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Abstract 

 This study investigates the characterization of TiO2 in conjunction with activated carbon (AC) 

on its adsorption and photocatalytic properties. TiO2 in the absence and presence of AC were prepared 

by the sol-gel method. TiCl4 was used as a precursor to reduce using acidic solution during preparation 

process. The effects of the amount of AC on the characteristics of composites were investigated. 

TGA technique was used to evaluate the amount of TiO2 and AC in TiO2/AC composite. The adsorption 

properties of TiO2/AC were characterized using XRD, TEM, N2 adsorption/desorption, FTIR and UV–Vis 

diffuse reflectance spectroscopy techniques. The photocatalytic activities of the composites were 

investigated by measuring the removal of acid dye.  Results showed that the specific surface area 

of TiO2/AC increased with increasing mass fraction of AC, while the energy band gap was reduced. It was 

clearly shown that TiO2 in the presence of AC produced a synergistic effect of the composite and led 

to an increase in photocatalytic performance. Also, the reuse of TiO2 with 20% AC nanocomposites 

for dye removal showed a high reuse efficiency above 90% in photocatalytic dye degradation.  

1. Introduction  

 

 Recently, TiO2 photocatalysis has been widely used in the 

environmental purification due to its being an inexpensive, strongly 

oxidizing and highly stable chemical [1]. It is also capable of the 

photo-oxidative destruction of most organics pollutants [1-5] to CO2 

and H2O. However, the drawback of this catalyst is the difficulty in 

the separation and retrieval after the use in photocatalytic systems 

[6]. Although such problem has been solved by immobilizing the 

photo-catalyst on porous supports, such as porous alumina ceramic 

[7], carbon foam and cordierite foam [8], the advantage of recombination 

of materials is not adequately displayed on the photocatalytic 

degradation of pollutants [9].  

 It has been reported that TiO2 when loaded with activated carbon 

(AC), can enhance the photocatalytic activity of TiO2. This is because 

AC increases the adsorption of organic pollutant on TiO2/AC, 

leading to a high organic concentration around TiO2. While AC has 

no photocatalytic activity, the system exhibits synergism in which 

the adsorbed organic molecules on AC are transferred to TiO2 where 

they are degraded [4,10-12]. Furthermore, the synergistic effect of 

adsorption by AC and TiO2 particulates can have beneficial consequences 

in the photodegradation of a dye in aqueous media [13]. 

 Due to the desirable properties described above, the TiO2 with AC 

composites prepared by the sol-gel method to enhance the catalytic 

properties was proposed. The effects of AC content on the physical 

and chemical properties of TiO2/AC composites were investigated. 

The key objective was to evaluate the efficiency of dye degradation 

using TiO2/AC in various experiment configurations. Besides, the 

reuse of TiO2/AC nanocomposite for dye removal was determined. 

 

2.  Materials and method 

 

2.1  Materials  

 

 Titanium tetrachloride (TiCl4) from Merck Company (Germany); 

titanium dioxide (TiO2) (COM-grade) Degussa P25 from Sigma-

Aldrich Co. Ltd (Thailand); ammonium hydroxide (NH4OH) from 

Ajax Finechem Company (Australia); activated charcoal (AR-grade) 

from Rankem (India) and yellow acid dyes (COM-grade) from 

Phua Kiam Seen Co. Ltd. were used in this work. For water, deionized 

water was used in all experiment.  

 
Scheme 1. Yellow acid dye structure 
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2.2  TiO2/AC composite catalyst preparation 

 

 TiO2/AC composite was prepared by the sol-gel technique. Ten 

millilitres of titanium tetrachloride (TiCl4) was slowly dropped into 

forty millilitres of deionized water at 4±1℃ with continuous stirring. 

