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Abstract
Phenol is considered as one of the major environmental concerns due to its characteristics including 
chronic toxicity, biological stability, and increasing the toxicological intermediates after biological 
degradation. Therefore, the aim of this study was to evaluate the photo-degradation of phenol using 
the titanium dioxide (TiO2) photo-catalyst on ordered mesoporous carbon (CMK-3) support under 
UV irradiation. In this study, the effects of some parameters including pH value (4, 5, 6, 7, 8, 9, 
10), TiO2/CMK-3 concentration (0.05, 0.1, 0.15, 0.3, 0.5 g/L), irradiation time (30, 60, 90, 120, 
150 min), and phenol concentration (50, 100, 150 and 200 mg/L) were assessed. The properties 
of the CMK-3 and TiO2/CMK-3 were compared using the transmission electron microscopy (TEM), 
X-ray powder diffraction (XRD) and N2 adsorption-desorption isotherm. The results revealed that 
the process studied was remarkably affected by the parameters, and the optimum values of the 
parameters were as follows: pH=6, TiO2/CMK-3 concentration =0.15 g/L, phenol concentration = 
100 mg/L, and irradiation time=150 min. The phenol degradation efficiency and total organic carbon 
(TOC) removal efficiency for phenol were 96% and 74%, respectively. Moreover, the stability greater 
than 7 times for the studied photo-catalyst was indicative of its high potential to be used in photo-
degradation processes for the elimination of pollutants.
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1. Introduction
Phenol (C6H5OH) is an aromatic organic compound 

which is released during various industries and processes, 
including coal conversion processes, coke ovens, petroleum 
refineries, phenolic resin manufacturing, herbicide 
manufacturing, fiberglass fabrication, and petrochemicals. 
Due to its toxicity and low biodegradability, phenol 
is considered as one of the major concerns for the 
environment, especially aquatic environments (1,2). 
The characteristics of phenol such as chronic toxicity, 
biological stability, and increasing the toxicological 
intermediates after biological degradation has led to its 
classification as a priority pollutant (3,4). Review of the 
previous literature has shown that this compound can 
affect the central nervous system and the digestive tract 
and can lead to skin irritation (5,6). In addition, it has 
been reported that intake of 8-15 mg of phenol leads to 
death, to such a degree that various regulations and limits 
have been established for phenol by the related agencies. 
For example, the Environmental Protection Agency (EPA) 
and Institute of Standards and Industrial Research of Iran 
have introduced 1 mg/L and 0.5 µg/L, as the maximum 

allowable amounts for this compound, respectively (7,8). 
On this basis, elimination of phenol seems to be imperative 
in order to protect the life cycle. 

Among various technologies suggested for elimination 
of phenol, the advanced oxidation processes (AOPs) 
using hydroxyl radical (E = 2.8 V) have been introduced 
as successful techniques in which the organic pollutants 
are completely degraded and converted into minerals, 
CO2 and H2O (6,9). Currently, the heterogeneous 
photocatalysis, as one of the AOP techniques, has attracted 
the attention of scientists to degrade the various types of 
pollutants. This technique is based on the use of a light 
source, a semiconductor photo-catalyst and an oxidizing 
agent (10,11). Among the photo-catalysts used in this 
process, the TiO2-based photo-catalytic materials has the 
exceptional properties including the complete removal 
of organic pollutants, low cost, and chemical stability 
and non-toxicity (12,13). Despite outstanding properties 
of TiO2, its deficiencies including the hard separation of 
TiO2 nanoparticles from the solution and the tendency to 
accumulate in high concentrations limit its applications 
(14,15). 
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The development of TiO2 support has been recently 
considered in the studies for the enhancement of 
efficiency of TiO2 and in this regard, various supports 
have been introduced and used (16-19). The activated 
carbon was identified as one of the best supports for TiO2 
and used in various photo-degradation studies to remove 
the phenol (20), tetracycline (21), dye (22) and so on. 
Special properties of the activated carbon, for example, 
excellent surface area, well-developed pore structure, 
and high adsorption capacity were the reasons for its 
application as the support in various studies; however, 
some issues associated with the use of this substance, 
such as decreasing the process efficiency has motivated 
the scientists to discover new substances for the support 
of photo-catalysts (23-25). The ordered mesoporous 
carbons are one of these substances which have been 
studied in photo-degradation processes. The ordered 
mesoporous carbon has a hexagonal two-dimensional 
structure and is produced by the carbonization of silica 
mesoporous substances such as uniform pore size SBA-15 
(25,26). The high surface area, large pore volume, high-
purity synthesis, high physical and chemical stability 
in environmental fields, and energy storage are the 
characteristics of the ordered mesoporous carbon that 
give the possibility to be used as a successful support 
(27). Previous studies have revealed the successful use 
of CMK-3 in the removal of pollutants; for example, 
Hu et al utilized the Fe/CMK-3 for photo-degradation 
of the phenol and found that it has a suitable ability for 
adsorption and oxidation of the phenol and can easily be 
separated from the solution with minimal leaching (28).

