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ABSTRACT 

Nanosized bare and carbon (C)-doped TiO2 were prepared using reverse micro-emulsion method. Synthesized powders were 
characterized with the help of X-ray diffractometer (XRD), scanning electron microscope (SEM), transmission electron 
microscope (TEM), energy dispersive X-ray spectroscope (EDX) and UV-visible spectrophotometer. EDX study reveals that as 
calcination temperature increases amount of C on TiO2 decreases. SEM and TEM images show that TiO2 particles are spherical 
in shape and after increasing the calcination temperature size of particle increases. Particle size of TiO2 obtained from TEM 
data varies between 10 to 17nm.  Visible light photocatalytic degradation of 2,4,6-trichlorophenol (TCP) aqueous solution was 
carried out using nanosized bare as well as C-doped TiO2. UV-visible spectrophotometer and high pressure liquid 
chromatography (HPLC) techniques were used to analyze the concentration of TCP during the degradation process. In presence 
of visible light C-doped TiO2 obtained after calcination of precursor at 300°C shows better photocatalytic activity. Parameters 
affecting the photocatalytic process such as calcination temperature, amount of catalyst and TCP concentration are investigated. 
TCP photocatalytic degradation process was optimized. It is observed that to get better photocatalytic activity optimum amount 
of photocatalyst and concentration of TCP solution required are 1.0 gL

-1
 and 20 mg L

-1
 respectively. Reusability study indicates 

that C doped TiO2 prepared in the present work is highly stable and reusable photo catalyst. Copyright © 2015 VBRI Press. 
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Introduction  

Special attention has been given to certain group of 
chemical contaminants such as chloro-organics, due to their 
eco-persistence. Chlorophenols constitute an array of 
priority chloro-organics that spell high implication in the 

environment [1, 2]. Chlorophenols are toxic compounds 
present in wastewater mainly arising from chemical 
intermediates or byproducts in petrochemical, paper 
making, plastic and pesticide industries. Moreover, 
chlorophenol is one of the most vulnerable water pollutants, 
which causes serious damage to the vital organs of human 

beings [3, 4]. TCP is particularly of environmental interest 

owing to its mutagenicity and carcinogenicity [5]. 
Uncontrolled use and disposal of TCP has led to serious 

impact on surface water quality [6]. Alarming levels of 
TCP were detected in several rivers from different 

geographical region [7]. Moreover, TCP is likely to form as 
a by-product of industrial processes such as water 
disinfection. Significant amount (upto 1.96 µg L

-1
) of TCP 

has been detected during chlorination of drinking water [8, 

9].  Photocatalysis is considered as one of the efficient 
method, used for the removal of toxic material from water 

[10-13]. This method has several advantages such as easy 

workup procedure, reliable results, non-toxic nature and 
cost-effective operation.  

TiO2 has been most widely studied photocatalyst due to 
its excellent stability, non-toxicity, high photo-oxidation 
power and low material cost. The anatase form of TiO2 is 
most promising material used for degradation of water 
pollutants. But its major drawback is its wide band gap 
(~3.2 eV) which activates only under UV light irradiation. 
To make TiO2 visible active it has been modified by 
various ways such as doping with transition metals/ non-

metal, dye sensitization etc [14-16]. It is reported that 
doping of TiO2 with non-metals such as N, S or C could 
help to extend the absorption wavelength from UV to 

visible region [17, 18]. Few reports about the 
photocatalytic degradation of TCP are available in 

literature [19-21]. In all these reports UV light is used as an 
irradiation source.  X. Hu and co-workers reported the 
photocatalytic degradation of TCP in visible light using Pt 

nanoparticle modified rutile TiO2 [22]. But this method 
requires costly chemicals for catalyst synthesis. In present 
work, we report for the first time visible light photocatalytic 
degradation of TCP using C doped TiO2. Nanosized pure 
and C doped TiO2 powders were synthesized using 
microemulsion method and used for photocatalytic activity 
study. 
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Experimental 

Materials  

2,4,6-trichlorophenol (TCP) obtained from S D Fine 
Chemicals, Mumbai and used without any further 
purification. Titanium isopropoxide Ti(iOPr)4 was 
purchased from Sigma Aldrich, Mumbai and used as a 
source of titanium. Cyclohexane, n-butanol, N,N,N-cetyl 
trimethyl ammonium bromide (CTAB), acetone, and 
ethanol used for synthesis are AR grade and were procured 
from SD Fine Chemicals, Mumbai and used without further 
purification. 
 
