.1. Preparation of the catalysts

C–Cu–TiO2 nanoparticles were prepared via sol-gel 
method by the addition of titanium (IV) iso-propoxide 
(30 mL) to equal volume of absolute ethanol under contin-
uous sonication. To achieve the incorporation of carbon and 

copper, 15 mL of mixture of sucrose (0.01 M) and copper sul-
fate (3 wt.%) were added into the prepared solution. Then 
the pH was adjusted to be around 3.2 and the sonication 
was maintained for 2 h to form the gel, which was kept for 
24 h at room temperature and then dried at 100°C for 12 h. 
Finally, the obtained powder was calcined in a muffle fur-
nace at 500°C for 2 h to attain the C–Cu–TiO2 nanoparticles. 
Pure TiO2 was prepared by following the same previously 
mentioned steps, without the addition of both sucrose and 
copper sulfate.

2.2. Preparation of ceramic support

Natural clay powder was provided from the local mar-
ket of Jeddah, KSA. The clay was sieved to remove any large 
particles, then well grounded by using a ceramic mortar. A 
homogenous paste was made by using a milli-Q water, then 
the paste was made into small balls (with average dimen-
sions of: 0.4 cm diameter, 1.3 cm circumference, and 0.538 cm2 
surface area) by using a homemade stainless steel circular 
shaped template. The formed wet clay balls were dried at 
room temperature for 24 h.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained by using 
an Ultima IV X-ray diffractometer (Rigaku, USA) with a cop-
per Kα radiation at 40 mA and 40 kV, data collection was carried 
out over the 2θ range of 10°–80° at a scan rate of 4.0°min–1. 
To study the morphology of the photocatalysts’ surface, A 
JSM-7600F, JEOL (USA) scanning electron microscope (SEM) 
was used. Attached to this SEM, energy dispersive X-ray 
spectroscopic unit (EDS, X-max 50 mm2, Oxford Instruments, 
USA), to perform the elemental composition and to examine 
the presence of carbon and copper in the photocatalysts. A 
Shimadzu, Pharma-Spec UV-1700 Spectrophotometer (USA) 
was used to record the UV–Vis spectra of the photocatalysts. 
To determine the chemical species at the surface of the pho-
tocatalyst, X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with a SPECS surface analysis systems 
operating at a base pressure of 4 × 10–10 mbar, using Mg–Kα 
(1,253.6 eV) X-ray source at 13.5 kV, 150 W of X-ray power.

2.4. Membrane design and purification experiments

A slurry of the synthesized photocatalyst (C–Cu–TiO2 
or TiO2) was prepared by using Milli-Q water. The clay balls 
were immersed into the prepared slurry to be coated with a 
layer of the photocatalyst. Afterwards, the coated clay balls 
were dried at ambient temperature for 24 h, followed by 
heating in hot air oven at 100°C for 12 h, then calcinated in a 
muffle furnace at 500°C for 2 h.

The prepared C–Cu–TiO2/clay and TiO2/clay are then 
tightly packed in a Pyrex glass tube with the dimension of 
20 cm length and 2 cm diameter to design C–Cu–TiO2/clay 
and TiO2/clay membranes. Additionally, a clay (without any 
casting catalyst) was designed to be employed as a reference 
membrane. Then each membrane is connected to the reac-
tion vessel, containing clean seawater (CSW) or polluted 
seawater (PSW) samples (collected from Al-Arbaeen Lagoon 
and Sharm Obhur, Jeddah, KSA, respectively), with proper 
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tight tubing. A simple schematic representation of the reac-
tion system is shown in Fig. 1. The system is operated with 
the help of a peristaltic pump (Cole-Parmer Instrument 
CO., Model 7014-20, USA), with a flow rate of 10 mL min–1. 
UV lamps emitting 365 nm wavelength (Sankyo Denki, 
Germicidal Lamp, G15 T8-Japan) were used to irradiate the 
membrane from all sides. To perform the solar photocata-
lytic experiments, the membrane was directly exposed to the 
real sunlight during the periods from 09:30 am to 2:30 pm 
of the sunny days. The average solar intensity, measured by 
a 3670i Silicon Pyranometer Sensor attached to Field Scout 
Light Sensor Reader (Spectrum Technologies, Inc., USA) 
found to be 1,200 W m–2.