The aim of this study was to evaluate the photo-catalytic 
degradation of phenol by TiO2 photo-catalyst on ordered 
mesoporous carbon (CMK-3) support under medium 
pressure UV irradiation. In addition, the effect of different 
parameters such as pH value, catalyst concentration, 
phenol concentration, and irradiation time was studied. 
Moreover, the stability and reusability of TiO2/CMK-3 
catalyst were investigated in 7 consecutive cycles under 
optimum conditions.

2. Materials and Methods
Tetraethyl orthosilicate (TEOS, 98%), titanium 

(IV) isopropoxide (TIP 97%) and Pluronic P123 
(EO20PO70EO20) were purchased from Sigma-Aldrich 
CO., USA. Other chemicals including sucrose, sodium 
hydroxide (NaOH), ethanol, sulfuric acid (H2SO4, 98%), 
and isopropyl alcohol were provided by Merck CO., 
Germany. All the mentioned chemicals were of analytical 
grade. In addition, deionized double-distilled water was 
utilized for all of the experiments.

2.1. Preparation of SBA-15, CMK-3 and TiO2/CMK-3
2.1.1. Preparation of SBA-15

The synthesis of ordered mesoporous silica SBA-15, as 
the template for the synthesis of CMK-3, was performed 

based on the previous study (29). The procedure of the 
SBA-15 synthesis is as follows: after dissolving 2 g P123 
in 60 mL of 2M HCl solution, 15 mL deionized water 
at 40°C and 4.25 g of TEOS were added. Then, it was 
magnetically stirred at 40°C for 24 hours and the mixture 
was autoclaved at 100°C for 48 hours. Afterward, 0.45 μm 
Whatman filter was used to recover the resultant. Then, it 
was initially rinsed several times with distilled water and 
ethanol (25%) and was finally washed with distilled water. 
Afterward, calcinations of filtrated solids were performed 
at 550°C in the air at a ramping rate of 1°C/min and kept 
at this temperature for 12 hours to eliminate the organic 
template of P123. 

2.1.2. Preparation of CMK-3
The preparation of CMK-3 was done according to 

the study of Jun et al (30). SBA-15 was used as a hard 
template. Initially, 1 g of SBA-15 was added to a solution 
obtained by dissolving 1.25 g sucrose and 0.14 g H2SO4 
(98%) in 5 mL H2O. The resulting mixture was placed in 
the oven at 100°C for 6 hours. The oven temperature was 
later increased to 160°C for further 6 hours. In order to 
obtain fully polymerized and carbonized sucrose inside 
the pores of the silica template, 0.8 g of sucrose, 0.09 g 
of H2SO4, and 5 mL of water were again added to the 
pretreated sample and the mixture was then subjected to 
the thermal treatment as described above. The composite 
was then pyrolyzed in a nitrogen flow (purity =  99.999%) 
at 900°C and kept under these conditions for 6 h for 
carbonization of the polymer. The mesoporous carbon 
(CMK-3) was obtained by eliminating the silica template 
using a 1 M aqueous ethanolic NaOH solution (50 vol.% 
NaOH solution and 50 vol.% ethanol) twice at room 
temperature followed by filtration, washing, and drying 
at 120ºC for 4 hours.

2.1.3. Preparation of TiO2/CMK-3
In order to prepare TiO2/CMK-3 with 5 wt% of TiO2, 

the solution of 5.95 mL isopropyl alcohol and 0.19 mL 
titanium (IV) isopropoxide were added into 1.0 g of 
CMK-3, and then TiO2 particles were prepared by placing 
in an oven at 100◦C with water vapor for 6 hours. The 
resultant was finally calcined at 700°C for 2 hours in the 
argon atmosphere. 