Catalyst preparation 

Pure and C doped TiO2 nanoparticles were prepared using 
microemulsion method. 60 mL cylclohexane, 15 mL n-
butanol and 6g of N,N,N-acetyl trimethyl ammonium 
bromide were mixed and mixture was stirred for 15 min. To 
this microemulsion, solution containing 3 mL water and 
9mL 1M titanium isopropoxide was added dropwise with 
constant stirring.  This mixture was transferred to autoclave 
(with teflon-inner-liner) and kept in an oven at 150 ºC for 
2h. Later  it was cooled to the room temperature and the 
residue obtained was separated using filtration, washed 
several times with distilled water followed by ethanol and 
finally with acetone and dried at 40 ºC. The product 
obtained was used as a precursor. This precursor was 
calcined in the furnace in the temperature range 300-500 ºC 
for 2h.   
 
Characterization studies 

The X-ray diffraction (XRD) patterns of precursor calcined 
at 300, 400 and 500°C were recorded using X-ray 
diffractometer (XRD; Miniflex II, Rigaku) using CuKα 
radiation (λ= 0.15405 nm) at a scan rate 2°2θ min

-1
. The 

average crystalite size of synthesized powders was 
calculated using Debye-Scherrer equation: t = 0.94λ / β 
cosθ, where t is average crystalite size, n = 0.9, β is full 
width of line at half maximum intensity (FWHM). The 
morphology and qualitative elemental analysis study of the 
precursor calcined at different temperatures was carried out 
using scanning electron microscope (SEM; 6360A, JEOL-
JSM). TEM images of pure/C doped TiO2 powder prepared 
in the present work were recorded using transmission 
electron microscope (TEM; Tecnai G

2
, Philips). For TEM, 

sample was prepared by dispersing pure/C doped TiO2 
powder in isopropyl alcohol and solution was sonicated for 
15min. The drop of solution was placed over C coated 
copper grid and solvent was evaporated off under IR lamp. 
Band gap energies of synthesized nano powders were 
evaluated from UV visible spectra recorded using UV 
visible spectrophotometer (UV/VIS; 1800, Shimadzu). This 
technique was also used for the estimation of amount of 
TCP in solution during the photocatalytic degradation 
process. 
 
Measurement of photocatalytic activity 

Photocatalytic activity of nanosized pure/C doped TiO2 was 
tested for degradation of TCP solution. Reaction 
suspension was prepared by adding 0.1 g TiO2 (obtained at 
3000 °C) photo catalyst in 100 ml (20 mgL

-1
) TCP solution.  

This aqueous suspension was stirred in the dark for 30min 
to attain adsorption-desorption equilibrium.  After, the 
solution was irradiated with visible light.  The visible light 
irradiation was carried out in a photo reactor using a 
compact fluorescent lamp (65 W, λ >420nm, Philips, 
Mumbai). Intensity of the light reaching to the test solution 
is 42 W/m

2
.  Temperature of test solution was maintained 

constant   throughout the experiment by circulating water 
around the solution. The amount of TCP was estimated by 
sampling out 5ml of aliquot solution at regular time 
intervals. The catalyst was first separated by centrifugation, 
then filtered through 45 µm Millipore membrane filter and 
the concentration of  TCP  in the supernatant solution was 
estimated using UV-visible spectrum  recorded in the 
wavelength range 200-400 nm. Amount of TCP in the test 
solution during the photocatalytic degradation process was 
also evaluated using HPLC technique. For this study HPLC 
(HPLC; 1200, Agilent) equipped with a Zobrax C-18 
column (250 mm X 4.6 mm X 5 µm) with a diode array 
detector was used.  Mobile phase used to record the 
chromatogram is a mixture of acetonitrile and 1% acetic 
acid solution in a ratio of 80:20. The injection volume of 
the sample used and flow rate of mobile phase are 20 µl 
and 1.0 ml.min

-1
, respectively. 

 

 
Fig. 1. XRD patterns of   precursor calcined at (a) 300, (b) 400 and (c) 
500oC (Inset shows the magnified view of (101) peak indicating shift in 
peak position.). 

