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Double-layered films of TiO2 and activated carbon were fabricated on aluminum substrates by electrophoretic deposition. 
Moreover, TiO2 powder was synthesized by solvothermal process. The photocatalytic efficiency and reusability of the 
resulting films were tested for the photodegradation of methylene blue under ultraviolet irradiation. The double-layered films 
obtained using the synthesized TiO2 exhibited the highest photodegradation efficiency (94%) for removing methylene blue. 
The immobilized film could solve the problem of separation and recovery of powder cata lyst in practical applications. 
Therefore, the imobilized systems are an advantage for wastewater treatment because they are cost-effective, eco-friendly 
and reusable with relatively high photocatalytic performance. 
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1. Introduction 

 

Photocatalytic degradation has attracted much more 

attention because of its high potential to promote the 

removal of organic pollutants in wastewater. Titanium 

dioxide (TiO2) has been extensively studied as a promising 

material for environment protection over the past few 

decades. TiO2 is a semiconductor photocatalyst, which is 

biologically inert, photoactive, non-toxic, inexpensive and 

biocompatible, and is able to be widely used for treatment 

of wastewater by photocatalytic process and very efficient 

under ultraviolet light irradiation [1–3]. Most studies have 

focused on the development and performance of TiO2. 

Some attempts have been made to prepare TiO2 

nanoparticles on some supports such as carbon nanotube 

[4–5], ceramic [6–7], and activated carbon [8–9] for the 

photocatalytic degradation of toxic pollutants. Among 

several types of support materials, activated carbon (AC) 

is the most attractive one because of its high surface area, 

offering concentrated organic pollutant near TiO2 surface 

by adsorption [10–11] and in contact with TiO2, and its 

reduction in the recombination of photogenerated 

electron–hole [12]. El-Salamony et al. [10] prepared 

TiO2/AC nanocomposite powders through a mechano-

mixing method and  found that the supporting of TiO2 on 

AC powders produced catalysts with higher surface area 

and photoactivity than pure TiO2. Xing et al. [13] prepared 

photocatalysts comprising nanosized TiO2 particles on 

activated carbon powders by a sol-gel method for the 

removal of Rhodamine B from water. Tamilselvi et al. 

[14] synthesized an activated carbon fiber from silk cotton 

fiber and then was converted into a photocatalyst by 

loading nano-TiO2 powder. It has shown effectiveness in 

the removal of organic pollutants from industrial 

wastewater and effluents. However, one of critical 

problems still hindering further large scale application of 

the TiO2/AC composite powders in wastewater treatment 

is the lack of reproducibility and the difficulty in the 

separation of powder from water after the photocatalytic 

degradation process [15–16]. The fabrication of TiO2/AC 

composite in the form of thin film has been targeted to 

solve the problems. Nevertheless, the difference in 

photocatalytic efficiency can be attributed to the surface 

area of thin film being smaller than the surface area of 

powder and the mass transfer limitation of organic 

pollutant to the surface of TiO2 [16]. Therefore, the 

immobilization of TiO2 in the form of a thin film on high 

surface area support has emerged as an alternative water 

treatment method for improving the photocatalytic 

performance. Electrophoretic deposition (EPD) is a 

practical method for colloidal material processing which is 

gaining increasing interest as a rapid, simple and versatile 

technique for the production of coatings and films from 

nanoparticles and carbon materials [17–18]. 

In the present work, we are planning to report 

TiO2/AC double-layered films as a photocatalyst by the 
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coating of TiO2 particles onto the surface of AC film 

fabricated using EPD technique with no use of binder, 

which showed a promising photocatalytic activity than 

pure TiO2 due to the synergistic effect between AC 

supporting materials and TiO2 layer. The efficiency and 

reusability of the TiO2/AC double-layered films were 

quantified by degrading methylene blue (MB) under UV 

light in comparison with single-layered films from 

commercially available standard TiO2 (P25), synthesized 

TiO2 and AC and double-layered film of P25/AC prepared 

by EPD process, which is of fundamental importance for 

an economical and eco-friendly scaling-up of such 

systems. 

