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ABSTRACT

Visible light active carbon-modified (CM)-n-TiO, nanoparticles were synthesized by sol/gel
method. Carbon modification of n-TiO, was performed during the synthesis process by using
titanium butoxide as a carbon source in addition of being a molecular precursor of TiO,.
When compared to unmodified n-TiO,, CM-n-TiO, nanoparticles exhibited significantly
higher photocatalytic activity toward the photocatalytic degradation of phenol in aqueous
solution under illumination of both UV light and real sunlight. Carbon modification was
found to be responsible for narrowing the bandgap energy of CM-n-TiO, from 3.14 to
1.86eV. The effects of catalyst dose, initial concentration of phenol, and pH on the degrada-
tion kinetics of phenol were investigated. The highest degradation rate of phenol was
obtained at the optimal conditions of pH 5 and 1.0g L~! of CM-n-TiO,. The photocatalytic
degradation of phenol using CM-n-TiO, obeyed a pseudo-first-order kinetics according to

the Langmuir-Hinshelwood model.
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1. Introduction

The contamination of water supplies with hazard-
ous phenolic compounds is a serious problem in
terms of environmental considerations, due to their
toxicity, high stability, and bioaccumulation nature
[1]. Conventional treatment processes to remove these
pollutants, such as chlorination [2,3], solvent extrac-
tion [4,5], adsorption [6], and membrane process [7-9]
have several limitations and drawbacks. These
processes are either costly or have the inherent
drawbacks due to the tendency of the formation of
secondary toxic materials [10,11]. Therefore, the

development of an effective and inexpensive water
purification process to remove these compounds with-
out leaving behind any hazardous residues has
become a challenge.

In recent years, solar photochemical detoxification
of polluted waters using nanostructured titanium
dioxide (TiO,) has been proposed as an effective and
economical method to convert organic pollutants in
contaminated water and air to carbon dioxide, water
and mineral acids, which are less toxic substances
[12]. Titanium dioxide was recognized to be the most
promising semiconductor; it has been widely used as
a catalyst because of its merits, including optical and
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electronic properties, low cost, high level of photocata-
lytic activity, chemical stability, and nontoxicity. Over
the past several years, heterogeneous semiconductor
photocatalysis using titanium dioxide has received
considerable attention for its application in water
splitting to produce hydrogen [13-22], degradation of
organic pollutants [23-26], and wastewater treatment
[27,28]. However, one of the main shortcomings is the
fact that titanium dioxide (n-TiO,) is a UV absorber.
Its wide band gap (3.0-3.2eV) limits its photoresponse
in the ultraviolet region which is only a small fraction
(~5%). Therefore, several attempts were made to
extend its optical response to the visible spectral range
by doping with transition metal [29,30], nitrogen
[31,32], and sulfur [33]. Recently, it was found that
carbon modification of n-TiO, photocatalyst lowered
its bandgap energy to 2.32eV [16]. This progress stim-
ulated further investigations on carbon-modified
n-TiO, as visible light active photocatalyst [17-22,26].

However, most of the studies on heterogeneous
photocatalytic decomposition of phenolic compounds
using n-TiO, have been focused on the utilization of
UV as a light source. Therefore, in the present study,
visible light active carbon-modified (CM)-n-TiO, nano-
particles that are capable of harvesting the maximum
light photons in the visible and UV regions of solar
light were prepared from carbon-containing precursor,
titanium butoxide, no external source of carbon was
used. The photocatalytic performance of CM-n-TiO,
was examined for the degradation of phenol in aque-
ous solution under illumination of natural sunlight in
addition to UV light. The photocatalytic activity of
CM-n-TiO, was compared with regular n-TiO,. The
effects of various experimental parameters such as
photocatalyst loading, phenol concentration, and pH
on the photocatalytic removal rate of phenol were
studied. Furthermore, photodegradation kinetics of
phenol was studied and discussed in terms of Lang-
muir-Hinshelwood model.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals were of analytical grade and were
used without any further purification: titanium butox-
ide (Fluka, 97%); titanium trichloride (Sigma-Aldrich,
TiCl; 12% in hydrochloric acid (5-12%)); phenol
(Aldrich, 99 + %); and ethanol (Sigma—Aldrich, HPLC).
Hydrochloric acid and NaOH (analytical grade) were
used for pH adjustment. Solutions were prepared
with ultra-pure water obtained using a Millipore
device (Milli-Q).