 

Results and discussion 

XRD patterns of the precursor calcined at 300, 400 and 500 

°C for 2 h are presented in Fig. 1. It is observed that TiO2 
precursor calcined at 300°C gives anatase TiO2.  Peaks at 
2θ equal to 25.26, 38.16, 48.17, 54.03, 64.69, 68.16, 71.10 
and 76.4° are assigned (101), (004), (200), (105), (211), 
(204), (110), (220), (215) hkl planes and are in good 
agreement with JCPD data file number 841285 (lattice 
planes of  anatase TiO2 phase). After increasing the 
calcination temperature intensity of all peaks increased due 
to increase in crystallinity of the product. Average 
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crystallite sizes of product were calculated using Debye-
Scherer equation and are found between 12 to 16nm. 

Effect of C doping on TiO2 lattice parameters a, c and 
cell volume with respect to change in temperatures are 

shown in Fig. 2a and b, respectively and corresponding 

parameters are presented in Table 1. 
 

 
 

Fig. 2. (a) Variation of  lattice parameters a and c with temperature, (b) 
change in lattice volume with respect to temperature, (c) Williamson-Hall 

(W-H) plot,  β cosθ/ λ, against 4 Sinθ/ λ for  TiO2 and (d) variation of 

lattice strain with respect to temperature. 

 
Table 1. Details of C content, lattice parameters (a and , c), lattice strain, 
crystallite size and band gaps of TiO2  prepared at various temperatures. 
 

 Calcination 

temperature 

(°C) 

Particle 

size 

(nm) 

C content 

   (wt%) 

Lattice parameter Lattice 

strain 

Band gap 

(eV) 
a (A°) c (A°) Volume (A°

3
) 

300 11.4 7.59 3.775 9.249 131.85 0.002350 2.86 

400 14.3 1.26 3.8028 9.45 135.98 0.001980 2.96 

500 16.5 - 3.815 9.488 137.25 0.001060 3.14 

 
 

 

As C content on TiO2 decreases cell parameters a and c 
increases.  With increasing calcinations temperature C 
content on TiO2 decreases and (101) peak slightly shifts 

towards higher angle (Fig. 1 inset). The lattice strain 
induced due to C doping is determined by Williamson-Hall 
(W-H) equation, 

 

 
 

Where, β is the full width at half maxima (FWHM), θ is 
diffraction angle, λ is X-ray wavelength, D is crystallite 

size and ε is lattice strain.    is plotted against  to 

get strain and crystallite size from slope and intercept of 

linear fit. Fig. 2c, d illustrates W-H plot and effect of lattice 
strain with respect to synthesis temperature for TiO2 
samples. Positive slope indicates that tensile strain is 
consistent with the lattice expansion. Average crystallite 
size and strain calculated from W-H plot for each sample is 

presented in Table 1. Sample prepared at 300°C exhibit 
highest lattice strain whereas TiO2 prepared at 500°C have 

a lowest strain. This is due to fact that sample prepared at 
300 consists doped C. 

EDX spectra of precursor calcined at various 

temperatures were recorded and are presented in Fig. 3 (a 

and c). EDX spectroscopy analysis shows that precursor 
calcined at 300 and 400°C contains 7.59 and 1.26% C 
respectively. While precursor calcined at 500°C for 2h does 
not contain carbon. These results reveal that after 
increasing the calcination temperature amount of C on TiO2 
decreases.  

 
 

 
 

Fig. 3. EDX spectra of precursor calcined at (a) 300, (b) 400 and (c) 500 
°C. 

 
SEM images of precursor calcined at different 

temperatures are presented in Fig. 4(a-c). These images 
show that at all temperatures TiO2 particles obtained are 
spherical in shape. After increasing the calcination 
temperature grain sizes of the product increases and it also 
shows aggregation.  

 

 
 

Fig. 4.  FE-SEM micrographs of precursor calcined at (a) 300, (b) 400 
and (c) 500°C. 

 
TEM images of precursor calcined at different 

temperatures are presented in Fig. 5 (a-c). TEM images 
show that at all temperatures TiO2 particles obtained are 
spherical in shape and particle size increases with increase 
in temperature. Particle size of the TiO2 obtained from 
TEM data varies between 10 to 17nm. Selected area 
electron diffraction patterns (SAED) of all the samples 
(inset) shows distinct rings that corresponds to the 
diffraction pattern of anatase TiO2 indicating crystalline 
nature. 