Treated samples were withdrawn at equal intervals of 
time and were analyzed. Nitrogen and phosphorus species 
were determined by conventional colorimetric method by 
using Shimadzu-UV-2450 spectrophotometer, according to 
Grasshoff et al. [35]. A Shimadzu total organic carbon analyzer 
(TOC-VCPH) was used for measuring the total organic carbon 
(TOC), whereas the total nitrogen (TN) was analyzed by total 
nitrogen unit (TNM-1) attached to TN analyzer (Shimadzu-
VCPH). Salinity and conductivity were measured by CLEAN 
CON500 conductivity/salinity meter. Na, K and Ca were 
measured by Jenway Flame Photometer-Model PFP7 (UK). 
Titration method was applied for the determination of 

Mg [35,36]. Finally, sulfate was analyzed according the 
turbidimetric method [37] by using Shimadzu UV-2450 
spectrophotometer.

3. Results and discussion

3.1. Characterization

Fig. 2 exhibits the XRD patterns of the raw clay, pure 
TiO2 and C–Cu–TiO2. The characteristic diffraction peaks 
of the raw clay showed the presence of quartz, K-feldspar, 
plagioclase feldspar and clay minerals (Fig. 2a). Only a typ-
ical pattern of anatase phase was found for both TiO2 and 
C–Cu–TiO2 (Fig. 2b). No characteristic peaks of Cu or C were 
shown for C–Cu–TiO2, which may be due to their complete 
incorporation into the crystal lattice of TiO2 or their high 
dispersion over TiO2 surface [38]. The crystal sizes of TiO2 
and C–Cu–TiO2 were found to be 18.6 nm, respectively, as 
calculated by using the Scherrer equation, D = 0.9 λ/(β cosθ), 
where λ stands for wavelength of X-ray (0.1541 nm), β is the 
full width at half maximum (FWHM), θ is the diffraction 
angle and D is the mean crystallite size (nm).

The morphological characteristics of C–Cu–TiO2 and TiO2 
are shown by the SEM images (Fig. 3). A typical spherical, 
nanosized particles for both C–Cu–TiO2 and TiO2 are clearly 
noted. The elemental composition determined through EDS 
analysis evidenced the doping of C and Cu in Cu–C–TiO2 
with atomic% of 36.13, 51.94, 11.00 and 0.93 for Ti, O, C and 
Cu, respectively (Fig. 4b). Whereas the atomic% of Ti and O 
for pure TiO2 were found to be 34.36 and 65.64, respectively 
(Fig. 4a).

Obviously, the optical band gap has been reduced from 
2.99 eV for pure TiO2 to 1.77 eV for C–Cu–TiO2 upon dop-
ing by C and Cu, as clearly demonstrated in Fig. 5, by the 
Tauc plot of transformed Kubelka–Munk function [39,40]. 
The observed reduction in the band gap of C–Cu–TiO2 can 
be attributed to the mixing of O 2p states with C 2p states, 
where, C 2p can act as an acceptor state, as a result of the 
lower number of electrons in the valence shell of the dop-
ant C atom than the valence shell electron numbers of O in 
TiO2 [41]. On the other hand, the higher positive reduction 
potential of Cu ions than the conduction band edge of TiO2 
(≈ –0.2 V), and the strong interaction between the implanted Fig. 1. Schematic diagram of experimental setup.

(a) (b)

Fig. 2. XRD patterns for (a) raw clay and (b) pure TiO2 and C–Cu–TiO2.



63Y.A. Shaban, M.I. Orif / Desalination and Water Treatment 162 (2019) 60–69

dopant Cu ions and TiO2 increase the feasibility of trapping 
an electron by Cu ions within the semiconductor photocat-
alyst, therefore, Cu dopant can effectively act as an electron 
trapper to prohibit electron–hole recombination.