Titanium hydroxide (Ti(OH)4) solution or sol was obtained. Various 

amounts of activated charcoal (0, 5, 10, 20, 25 and 30 wt% of AC) 

were put into the sol. A droplet of 30% v/v of ammonium hydroxide 

(NH4OH) was continuously added until the gel was formed. The gel 

was then washed with distilled water and dried in the oven at 100℃ 

for 4 h. The dried gel of TiO2 and TiO2/AC were heated in a nitrogen 

atmosphere to 500℃ at heating rate of 10℃min-1. The sample was 

dried for further 4 h at 500℃. At 500℃, the anatase phase of TiO2 

can be formed. However, the slight decompose of AC was observed 

at 500℃ about 5%. This value was in acceptable for using AC support 

for catalyst. The TiO2/AC samples with various amounts of AC 

(0, 5, 10, 20, 25 and 30 wt%) were named TiO2, TiO2/5AC, 

TiO2/10AC, TiO2/20AC, TiO2/25AC, and TiO2/30AC. 

 

2.3  Characterization 

 

 The thermal decomposition of the composite was determined 

by thermalgravimetric analysis (TGA) (TGA 50, Shimadzu, Japan). 

A 200 mg sample of prepared composites was heated in a range of 

30-750℃ with a heating rate of 10Cmin-1 under a nitrogen flow. 

Crystalline structure and morphology of TiO2/AC composite were 

examined by X-ray diffraction powder (a Bruker D8-Advance), and 

Transmission Electron Microscopy (TEM, model Tecnai™ G2 20, 

FBI, USA). 

 The specific surface area and pore volume of the composite 

were determined by Nitrogen adsorption-desorption isotherms 

measured by gas sorption analyzer (micromeritics ASAP 2010) [15]. 

Before the adsorption measurement, the samples were degassed at 

110℃ under vacuum (<50 mmHg) for 12 h. The nitrogen adsorption/ 

desorption isotherms were recorded at the liquid nitrogen temperature. 

The specific surface area, SBET, was calculated using the Brunauer-

Emmet-Teller (BET) method. The micropore volume, Vmic, was 

calculated using the Dubinin-Radushkevich (DR) equation. The total 

pore volume, VT, was found from the amount of N2 adsorbed at the 

relative pressure of 0.99. The mesopore and macropore volume, 

Vmeso+mac, was obtained by subtraction of the micropore volume from 

the total pore volume. The average pore diameter, Dp, was calculated 

from (4×VT)/SBET.  

 The composites were examined by FTIR analysis on a VERTEX 70 

spectrometer over the wave number of 3800-400 cm-1 using KBr pellets 

for sample preparation. The UV–Vis diffuse reflectance spectra were 

recorded with a UV-3600 SHIMADZU (Japan) spectrometer in the 

wavelength of 800-200 nm. The absorption edge and bandgap energies 

of the as-prepared samples were determined by UV–Vis diffuse reflectance 

spectroscopy (Analytik Jena GmbH, Germany).  

 

2.4  Photocatalytic activity test  

 

 Catalytic activity tests were conducted in a batch reactor (1000 mL) 

with magnetic stirrer running at 200 rpm. The 500 mL reaction mixture 

contained 1.0 gL-1 of TiO2/AC with 70 mgL-1 of dye concentration. 

The reaction mixture was kept in dark condition to reach an adsorption 

equilibrium for 15 min. The photocatalytic reaction was then carried out 

with 365 nm UV-light source (Haining Guanyi Electrical Co., Ltd). 

The sample was kept in the reactor for 0, 5, 10, 15, 30, 45, 60, 90, 120, 

150 and  180 min.  The concentration of dye solution was measured 

by UV–Vis Spectrophotometer at 396 nm. The percentage of dye 

removal was calculated by: 

 

 %𝐷𝑦𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶0−𝐶𝑡)

𝐶0
× 100                        (1) 

 

where 𝐶0 and 𝐶𝑡 are acid dye concentrations (mgL-1) at time 0 and 

time t, respectively. 

 Langmuir-Hinshelwood model has been used to evaluate the 

kinetic order of dye photodegradation. This model could be modified 

to be  a pseudo-first order rate equation  that apparent rate constants 

(𝑘𝑎𝑝𝑝) of the samples are calculated as follows [16]: 

 

  𝐼𝑛
𝐶𝑡

𝐶0
=  𝑘𝑎𝑝𝑝𝑡                          ( 2 )  

 

where 𝑡 is the irradiation time. 