 

 

2. Experimental  
 

2.1. Preparation of catalyst 

 

An electrophoretic deposition system was used to 

deposit the TiO2/AC (AC; Karbokarn Co., Ltd., BET 

surface area of about 816.65 m
2
/g, pore volume of 0.4642 

mL/g and mean pore diameter of 2.274 nm) and TiO2 

films. The electrophoretic cell contained two electrodes 

(anode and cathode) made of stainless steel plate. An 

aluminum foil substrate was located at the cathode. The 

applied voltage, distance between two electrodes and 

deposition time of each layer were controlled at 50 V, 2 

cm and 15 min, respectively at room temperature.  

Firstly, TiO2 powder was synthesized by solvothermal 

process at 200 C for 72 h using a starting solution of 

titanium tetraisopropoxide (TTIP; Acros Organics, >98%), 

distilled water, and isopropyl alcohol (Carlo Erbra 

Reagents, >99.7%) at a volume ratio of 1 : 2 : 33. Then, it 

was calcined at 600 C for 2 h in an ambient atmosphere. 

This sample was designated as STC6.  

The STC6/AC and P25/AC double-layered films were 

fabricated by firstly depositing AC on the aluminum foil 

substrate followed by TiO2 coating using EPD process. 

Meanwhile single-layered films of AC, STC6 and 

commercially available standard TiO2 (P25) were 

deposited directly on the aluminum foil substrate for 

comparison. 

 

 

2.2. Characterization  

 

The crystal structure and morphology of the prepared 

TiO2 and P25 powders were characterized by X-ray 

diffraction (XRD; Bruker D8) using CuKα radiation at a 

wavelength of 0.1514 nm and transmission electron 

microscopy (TEM; JEOL 2100), respectively. Brunauer–

Emmett–Teller (BET) method (Quantachrome, Autosorb–

1) was used to obtain the specific surface area of the 

synthesized TiO2 and commercial P25 powders.  

After film deposition, the surface morphology was 

examined using a scanning electron microscope (SEM; 

Hitachi S3400N). Also, the methylene blue (MB, Carlo 

Erba Reagents) adsorption method was used to obtain the 

specific surface area of the fabricated films. The 

photocatalytic efficiency of the prepared films for the 

degradation of MB was evaluated under UV light 

irradiation (Philips, Hg-Lamp 400W) at light intensity of 

5.1 mW/cm
2
. The efficiency of MB removal was 

calculated by the following equation:  

 

  00 /100 CCC           (1) 

 

where C0 and C represent the initial concentration of MB 

before irradiation and the concentration of MB after 

irradiation for a given time, respectively. 

 

 
3. Results and discussion 

 

The XRD patterns of commercial TiO2 (P25) and 

synthesized TiO2 (STC6) powders are shown in Fig. 1. 

The commercial P25 powder is composed of a mixture of 

anatase and rutile phases, while the STC6 powder contains 

only anatase phase. The phase composition of both 

samples is present in Table 1. The characteristic peaks of 

anatase and rutile phases can be identified which are 

consistent with JCPDS File no. 00–021–1272 and 00–

021–1276, respectively. The average crystallite sizes of 

P25 and SCT6 samples were calculated using Scherrers 

formula [19] from the diffraction peak at 25.28 and 27.45 

for anatase and rutile phases, respectively and reported in 

Table 1. 

 

 
Table 1.  Phase content, crystallite size and SBET of  

STC6 and P25 powders 

 

Sample 

 

            STC6 P25 

  Anatase Anatase Rutile 

Phase content (%) 100 75 25 

Crystallite size (nm) 29.13 20.00 23.87 

SBET (m
2
g

-1
) 31.74 48.47 

 

 

 
 

Fig. 1. XRD patterns of (a) STC6 and (b) 

 P25 powders 
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Fig. 2 presents the TEM images of P25 and STC6 

powders. It can be observed that the particle size of STC6 

was larger than that of P25, which was in good agreement 

with the XRD results. Additionally, the specific surface 

area (SBET) of P25 and STC6 powders measured by BET is 

shown in Table 1. The specific surface area of STC6 

powder was slightly lower than that of P25. This might be 

because the particles with smaller sizes had larger surface 

areas. These results were consistent with those reported by 

Li et al. [20]. 