2.2. Characterization Methods
XRD patterns of the resultant material were collected 

using a Philips PW 1730 X-ray diffractometer. The 
diffractograms were recorded in the 2θ range of 0.5–5º 
with a 2θ step size of 0.05º. The specific surface area of the 
TiO2/CMK-3 was calculated according to the Brunaur–
Emmet–Teller method, and the pore size distribution 
curves were obtained from the analysis of nitrogen 
adsorption isotherms using Barrett–Joyner–Halenda 
method on a BELSORP MINI II at -196°C (77 K). Before 
each measurement, the sample was heated under vacuum 
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at 450◦C. Transmission electron microscopy (TEM) 
images for determination of TiO2/CMK-3 dispersion 
and morphology of samples were obtained using a Zeiss 
EM900.

2.3. Photo-Degradation Experiments
In this study, the photo-catalytic degradation of phenol 

using the TiO2/CMK-3 photo-catalyst was investigated 
under medium pressure UV lamp in a photo-catalytic 
reactor at room temperature. The light source was a 
150-W medium pressure mercury UV lamp. The 0.1N 
HCl and/or 0.1N NaOH was used to adjust the initial 
pH of the solution. This study was conducted under 
the following conditions: the initial pH values of 4, 5, 
6, 7, 8, 9, 10; TiO2/CMK-3 concentrations of 0.05, 0.1, 
0.15, 0.3, 0.5 g/L; irradiation times of 30, 60, 90, 120, 
150 minutes; and phenol concentrations of 50, 100, 150 
and 200 mg/L. In each experiment, the certain amount 
of photo-catalyst was added into 150 mL of phenol 
solution under magnetic stirring and maintained in dark 
condition for 60 minutes in order to reach the adsorption 
equilibrium, and then the suspension was irradiated 
under UV light. Afterward, approximately 5 mL of the 
suspension sample was withdrawn at the predetermined 
time interval and separated by centrifugation at 2000 
rpm for 4 minutes to achieve a clear supernatant for 
analysis of the concentrations of the solutes. The 
concentration of phenol in the supernatant was analyzed 
using a UV spectrophotometer (6305 UV/Vis Jenway 
spectrophotometer, UK) with the wavelength at 270 nm. 
To determine the mineralization level, the measurement 
of total organic carbon (TOC) was made using a TOC 
analyzer (Analytic Jena multi N/C 3100, Germany). All 
the experiments were carried out for three times and were 
expressed in terms of arithmetic means. The analysis was 
based on the removal efficiency using Eq. (1): 

Removal % = [(concentration)0 – (concentration)t /
(concentration)0] × 100                                                      (1)

where (concentration)0 and (concentration)t denote 
phenol and TOC concentrations before and after the 
photocatalytic reaction, respectively.

3. Results and Discussion
3.1 Characteristics of Catalyst

Low angle XRD patterns for CMK-3 and TiO2/CMK-
3 are shown in Fig. 1. The ordered mesoporous carbon 
CMK-3 was obtained by the hard template method from 
SBA-15, indicating that CMK-3 is an exact replica of SBA-
15. CMK-3 and TiO2/CMK-3 exhibit three peaks for 100, 
110, and 200 reflections at 2θ less than 2º, corresponding 
to the well-defined 2D hexagonal structure. As it is evident 
from Fig. 1, approximately, there is no change in the XRD 
pattern, except for the gradual decrease in the diffraction 
intensity of TiO2/CMK-3, compared to CMK-3 (25).

Fig. 2 shows the N2 adsorption-desorption isotherm 

for CMK-3 and TiO2/CMK-3 samples at 77ºK. It can be 
observed that the adsorption isotherm of both samples 
was indicative of the IV isotherm type of the mesoporous 
material according to the IUPAC classification. Table 1 
shows the determined textural properties of the nitrogen 
physisorption analysis. According to this table, the values 
of total pore volume (Vt), specific surface area (SBET), and 
pore size (d0) of the TiO2/CMK-3 decreased compared to 
CMK-3. This decrease was due to the filling of CMK-3 
pores by TiO2 nanoparticles.