 

3.  Result and discussions 

 

3.1  TGA analysis  

 

 TGA technique was used to evaluate the amount of TiO2 and 

AC in TiO2/AC composite. The results of TGA, as shown in Figure 1 

showed that the AC thermally decomposed under N2 condition from 

520 to 660℃. The weight loss of AC was approximately 99% at 

660℃. On the other hand, TiO2 was more thermal stable with a small 

weight loss of 2.06% from the start to 700℃. Thus, the weight 

fraction of TiO2 to AC ratio was calculated. Figure 1 shows the weight 

fraction of TiO2/AC composite. The ratios of TiO2 to AC of TiO2/5AC, 

TiO2/10AC TiO2/20AC TiO2/25AC and TiO2/30AC samples were 

85:15, 83:17, 67:43, 18:82 and 15:85, respectively. The weight fraction 

of TiO2 to AC was not the same as that of the initial preparation 

ratios due to the loss of Ti(OH)4 during the preparation process. 

 

 

Figure 1. TGA of activated carbon (AC), Titanium dioxide (TiO2), and   

TiO2/AC composites. 
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3.2  XRD analysis 

 

 XRD patterns of AC, TiO2 and TiO2/AC are shown in Figure 2. 

TiO2 and TiO2/AC composites showed peaks of a nanocrystalline 

product of anatase (a form of TiO2) as the only phase present. The 

highest peak was found at 25.29 as (101) plane. This was due to the heat 

treatment at 500℃, which is known to produce high anatase content 

[17]. Calcination at 500℃ was used in this work because anatase 

has a better photocatalytic activity due to the higher electron-hole pair 

lifetime compared to rutile [18]. However, the sample TiO2/25AC and 

TiO2/20AC showed the presence of rutile peak at about 27, it may be 

the presence of AC which could effect during phase transformation 

[19]. For AC sample, there was no peak in the XRD pattern. For 

TiO2/AC composites, the peak intensity gradually decreased with 

an increasing amount of AC. The crystalline sizes of synthesized 

samples were in the range of 5-10 nm (supplementary data Table S.1) 

which was obtained from Scherrer’s equation [20, 21]. 

 

 𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 𝜃
                                       (3) 

 

where λ (wavelength of X-Ray) = 0.15418 nm, β = full width and 

half maxima,  = Bragg’s angle (2 = 25.15). D = Crystallite size,  

K = Scherrer constant (0.089), and B = the line width at half-

maximum height, after substraction of equipment broadening. 

 

 

Figure 2. XRD pattern of activated carbon (AC), Titanium dioxide (TiO2), 

and TiO2/AC composites. 

 

3.3  TEM analysis 

 

 Figure 3 shows a typical TEM image of TiO2, AC and TiO2AC 

samples. The TiO2 nanocrystals (Figure 3(a)) were tetragonal in shape, 

and the particle sizes were 10 -15 nm in diameter, which are the 

characteristics of anatase structure [22]. Furthermore, from Figure 3 (b-d), 

all TiO2/AC composites showed similar morphology to that of TiO2 

due to the same preparation conditions. The particle sizes obtained from 

TEM. were similar to those obtained from XRD. 

 

3.4  BET analysis  

 

 Figure 4 shows the results of N2 adsorption-desorption isotherms. 

The AC isotherm was the typical type I isotherm based on IUPAC 

(International Union of Pure and Applied Chemistry) classification 

and corresponded to unimolecular adsorption [23]. The isotherms 

rose sharply at the beginning of adsorption due to the micropore 

filling effect. After that, the adsorption of N2 became constant. This 

result indicated the microporosity of the AC sample. The TiO2 and 

TiO2/AC isotherms are the typical type IV isotherm mostly found 

in mesoporosity materials of 2-50 nm in diameter [24] 

 However, the ratio of TiO2 to AC had a considerable influence on 

the type of adsorption isotherm. The increased amount of AC tended to 

change the type IV isotherm to the typical type I isotherm. Table 1 

gives a summary of the results of BET surface area (m2g-1), total pore 

volume (cm3g-1) and average pore diameter (Å) AC. The specific 

surface area, total pore volume and average pore diameter of TiO2 

were 56.09 m2g-1, 0.12 cm2g-1 and 85.26 Å, respectively and those of 

AC were 925.12 m2g-1, 0.61 cm2g-1 and 26.24 Å, respectively. The BET 

surface area and total pore volume increased significantly with an 

increasing amount of AC while the average pore diameter decreased 

sharply. However, it can be noticed that the average pore diameter 

of TiO2/30AC was similar to AC, while the specific surface area of 

TiO2/AC composite was related to the ratio of TiO2 to AC. 