 

 

 
 
Fig. 2. TEM micrographs of (a) STC6 and (b) P25 powders 

 

 

The surface morphology of single-layered films of 

P25 and STC6 after deposition on aluminum substrate is 

displayed in Fig. 3 (a)–(b). Both the TiO2 films showed 

porous morphology. However, the STC6 film had a looser 

packing of particles and therefore higher porosity. 

Meanwhile the P25 film showed a better packing of 

particles leading to a denser coating with crack formation 

because smaller particles move much more quickly and 

easily than larger ones at the same electric field [21]. For 

the double-layered films of different TiO2 particles on AC 

layer deposited on the aluminum substrate (Fig. 3(c)–(d)), 

it was found that P25 particles could completely cover the 

AC layer whereas STC6 particles did not completely cover 

the AC layer. Grinis et al. [22] reported that suspension 

stability affected the deposition efficiency for EPD 

technique. Because of its larger particle size, TiO2 

particles tend to be more unstable, resulting in a rough 

surface. Chang et al. [23] added magnesium nitrate 

hexahydrate (Mg(NO3)2.6H2O) in electrolyte solution to 

improve the stability of TiO2 particles and help to 

minimize the formation of cracks. However, this study 

indicated that the uniform and porous films  could be 

prepared without added additives. 

 

 
 

Fig. 3. SEM images of (a) P25 film, (b) STC6 film,                     

(c) AC/P25 film, and  (d) AC/STC6 film (the insets show  

             the corresponding magnified SEM images) 

 

 

Fig. 4 shows the adsorption of MB in the equilibrium 

for single-layered and double-layered films. In all the 

films, the amount of solute adsorbed per unit weight of 

adsorbent at equilibrium (Qe (mg/g)) is a function of 

concentration in the liquid phase at equilibrium (Ce 

(mg/l)). The specific surface area can be calculated from 

the following relation [24]: 

  )1000/(  MNAqS AMBmMB
               (2) 

where SMB is the specific surface area (m
2
/g), NA is 

Avogadro’s number (6.02 × 10
23

 mol
-1

), AMB is the 

occupied surface area of one molecule of MB (197.2 Å
2
), 

M is the molecular weight of MB (319.89 g/mol) and qm is 

the number of molecules of MB adsorbed at the monolayer 

(mg/g), which is calculated from the Langmuir model. An 

empirical model was represented as follows [25]: 

  )KC/(KCqQ eeme  1                  (3) 

where Qe (mg/g) is the amount of solute adsorbed per unit 

weight of adsorbent at equilibrium, Ce (mg/L) is the 

concentration in the liquid phase at equilibrium, qm (mg/g) 

is the theoretical maximum adsorption capacity and K 

(L/mg) is the Langmuir adsorption constant. 
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Fig. 4. Langmuir adsorption isotherm fitted to the 

experimental  data  for  adsorption of  MB onto different  

                                        films 

 

 

The MB adsorption method indicated that AC film 

exhibited the highest specific surface area. This trend was 

related with the result of BET surface area of AC powder. 

The specific surface area obtained by MB adsorption 

measurement of STC6 film was higher than that of P25 

film, which was opposite to the results obtained from BET 

measurement because of more loosely packed particles 

and higher porosity of STC6 film. The coating of TiO2 

powders on AC layer leads to an increase in the specific 

surface area of double-layered films, as seen in Table 2. 

The STC6/AC film showed higher specific surface area 

than the P25/AC film, probably owing to incomplete 

coverage of STC6 on the AC layer.  

 

 
Table 2.  Langmuir parameter and specific surface  

area of various films 

 

Sample Langmuir parameter SMB 

(m2/g) 

qm (mg/g) K (L/mg) R2  

P25 11.14 0.082 0.992 27.27 

STC6 12.01 0.087 0.991 29.40 

P25/AC 12.13 0.115 0.999 29.69 

STC6/AC 15.63 0.084 0.991 38.26 

AC 36.62 0.067 0.993 89.63 

 

 