UV-visible spectra of pure and doped TiO2 prepared at 
different temperatures were recorded and are presented in 

Fig. 6. Pure TiO2 (Fig. 6a) exhibits the fundamental 
absorption edge at 396nm. This figure also shows that with 
increasing C content on TiO2 its absorption wavelength 
increases. This distinct difference in absorption 
characteristic indicates that C is doped on TiO2. The band 
gap energies of TiO2 obtained at various temperatures were 

estimated using Tauc plot (Fig. 7) and are presented in 

Table 1. The band gap energies of TiO2 obtained at 300, 
400 and 500°C are 2.86, 2.96 and 3.14 eV respectively.  
Band gap energy of TiO2 obtained at 300 °C is less as 
compared to TiO2 obtained at 400 and 500 °C, due to this it 
absorbs higher wavelength light and exhibit better 
photocatalytic activity in visible region. 
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Fig. 5. TEM images of precursor calcined at (a) 300, (b) 400 and (c) 500 
°C. 

 

 
 

Fig. 6. UV-visible spectra of TiO2 precursors calcined at (a) 300, (b) 400 
and (c) 500 °C. 
 
 

 
 

Fig. 7. Tauc plots, (ahv)2 versus photon energy (hv) for TiO2 prepared at 
(a) 300, (b) 400 and (c) 500 oC. 
 

Visible light photocatalytic degradation of TCP was 
studied in presence of nanosized pure/C doped TiO2 
photocatalyst. Representative UV visible spectra of 
aqueous solution of TCP irradiated with visible light at 
different time intervals in presence of C doped TiO2 
(prepared at 300 °C) were recorded and are presented in 

Fig. 8. These spectra show two peaks locate at 245 and 
315nm. As irradiation time increases the height of peak at 
both these wavelength decreases due to the photocatalytic 
degradation of TCP. The study indicates ~98% TCP is 
degraded in 90 min.  
 

 
 

Fig. 8. UV-visible spectra of TCP solution irradiated with visible light at 
different time intervals in presence of C doped TiO2 photocatalyst 
prepared at 300 oC 

 
Amount of TCP in the test solution during the 

photocatalytic degradation process was also evaluated 
using HPLC technique. HPLC chromatograms of test 
solution irradiated at different time intervals in presence of 
C doped TiO2 (prepared at 300 °C) were recorded and are 

presented in Fig. 9.  
 

 
 

Fig. 9. HPLC chromatograms of TCP solution irradiated with visible light 
at different time intervals in presence of C doped TiO2 photocatalyst 
prepared at 300 oC.   

 
The chromatogram of standard solution gives two peaks 

at retention time 2.6 and 4.5 minutes. Peak observed at 2.6 
minute is characteristic peak of water and peak at 4.5 
minute is due to TCP.  As irradiation time increased the 
intensity of peak at 4.5 min decreases, indicating that TCP 
degrades in visible light and ~98% mineralization occurred 
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in 90min. It is known that TCP degradation leads to the 
formation of a mixture of byproducts such as catechol, 
benzoquinone, resorcinol, and hydroquinone which further 

reacts with hydroxyl radicals and forms CO2 and H2O [22-

25]. Several parameters affecting the rate of photocatalytic 
degradation such as calcination temperature of 
photocatalyst, amount of catalyst used, and concentration of 
TCP are explained in the following section. 
 
Effect of calcination temperature of catalyst  

TCP solution was illuminated with visible light in presence 
of pure and C doped TiO2. UV-visible spectra and HPLC 
chromatograms of TCP solution illuminated for different 
time intervals were recorded and amount of TCP degraded 
was calculated. The plots of concentration of   TCP as a 
function of irradiation time in presence of catalyst calcined 

at different temperatures are presented in Fig. 10. This 
figure shows that solution kept in dark for 30min in 
presence of catalyst calcined at 300, 400 and 500°C 
adsorbs 48, 37 and 7% TCP respectively. It is observed that 
as compared to pure TiO2, C doped TiO2 have a better  
adsorption efficiency this may be due to the enhancement in 
the adsorption of organic pollutant assisted by doped C.  In 
absence of catalyst TCP does not degrade, which means it 
is stable to visible-light irradiation. Photodegradation 
efficiency of TiO2 decreases with increase in the calcination 
temperature. As the calcination temperature increases C 
content on catalyst decreases. The catalyst calcined at 
300°C gives better photocatalytic activity, reaching ~98% 
within 90min, whereas within the same period catalyst 
calcined at 400 and 500°C degrades only 80 and 30% TCP. 
This could be due to difference in size as well as C content 
doped on TiO2 at different temperatures. 
 