 The calculated specific surface area can be obtained from mass 

fraction and measured specific surface area of TiO2 and AC from 

the following equation. 

 

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎  =  𝑆𝐵𝐸𝑇,𝑇𝑖𝑂2
𝑉𝑇𝑖𝑂2

+ 𝑆𝐵𝐸𝑇,𝐴𝐶𝑉𝐴𝐶   (4) 

 

where 𝑆𝐵𝐸𝑇,𝑇𝑖𝑂2
 𝑎𝑛𝑑  𝑆𝐵𝐸𝑇,𝐴𝐶 are specific surface areas of TiO2 and AC 

measured from Nitrogen adsorption-desorption, and 𝑉𝑇𝑖𝑂2
𝑎𝑛𝑑 𝑉𝐴𝐶  

are mass fractions of TiO2 and AC obtained from TGA analysis. 

 The calculated specific surface area of TiO2/AC is also shown in 

Table 1. It can also be observed that the calculated specific surface area 

of TiO2/AC was similar to the BET specific surface area due to the 

excellent distribution of TiO2 in AC. 

Table 1. Surface area, pore and energy band gap of TiO2 (P25) TiO2, AC and TiO2/AC composite. 

Materials BET surface area 

(m2·g-1) 

Calculated surface area 

(m2g-1) 

Total pore volume (cm3g-

1) 

Average pore diameter 

(Å) 
Energy Band gap, Eg (eV) 

TiO2 (P25) - - - - 2.96 

TiO2  56.09 56.09 0.12 85.26 2.99 

TiO2/5AC 151.02 147.18 0.24 64.36 2.27 

TiO2/10AC 265.40 203.83 0.29 43.81 2.15 

TiO2/20AC 475.69 421.08 0.33 27.89 1.80 

TiO2/25AC 703.06 760.00 0.56 30.71 1.41 

TiO2/30AC 784.13 803.46 0.53 26.94 1.13 

AC 925.12 925.12 0.61 26.23 1.03 
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Figure 3. TEM image of (a) TiO2, (b) TiO2/5AC, (c) TiO2/10AC (d), TiO2/20AC (e), TiO2/25AC (f), TiO2/30AC, and , (g) AC. 
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Figure 4. Adsorption/desorption isotherms of N2 at 77 K of (a) AC, (b) TiO2, (c) TiO2/5AC, (d) TiO2/10AC, (e) TiO2/20AC, (f) TiO2/25AC, and (g) TiO2/30AC. 
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3.5  FTIR analysis 

  

 Figure 5 shows FTIR spectra of TiO2, AC and TiO2/AC. The 

prominent absorption peaks were at 2632, 2378, 2111, 1994, 1885, 

1031 and 667 cm-1. The band at 2292 cm-1 was assigned to -C≡C- alkynes 

stretching with and the band at 1250 cm-1 to aliphatic C-N amines stretching. 

Furthermore, all TiO2/AC showed peaks at 1046 cm-1 corresponding to 

the Ti-O-C vibration band. The peak intensity increased with the increase 

in carbon contents. The result was similar to Liu et al. [10] and Perrin 

et al. [25] who reported that the electron affinity of C and Ti–O illustrated 

peak intensity in the range of 1038-1060 cm-1. This was the evidence 

of carbon incorporating into the framework of titanium dioxide.  

 

3.6  UV–vis-DRS analysis 

 

 Figure 6 shows the UV–Vis diffuse reflectance spectra of the 

TiO2, AC, and TiO2/AC composite. The TiO2 (Degussa, P25), TiO2, 

TiO2/5AC, TiO2/10AC and TiO2/20AC spectra showed a characteristic 

absorbance around 320-420 nm indicating the existence of highly 

crystallized TiO2. For the higher AC contents TiO2/25AC, TiO2/30AC 

 

 
 

Figure 5. FTIR spectra of TiO2, TiO2/5AC, TiO2/10AC, TiO2/20AC, 

TiO2/25AC, TiO2/30AC and AC.  