To investigate the photocatalytic efficiency of the film 

photocatalyst, the degradation of MB used as a model dye 

pollutant was tested under UV irradiation, as presented in 

Fig. 5(a). It was observed that STC6/AC double-layered 

film exhibited the maximum MB removal efficiency of 

93.37% at 60 min. Because STC6/AC double-layered film 

with high specific surface area can adsorb MB by 

providing more available sites for binding MB and thereby 

improving sorption–degradation [17]. The kinetics of MB 

degradation profiles are illustrated in Fig. 5(b). The 

photocatalytic degradation of MB fitted pseudo-first-order 

kinetics expressed as:  

CkdtdC app /        (4) 

 

Integrating this equation (with the restriction C = C0 at t = 

0, with C0 being the initial concentration and t is the 

reaction time) gives the following relation [26]: 
 

tkCC appo )/ln(            (5) 

 

where C is the reactant concentration at a given time. The 

apparent rate constant (kapp) of the photocatalytic reaction 

and the removal efficiency () are reported in Table 3. The 

STC6/AC double-layered film provided the highest value 

of kapp and  due to its high specific surface area.  

 

 
Table 3.  The photocatalytic parameters of MB  

removal by different films 
 

Sample R
2
 

appk  (min
-1

)  at                   

60 min 

(%) 

AC 0.972 0.001 7.89 

P25 0.977 0.004 20.79 

STC6 0.985 0.008 39.20 

AC/P25 0.990 0.018 64.78 

AC/STC6 0.992 0.044 93.37 
 

 
Fig. 5. (a) Variation of MB concentration as a function of 

irradiation time (with the time of light on set as 0) and 

(b)   degradation  kinetics  of    MB    over  different   film  
                                             catalysts 
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The photocatalytic degradation of MB for the 

STC6/AC film followed the Langmuir–Hinshelwood 

model, which is mostly used to explain the heterogeneous 

photocatalysis, as follows [27]: 

 

)1/(/ oapp KCkKCCkdtdC         (6) 

 

kCkKk oapp //1/1          (7) 

 

where k  is the reaction rate constant and K is the 

adsorption equilibrium constant. 

The rate constant of surface reaction (k) and the 

adsorption equilibrium constant (K) can be obtained from 

the slope and intercept in the plot of 1/kapp versus C0, 

respectively. In Fig. 6, the calculated k  and K values were 

1.210 mg/(Lmin) and 0.079 L/mg, respectively. The 

correlation coefficient (R
2
) of the linear plot was 0.99, 

indicating that the MB photodegradation catalyzed using 

STC6/AC film fitted the Langmuir-Hinshelwood kinetic 

model. 

The reusability of the photocatalysts is one of crucial 

factors for their practical application to make the process 

free of waste and also reduce the operational cost. To 

investigate the photocatalyst reusability, the STC6/AC 

double-layered film was easily recovered from the reaction 

mixture without filtration. The recovered catalyst was then 

reused for the photodegradation of MB under the same 

reaction condition as described above. The reusability of 

STC6/AC double-layered film was tested for five cycles 

(Fig. 7).  After being reused for five times, the STC6/AC 

catalyst film still preserved its photocatalytic efficiency for 

MB degradation. This reusability of STC6/AC film is 

attributed to the stability and resistance to photocorrosion. 

Therefore, it can be used as an efficient photocatalyst for 

the degradation of MB. 

 

 
 

Fig. 6. The relationship between the 1/kapp versus the 

initial concentration of MB. Experimental conditions: 

temperature of 25 ºC and reaction time of 60 min 
 

 
 

Fig. 7. Reusability of the STC6/AC film for five cycles 

 
 

4. Conclusions 
 

The TiO2/activated carbon double-layered film 

photocatalyts were prepared using an electrophoretic 

deposition technique with no added additives. Moreover, 

TiO2 powder was synthesized through a solvothermal 

method. The photocatalytic efficiency of methylene blue 

degradation for TiO2/activated carbon films was studied 

using methylene blue as a model pollutant. The 

synthesized TiO2/activated carbon films showed higher 

photocatalytic performance than the commercial 

TiO2/activated carbon film and their single-layered films 

owing to more available sites for binding MB molecules . 

Moreover, a reusability study also presented that the 

double-layered film of the synthesized TiO2/activated 

carbon with high photocatalytic efficiency and stability 

could be a promising candidate for its practical application 

in environmental issues. 
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