The TEM images of CMK-3 and TiO2/CMK-3 are 
shown in Fig. 3. TEM images reveal that both of them are 
present as a short rod-like morphology. Fig. 3b confirms 
that the structured order of TiO2/CMK-3 is maintained 
even after introducing the TiO2 nanoparticles into the 

Fig. 1. Small-Angle XRD Patterns of CMK-3and  TiO2/CMK-3

Fig. 2. Nitrogen Adsorption-Desorption Isotherms and Pore-Size 
Distribution (PSD) for CMK-3 and TiO2/CMK-3
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CMK-3 channels. The TiO2 nanoparticles appear as dark 
dot-like objects on the mesopores.

3.2. Photo-Catalytic Activity of TiO2/CMK-3
Before the photocatalytic experiments, a series of batch 

tests were conducted to accomplish the adsorption-
desorption equilibrium behavior between CMK-3, 
TiO2/CMK-3, and phenol under dark condition. As 
can be seen from Fig. 4, phenol adsorption efficiencies 
by CMK-3 and TiO2/CMK-3 were 23.4% and 18.6%, 
respectively. However, higher efficiencies were obtained 
in the photocatalytic processes. It was also observed 

that TiO2/CMK-3 was more successful than CMK-3 in 
removing the phenol in the photocatalytic processes. 
Finally, photocatalytic properties of TiO2/CMK-3 in 
phenol removal was confirmed. Since the photocatalytic 
degradation of phenol is dependent on the initial solution 
pH values, the initial concentration of phenol, and 
the concentrations of catalysts, the influence of these 
parameters on the degradation of phenol in photocatalytic 
reactions was investigated.

3.3. The Effect of Initial pH 
The effect of pH, as an important parameter affecting 

the photo-catalytic process, was studied at different values 
of 4-10 and constant conditions of other parameters 
(Fig. 5). As can be observed, the best results for phenol 
degradation were obtained at the pH values between 
4 and 6, which can be described by the photo-catalytic 
oxidation and adsorption properties. Since the charge 
zero point (Pzc) of TiO2/CMK-3 is equal to 6.3, at the 
pH values from 4 to 6, the surface of photo-catalyst is 
positively charged, which results in more adsorption of 
the negatively charged phenol molecules on the surface 
of photo-catalyst and more possibility of degradation of 
adsorbed molecule on the surface of the photo-catalyst 
in the studied photo-catalytic process (10). Moreover, the 
presence of high volumes of holes in acidic pH increases 
the amount of phenol decomposition (31). These results 
are also confirmed by Lam et al (32).

3.4. Effect of catalyst concentration
The effect of catalyst concentration was studied using 

the TiO2/CMK-3 concentrations in the range of 0.05 to 
0.5 g/L under the constant values of other parameters (the 

Table 1. Textural Properties of  CMK-3 and TiO2/CMK-3 Catalysts

Sample SBET (m
2 g-1) Vmeso

a(cm3g-1) Vmicro(cm3g-1) d0(nm)

CMK-3 940.82 0.78 0.024 4.85

TiO2/CMK-3 875.8 0.69 0.016 3.65

Fig. 3. TEM Images of the Synthesized CMK-3 and TiO2/CMK-3. 

Fig. 4. Removal of Phenol Under Various Conditions (reaction 
conditions: pH= 6.0, catalyst (CMK-3 and TiO2/CMK-3) 
concentration = 0.15 g/L, phenol concentration =100 mg/L, and 
reaction time=150 min).

Fig. 5. Effect of Initial pH on the Phenol Degradation Efficiency 
(concentration of TiO2/CMK-3= 0.15 g/L, phenol concentration 
=100 mg/L, and irradiation time = 150 min).
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results are presented in Fig. 6). As can be seen, the photo-
catalytic activity of the studied catalyst was increased 
from 0.05 g/L to 0.15 g/L. Increasing the active sites on the 
photo-catalyst surface for the adsorption and oxidation 
of the phenol by the production of active radicals was 
reported as the cause of this event (12). However, 
the activity of this photo-catalyst reduced in greater 
concentrations (>0.2 g/L,); this can be explained by the 
scattering of the light and the accumulation of particles 
by collision (10). The studies of Chiou and Juang (33) and 
Jiang et al confirm the obtained results (34).