 
 

Fig. 10. Effect of calcination temperature of catalyst on photodegradation 
rate of TCP, catalyst calcined at (a) 300, (b) 400 and (c) 500 oC. 

 
Effect of amount of catalyst used 

Effect of amount of catalyst on photodegradation of TCP 
was investigated using different amount of C doped TiO2 
obtained at 300°C.  For this study the amount of C doped 
TiO2 was varied from 0.5 to 2.0 gL

-1
. The concentration of 

TCP used to study the dose of catalyst was kept constant at 
20mgL

-1
.   Photocatalytic degradation of TCP as a function 

of irradiation time in presence of varying amount of catalyst 

was investigated and the data obtained is presented in Fig. 

11. This figure indicates that as the amount of photocatalyst 
in the solution increases rate of photodegradation also 
increases.  At 1.0 gL

-1
 concentration it gives better 

photocatalytic activity.  Further increase in the amount of 
photocatalyst showed decrease in the photodegradation 
rate. Photocatalytic degradation rate of organic pollutant 
depends on number of surface active sites and the photo-
absorption capacity of the catalyst.  If the catalyst loading is 
increased, rate of generation of electron/hole pairs increases 
which helps to increase the photodegradation rate. 
However, further increase in the concentration of the 
catalyst lead to aggregation affecting the number of active 
sites available for generation of electron/hole pairs. Also, 
high amount of catalyst loading decreases solution 
penetration capacity of light and hence decreases the 

degradation rate [26]. 
 

 
 

Fig. 11. Effect of catalyst loading on photodegradation rate of TCP. 

 
Effect of initial concentration of pollutant 

Effect of initial concentration on TCP photodegradation 
rate was studied by varying the concentrations of TCP and 
keeping the amount of catalyst constant (1.0gL

-1
).  

Photocatalytic data obtained by varying the concentration 

of TCP is presented in Fig. 12. As seen in the figure, 
degradation efficiency is inversely affected by initial 
concentration. This is because as initial concentration of 
TCP increased, it get adsorbed on catalyst surface in excess 
amount  and hinders the generation of hydroxyl radicals  on 
that site which results in lowering the rate of 
photodegradation process. 
 
Recycling of photocatalyst  

C doped TiO2 prepared at 300°C exhibit better 
photocatalytic activity therefore its stability was studied. 
Stability tests were performed by repeating the reaction 
three times using recovered photocatlyst. The data obtained 

is presented in Fig. 13. The data reveals that there is no 
noticeable decrease in photocatalytic activity up to third 
cycle. It indicates that C doped TiO2 prepared in the present 
work is highly stable and reusable photocatalyst. 
 



 

 Lavand and Malghe 

Adv. Mater. Lett. 2015, 6(8), 695-700                                 Copyright © 2015 VBRI Press                                                    700 
 

 

 
 

Fig. 12. Effect of initial concentration of TCP on the photodegradation 
rate. 

 

 
 

Fig. 13. Reuse of photocatalyst up to third cycle. 

 

Conclusion 

1.  Nanosized Pure as well as C doped TiO2 photocatalysts 
were synthesized using microemulsion method.  

2. C doped TiO2 show red-shift in absorption spectra 
attributed to significant enhancement in its photo 
absorption capacity for visible light.  

3. Photocatalytic activity depends on C doping as the 
amount of C in TiO2 increases the photocataltic activity 
also increases.   

4. TCP photocatalytic degradation process was optimized 
and it is concluded that C doped TiO2 prepared   at 
300°C exhibit better photocatalytic activity.  Also, to 
get better photocatalytic activity optimum amount of 
photocatalyst and concentration of TCP solution 
required are 1.0 gL

-1
 and 20mg L

-1
 respectively.  

5. Photocatalytic efficiency does not change up to third 
cycle and catalyst is quiet stable.  
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