XPS analysis was performed to determine the chemistry 
of the atoms in C–Cu–TiO2 (Fig. 6). The XPS survey spec-
trum in Fig. 6a confirmed the existence of Ti, O, C and Cu 

species. The Ti 2p spectrum in Fig. 6b indicates XPS peaks at 
about 457.1 eV (Ti 2p3/2) and 464.2 eV (Ti 2p1/2) both of which 
are ascribed to Ti4+. There are other two peaks at 458.6 eV 
(Ti 2p3/2) and 462.2 eV (Ti 2p1/2) which can be attributed to 
Ti3+ oxidation state [42]. The XPS spectra for O 1s (Fig. 6c) 
exhibited a major peak at around 530.2 eV corresponding 
to lattice oxygen O2− in TiO2 (Ti–O, Ti–O–Ti). The other 
two peaks at about 532.1 and 534.1 eV can be ascribed to 
the chemisorbed oxygen or the surface free hydroxyl group 
(O–H) [43–45]. The XPS spectra of C 1s (Fig. 4d) indicated 
four peaks. The first peak at approximately 283.3 eV can be 
assigned to C–Cu, while the other three peaks with bind-
ing energies located at about 285.2, 286.9 and 288.8 eV can 
be ascribed to C–C, C–O/C=O and O–C=O, respectively 
[43,46–48]. The XPS spectra for Cu 2p3/2 appeared at 933.1 
and 935.9 eV (Fig. 6e), indicating the presence of copper as 
Cu2+ [48,49].

3.2. Photocatalytic purification

3.2.1. Salinity

Salinity is the amount of dissolved solids in seawater 
and used for determining the density of seawater. According 
to WHO guidelines [50], the water with a total dissolved 

(a) (b)

Fig. 3. SEM images for (a) pure TiO2 and (b) C–Cu–TiO2.

(a) (b)

Fig. 4. EDS analysis for (a) pure TiO2 and (b) C–Cu–TiO2.

Fig. 5. Transformed Kubelka–Munk function plot for pure TiO2 
and C–Cu–TiO2.
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solid level of less than about 600 mg L–1 is generally consid-
ered to be good. The ability of C–Cu–TiO2/clay membrane to 
reduce the dissolved solids in seawater is clearly noted as can 
be seen from Fig. 7. The salinity of CSW has been remarkably 

reduced from 38.71 ppt to 26.2 and 24.7 ppt, under UV and 
real sunlight illumination, respectively. Similar reduction 
was also observed for PSW, which has lower salinity of 
19.12 ppt due to the discharge of wastewater, to the value 

(b)(a)

(d)

(e)

(c)

Fig. 6. X-ray photoelectron spectroscopy (XPS) for (a) survey, (b) Ti 2p, (c) O 1S, (d) C 1S, and (e) Cu 2p3/2 for C–Cu–TiO2.
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of 13.65 ppt under illumination of UV and 12.76 ppt under 
natural sunlight.

3.2.2. Total organic carbon

Total organic carbon (TOC) is the amount of carbon 
bound in an organic compound and it is often used as a 
nonspecific indicator of water quality [51]. Therefore, the 
extent of mineralization and the degradation of the inter-
mediates can be estimated by measuring the concentration 
of TOC, which in turn can be used as a tool for evaluating 
the performance of the C–Cu–TiO2/clay membrane. It is 
clearly seen that 83.1% and 99.5% elimination efficiencies of 
4.46 mg L–1 of TOC from CSW have been achieved by using 
C–Cu–TiO2/clay membrane after 4 h of irradiation under 
UV and sunlight, respectively (Fig. 8a). Whereas the mem-
brane mineralization efficiency reached 81.9% and 93.2% 
of 27.62 mg L–1 of TOC presented in PSW after the same 
illumination time under UV and sunlight, respectively 
(Fig. 8b), evidencing the effectiveness and capability of the 
membrane for mineralization and degradation of TOC even 
in polluted seawater.

3.2.3. Nutrients and total nitrogen (TN)

The inputs of nutrients into seawater can be consid-
ered beneficial for the production of fish and shellfish [52]. 
However, excess nutrients can be highly damaging, leading 
to effects such as hypoxia and anoxia from eutrophication, 
nuisance algal blooms, dieback of sea grasses and corals and 
reduced population of fish and shellfish [53]. The efficient 
removal of nutrients; nitrate (NO3

–), nitrite (NO2
–), ammonium 

(NH4
+) and phosphate (PO4

3–) from CSW and PSW samples 
using the C–Cu–TiO2/clay membrane is clearly demonstrated 
in Figs. 9a and b, respectively.