 

 

 

Figure 6. UV-Vis spectra of TiO2, TiO2/5AC, TiO2/10AC, TiO2/20AC, 

TiO2/25AC, TiO2/30AC and AC. 

composites and AC, the spectra absorbance were relatively flat around 

320-700 nm. This could be the effect of carbon molecules which would 

absorb in both UV and visible lights. An energy band gaps of the TiO2 

AC and TiO2/AC nanocomposite were determined by graph plots 

of the Kubelka–Munk remission function for each nanocomposite 

(Figure S.1-S7.). The energy band gap is presented in Table 1. It can be 

seen that EG of TiO2 prepared with the sol-gel technique was about 

2.96 eV while Eg of TiO2 (P25) was 2.99 eV. The bandgap of TiO2/5AC, 

TiO2/10AC, TiO2/20AC, TiO2/25AC TiO2/30AC nanocomposites 

and AC were determined as 2.27, 2.15, 1.80, 1.41 1.13 and 1.03 eV, 

respectively. The reducing of bandgap could be attributed to the slight 

conjugation effect between Ti-O and carbon nanoparticle molecules 

(C). It can be noticed here that AC could enhance solar photocatalytic 

activity [26].  

 

3.7  Dye removal 

 

 Figure 7 presents the percentage of dye removal by AC, TiO2/5AC 

and TiO2/10AC under UV-irradiation and dark condition. The percentage 

of dye removal was significantly increased with increasing time. 

The dye removal by AC reached 75% at 10 min and then remained 

constant, while those of TiO2/5AC and TiO2/10AC under dark 

condition were 52 and 72% at 180 min, respectively. The dye 

reduction by TiO2/5AC and TiO2/10AC in the presence of UV light 

was improved by 10 and 20% due to the photocatalytic reaction. TiO2 

in the presence of AC removed dye by adsorption up to approximately 

30 min, and then the photocatalytic reaction phenomena occurred. 

Comparing the activity of AC, TiO2, commercial TiO2 (P25) and TiO2/ 

10AC, the fastest dye treatment was AC with 75% removal. It was 

known the physical treatment was fast and straightforward; however, 

the adsorption capacity depended on the quantity of  adsorbent. 

 In case of TiO2, the photocatalytic removal activity of TiO2 (P25) 

was 57%, and that of as-prepared TiO2 was 26% at reaction time 180 min. 

The better removal activity of TiO2 P25 was primarily due to its smaller 

particle size than that of as-prepared TiO2. The maximum dye removal 

of 88% was obtained with TiO2/10AC under UV light. It was seen 

that TiO2 in the presence of AC and UV light could significantly 

improve the dye removal. This confirmed the synergistic effect of TiO2 

and AC [27,28].  Furthermore, based on the literature, the physical 

mixture of the prepared TiO2 and AC has been reported lower dye 

removal efficiency than that of the deposited TiO2 on AC. This is 

because, in the physical mixture system, AC adsorbs dye and then 

desorbed, the photocatalytic reaction by TiO2 begun to degrade dye 

from the bulik solution after absorption equilibrium, while in the 

deposited TiO2/AC, the dye can be absorbed by AC and then directly 

reacted by TiO2.This could be the benefit of the deposited TiO2/AC 

in much faster photocatalytic rate and better performance [29]. 

 

3.8  Kinetic analysis of dye degradation  

 

 Based on equation (2), the straight-line relationship of 𝐼𝑛
𝐶𝑡

𝐶0
 against 

reaction time was obtained, as shown in Figure S10 (supplement data). 

The apparent rate constants (𝑘𝑎𝑝𝑝) and half-life time of each catalyst 

with an initial dye concentration of 75 mgL-1 was calculated from 

the slope of the plot. The kinetic values are presented in Table 2.
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Table 2. Kinetic values of TiO2 (P25) TiO2, AC and TiO2/AC composite for dye removal. 