3.5. Effect of Initial Concentration of Phenol
The effect of initial concentration of phenol was 

studied by varying its concentration between 50 mg/L 
and 200 mg/L (the obtained results are represented in 
Fig. 7). As illustrated, the phenol degradation efficiency 
was diminished by increasing its initial concentration. 
By increasing the initial concentration of the phenol, the 
number of phenol molecules on the surface of the photo-
catalyst is increased and, as a result, the surface sites of 
the photo-catalyst is deactivated and higher amount of 
oxidizing agents is consumed, leading to a decrease in the 

Fig. 6. Effect of Initial Concentration of TiO2/CMK-3 on the Phenol 
Degradation Efficiency (pH=6, phenol concentration=100 mg/L, 
and irradiation time =150 min).

Fig. 7. Effect of initial concentration of phenol on the degradation 
efficiency of phenol (pH=6, concentration of TiO2/CMK-3=0.15 
g/L, and irradiation time=150 min)

Fig. 8. Removal of TOC and Phenol During Photo-Catalytic 
Process (pH=6, TiO2/CMK-3 concentration=0.15 g/L, phenol 
concentration =100 mg/L)
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Table 2. Kinetic Constants for the Photo-Catalytic Degradation of 
Various Concentrations of Phenol

Phenol Concentration k/min-1 R2

50 0.0223 0.9626

100 0.0213 0.9927

150 0.0135 0.9689

200 0.0108 0.9804

degradation efficiency (35). These results are in agreement 
with the results obtained by Akbal  (36), Mangrulkar  et al 
(37) and Kansal et al (38).

In addition, as can be seen in Table 2, the degradation 
kinetics was investigated based on the first kinetic model 
(ln (C0 / C) = Kt) for different concentrations of the phenol. 
Considering this table, it is observed that kinetic constant 
rate decreases by increasing the initial concentration of 
phenol, which can be due to the probability of interaction 
between the phenol molecules and active radicals (39).

3.6. Mineralization of Phenol 
To study the mineralization rate of the phenol in 

the studied system, the TOC removal efficiency was 
determined. As can be observed in Fig. 8, increasing the 
irradiation time develops the mineralization efficiency 
of phenol. Increasing the probability of photo-catalytic 
degradation of organic compounds by oxidants produced 
on the TiO2/CMK-3 surface was mentioned as the reason 
for the increased TOC removal. Rafiee et al also observed 
the same results in their study when they investigated 
the photo-catalytic degradation of phenol (39). It was 
observed that the TOC removal efficiency was less than 
the phenol degradation efficiency, which was related to 
intermediate products produced in the catalytic reaction.

3.7. The Stability of TiO2/CMK-3
In the present study, the stability of TiO2/CMK-3 

catalyst was also studied in 7 consecutive runs (the results 
are presented in Fig. 9). In order to study the stability of 
TiO2/CMK-3 photo-catalyst, the catalyst, after each run 
of experiment, was separated from the solution, washed 
with distilled water, and then dried at 60°C in an oven. 

13 
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Afterward, it was regenerated to be utilized in the next 
run. According to Fig. 8, the phenol removal efficiency was 
reduced to 95% after 5 consecutive runs, demonstrating 
an insignificant reduction in the catalytic activity of TiO2/
CMK-3. This proves the high stability and reusability of 
this catalyst (40). Moreover, the slight fall in the phenol 
degradation efficiency is attributed to a decrease in the 
photo-catalyst concentration by filtration and washing in 
the regeneration process. Similar results were observed by 
Jiang et al for the degradation of methylene orange dye 
using TiO2/carbon nanotubes photo-catalyst (34).

4. Conclusion
 In this study, the potential of TiO2/CMK-3 photo-catalyst 

in the photo-catalytic degradation of phenol was studied. 
Analyses of XRD, TEM, and N2 adsorption-desorption 
revealed that TiO2 was successfully incorporated into 
the CMK-3 structure. The photo-catalytic degradation 
efficiency of phenol was robustly influenced by pH value, 
catalyst concentration, initial concentration of phenol, 
and irradiation time. The optimum conditions for the 
parameters studied were as follows: pH = 6, TiO2/CMK-
3 concentration = 0.15 g/L, phenol concentration = 100 
mg/L, and irradiation time = 150 minutes. The phenol 
degradation efficiency was obtained to be 96% and the 
TOC removal efficiency was observed to be 74%. A 
stability greater than 7 times for TiO2/CMK-3 photo-
catalyst showed that it can be considered as a suitable 
photo-catalyst in photo-degradation processes.
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