Total nitrogen is the sum of total Kjeldahl nitrogen 
(ammonia, organic and reduced nitrogen) and nitrate–nitrite. 
An excess amount of nitrogen in a water resources may 
lead to low levels of dissolved oxygen and negatively alter 
various plant life and organisms. Fig. 9c shows the variation 
of observed total nitrogen (TN) values in the treated CWS 
and PSW samples by using the C–Cu–TiO2/clay membrane 
with respect to UV and sunlight illumination time. It shows 
a remarkable reduction of TN value presented in PSW from 
39.61 to 20.11 µM (under UV) and 12.3 µM (under sunlight).

3.2.4. Cations, anions and conductivity

Table 1 shows the analysis of cations (Na+, K+, Ca2+ and 
Mg2+) and anions (SO4

2– and Cl–) in CSW and PSW samples 
with respect to irradiation time under UV and real sunlight. 
The effective photocatalytic removal of cations and anions by 
using the C–Cu–TiO2/clay membrane is clearly noted. For all 
analyzed elements, solar light assisted removal efficiencies 
are higher than those observed under UV light, revealing the 
ability of the membrane for harvesting the maximum solar 
photons.

Conductivity is the measure of the capability of water to 
pass electrical flow, which is directly related to the concentra-
tion of ions in water [54]. These conductive ions come from 
dissolved salts and inorganic materials such as chlorides, 
sulfides, carbonate compounds and alkalis [55,56]. The more 
ions that are present, the higher the conductivity of water. 
Conductivity is considered to be one of the most valuable 
and commonly measured water quality parameters as it is an 
early indicator of change in a water system [55,56]. A sudden 

Fig. 7. Variations of salinity of CSW and PSW with C–Cu–TiO2/
clay membrane treatment time under UV and real sunlight 
illumination.

(a)
(b)

Fig. 8. Removal efficiency of total organic carbon (TOC) by using C–Cu–TiO2/clay membrane under UV and real sunlight illumination 
from (a) CSW and (b) PSW.
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(a) (b)

(c)

Fig. 9. Removal of: (a) nutrients from CSW, (b) nutrients from PSW, and (c) total nitrogen from CSW and PSW by using C–Cu–TiO2/
clay membrane under UV and real sunlight illumination.

Table 1
Analysis of cations and anions in CSW and PSW samples treated with C–Cu–TiO2/clay membrane with respect to irradiation time 
under UV and real sunlight

Time (min) 0 60 120 180 240

CSW PCW CSW PCW CSW PCW CSW PCW CSW PCW

Na (mg L–1)
UV 11,836.00 5,865 11,837.00 5,099 11,838.00 4,345 11,839.00 3,404 11,623 2,877
Sunlight 11,836.00 5,865 9,908.8 4,158 8,531.1 3,723 6,408.5 3,142 5,543 2,318

K (mg L–1)
UV 438.00 211.0 399.00 193.6 378.00 153.7 330.00 128.3 312 101.1
Sunlight 438.00 211.0 363.0 181.9 272.4 160.95 174.7 109.52 75 77.9

Ca (mg L–1)
UV 454.00 217.0 455.00 213.8 456.00 161.5 457.00 130.6 454 75.7
Sunlight 454.00 217.0 388.6 190.2 352.2 154.8 298.3 106.6 225 67.6

Mg (mg L–1)
UV 1,869.05 675.0 1,810.72 659.2 1,694.06 652.7 1,531.22 623.8 1,465 601.2
Sunlight 1,869.05 675.0 1,776.3 644.6 154.0 613.2 1,382.3 557.6 1,174 501.2

SO4 (mg L–1)
UV 2,990.00 1,350.0 2,816.45 1,151.6 1,962.58 956.7 1,309.08 700.2 765 655.4
Sunlight 2,990.00 1,350.0 2,622.2 1,131.6 1,518.7 825.9 1,162.8 619.4 439.1 423.2

Cl (mg L–1)
UV 21,428.18 10,584.0 19,878.22 10,218.7 17,769.17 8,635.5 16,108.50 8,253.5 15,441 7,899.3
Sunlight 21,428.18 10,584.0 19,701.1 10,090.5 17,492.4 8,347.63 15,615.8 7,926.27 14,357 6,632.1
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increase or decrease in conductivity in a body of water can 
indicate pollution. Unusual conductivity and salinity levels 
are usually indicative of pollution [54].