 

Sample   kapp  

(min-1) 

t1/2 

(min) 

Regression coefficient  

(R2) 

AC 0.0311 22.29 0.9789 

TiO2 (P25) 0.0045 154.03 0.9838 

TiO2 0.0015 462.10 0.9848 

TiO2/5AC 0.0041 169.06 0.9595 

TiO2/10AC 0.0096 72.20 0.9727 

TiO2/20AC 0.0889 7.80 0.9515 

TiO2/25AC 0.224 3.09 0.9525 

TiO2/30AC 0.2352 2.95 0.7987 

 
 

Figure 7.  Dye removal of AC, TiO2 P25, TiO2/5AC and TiO2/10AC with optimal 

conditions (acid dye concentration 75 mgL-1 and catalytic loading 1.0 gL-1). 

 

The R2 of this was in the range of 0.7987-0.9848. The pseudo-first-

order kinetics can be used to recognize the adsorption and photo-

oxidation mechanisms taking place in the reactor. In case of AC TiO2 

P25 and TiO2, 𝑘𝑎𝑝𝑝 of AC is higher than that of TiO2 P25 and TiO2. 

The 𝑘𝑎𝑝𝑝 of TiO2 with various amounts of AC were significant 

increased with an increase of AC loading, while the half-life times 

were reduced. This is due to when the rate constant is increased, which 

lead to reduction of the reaction time. As mentioned in section 3.7, the 

adsorption and photocatalytic reaction are continueously reacted by the 

deposited TiO2/AC, resulting in hight 𝑘𝑎𝑝𝑝 with low half  life time. This 

result supported the synergistic effect phenomena of TiO2 and AC. 

Similar results have been reported [16,30]. 

 

3.9  Reuse 

 

 The reuse of photocatalyst is a significant factor for its practical 

application in wastewater treatment. The stability of photocatalyst 

was investigated through recycling of the TiO2/20AC, which possesses  

 

Figure 8. Reusability of TiO2/20AC in dye removal under UV-light with 

optimal conditions (acid dye concentration 75 mgL-1 reaction time 180 min 

and catalytic loading 5.0 gL-1). 

 

optimal condition in this study. Figure 8 shows the dye removal 

efficiency with the number of recycling. The removal efficiency was 

slightly decreased with the number of recycling. At the second cycles, 

92.05% of the initial dye was removed after the photocatalytic 

reaction of 180 min and dropped to 81.76% in the third cycle. The small 

reduction after each recycle indicates that the TiO2/20AC is a relatively 

stable photocatalyst for the photocatalytic dye removal and could be 

developed into a commercial scale. In case of AC and TiO2, the dye 

removal by AC reached 75% at 10 min while photocatalytic removal 

activity of TiO2 (P25) was 57%, and that of as-prepared TiO2 was 26%. 

In the case of AC, it may be used to remove the dye in only one cycle. 

For bare TiO2, there were low dye removal efficiency compare to 

TiO2/AC composite. 

 

4.  Conclusion 

 

 In the present study, photocatalyst TiO2 with various amounts 

of AC composites (TiO2/AC) were synthesized through the sol-gel 

method. TiCl4 was used as a precursor to reduce using acidic solution 

during preparation process. Various amounts of AC were introduced 

as an assistant for a photocatalyst. The catalyst’s characterization 
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showed an even distribution of TiO2 over the AC surface. The specific 

surface area of TiO2 with AC was increased with increasing of mass 

fraction of AC, while the energy band gap was reduced. The photo-

reaction was more effective in the presence of AC than those of TiO2 

and AC alone. The efficiency of the TiO2/10AC was optimal with 88% 

dye removal capacity compared with 75% of AC, 57% of TiO2 (Degussa 

P25) and 26% of as-prepared TiO2. The kinetic mechanism of acid dye 

via photocatalysis was a pseudo-first-order obtained using the Langmuir- 

Hinshelwood model.  Furthermore, the test showed that the reuse of 

TiO2/20% AC composite is quite significant, with over 90% efficiency 

in the recycle. The results thus showed the synergistic effect of 

TiO2 and AC and the possibility for the commercial application. 
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 Supplementary data to this article can be found online at  

https://doi.org/10.14456/jmmm.2020.xx. 
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