It is worthy noted that the conductivity of CSW sample has 
been decreased from 59.7 mS cm–1 to 34.79 and 32.65 mS cm–1 
under illumination of UV and sunlight, respectively. Due 
to the dilution of the ions concentration as a result of the 
sewage discharge, the conductivity of polluted seawater 
sample recoded a lower value of 19.12 mS cm–1 which has 
been reduced after 4 h of photocatalytic treatment under 
UV and sunlight to the values of 13.65 and 12.76 mS cm–1, 
respectively.

3.3. Performance of C–Cu–TiO2/clay membrane

The performance of C–Cu–TiO2/clay membrane was 
comparatively evaluated with both pure TiO2/clay and the 
clay (without any catalyst) membranes under the same 
experimental conditions. The removal of TOC (27.62 mg L–1) 
and TN (3.98 µM) from PSW was used as a model to evaluate 
the performance of C–Cu–TiO2/clay membrane under natu-
ral sunlight (Fig. 10). When the clay membrane was applied 
without any coating catalyst, only 4.2% and 3.4% removal 
efficiencies were observed for TOC and TN, respectively, 
which can be attributed to the adsorption process. The 
removal efficiency increased to 64.91% for TOC and 36.92% 
for TN, when the pure TiO2/clay membrane was utilized. 
Significantly, the photocatalytic elimination efficiency using 
C–Cu–TiO2/clay membrane has been enhanced to 93.22% 
and 68.94% for TOC and TN, respectively. These results 
reflect the high capability of C–Cu–TiO2/clay membrane 
for the purification process, as a result of the combination 
of physical purification tool, adsorption process by the clay, 
with the photocatalysis technique employing visible light 
active C–Cu–TiO2 nano-photocatalyst in a single unit.

3.4. Reusability of the membrane

Reusability is one of the most significant parameters in 
designing, economic viability and practical applicability 
of a membrane in large-scale. The reusability of the mem-
brane was evaluated over three consecutive repetitions. 
The measurements of TOC and TN were used to assess the 

ability of the membrane to reproduce the same measure-
ments (Fig. 11). The consistency of the results obtained after 
the three attempts is clearly noted. Less than 1.0% loss was 
observed for the removal efficiency of both TOC and TN 
from PSW under natural sunlight, revealing the potentiality 
of the membrane for continuous reuse.

4. Conclusions

C–Cu–TiO2/clay membrane was synthesized and evalu-
ated in terms of purification of polluted seawater under UV 
and real sunlight. The purification tests of this membrane 
have given promising results by measuring some character-
istic physical and chemical parameters such as conductivity, 
salinity, nitrate (NO3

–), nitrite (NO2
–), chloride (Cl–), phos-

phate (PO4
3–), sulfate (SO4

2–), sodium, potassium, calcium, 
magnesium, total nitrogen and total organic carbon (TOC). 
The feasibility for excellent purification performance by 
C–Cu–TiO2/clay membrane has been clearly demonstrated 
through the comparison with the pure TiO2/clay. The removal 
efficiency has been enhanced significantly from 64.91% for 
TOC and 36.92% for TN, when pure TiO2/clay was used to 
93.22% for TOC and 68.94% for TN by using C–Cu–TiO2/

(a) (b)

Fig. 10. Removal efficiency of (a) TOC and (b) TN by using clay, TiO2/clay and C–Cu–TiO2/clay membranes under real sunlight 
illumination.

Fig. 11. Cyclic photocatalytic removal of TOC and TN by using 
C–Cu–TiO2/clay membrane under real sunlight illumination.
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clay membrane. Furthermore, the stability and reusability of 
C–Cu–TiO2/clay membrane have been successfully achieved.
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