2.2. Photocatalysts preparation and characterization

Visible light active carbon-modified titanium diox-
ide (CM-n-TiO,) nanoparticles were synthesized by a
sol/gel method. About 30mmol of titanium butoxide
was dissolved in 10mL anhydrous ethanol. Five milli-
liters of water was added dropwise under vigorous
stirring. The pH was adjusted between 3 and 4. The
resulting gel was then stirred for 2h at room
temperature, aged for 24h at ambient temperature,
and finally dried at 100°C for 12 h to form a precursor.
CM-n-TiO, nanoparticles were obtained by calcination
of the precursor at 500°C for 2 h. Regular (unmodified)
titanium dioxide (n-TiO,) nanoparticles were
synthesized by hydrolysis and oxidation of titanium
trichloride in an aqueous medium. Titanium trichlo-
ride was added dropwise under vigorous stirring into
deionized water. The concentration of titanium was
adjusted to 0.15M. The pH of the obtained violet solu-
tion was adjusted between 3 and 4 with sodium
hydroxide (NaOH) solution. The resulting solution
was then heated at 80°C in an oven for 24 h, followed
by filtering, washing several times with distilled
water, and then calcined at 300°C for 2 h.

The Brunauer-Emmett-Teller surface area (Sggr)
measurements of CM-n-TiO, and n-TiO, were carried
out by N, adsorption at 77K using a Quantachrome
instrument. Samples were degassed at 100°C for 1h
prior to Sggr measurements. The elemental composi-
tion of CM-n-TiO; and n-TiO, samples was performed
using energy dispersive analyzer unit (EDAX Genesis)
attached to the field emission scanning electron
microscope (QUANT FEG 450, Amsterdam, The
Netherlands). UV-vis light diffuse reflection spectra of
CM-n-TiO; and n-TiO, were recorded using a Shima-
dzu UV-vis spectrophotometer (Model PharmaSpec
UV-1700).

2.3. Photocatalytic degradation experiments

All photocatalytic experiments were carried out in
a magnetically stirred 500-mL glass reactor loaded
with the aqueous solution containing different concen-
trations of phenol ranging from 0.2 to 2mg L™". The
synthesized photocatalyst (n-TiO, or CM-n-TiO,) was
added with continuous stirring for uniform mixing.

For the experiments under UV light, the whole
setup was placed inside Fluorescence Analysis
Cabinet (Spetroline, Model: CC-80) equipped with a
low-pressure UV fluorescent tube (8 W) emitting UV
light of wavelength 254nm. All solar photocatalytic
experiments were carried out at the Faculty of Marine
Sciences, Obhur, Jeddah, KSA, during July and
August, 2011. The experiments were performed in the
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daytime between 11:00 am and 15:00 pm. The photo-
catalytic reactor was directly exposed to natural sun-
light. The average solar intensity was 1,200Wm 2,
measured by Field Scout Light Sensor Reader (Spec-
trum Technologies, Inc.) equipped with 3670i Silicon
Pyranometer Sensor.

Aliquots of treated samples were regularly with-
drawn from the reactor and centrifuged immediately
to remove the catalyst. The phenol contents before
and after photodegradation were analyzed according
to Naley [34] using a spectrofluorometer (Shimadzu,
Model: RF-5301 PC).

3. Results and discussion
3.1. Characterization of the photocatalysts

Table 1 shows the EDS results of regular n-TiO,
and carbon-modified CM-n-TiO, nanoparticles. The
presence of carbon (3.06 atomic% C) in CM-n-TiO, and
its absence in n-TiO, were observed. The correspond-
ing EDS spectra of n-TiO, and CM-n-TiO, are shown
in Fig. 1. Note that carbon peak was observed for
CM-n-TiO; (Fig. 1(B)) but not for n-TiO, (Fig. 1(A)).

From the Sggr measurements, the surface area of
n-TiO, and CM-n-TiO, nanoparticles were found to be
53 and 34 m® g ! respectively. These comparable
values reveal that the Sggr will not be the dominant
factor in comparing the photocatalytic performance of
both catalysts.

The bandgap energies of n-TiO, and CM-n-TiO,
were determined by establishing the Tauc plot [35] of
the diffused reflectance spectra according to the
following relations:

oahv = A(hv — Ep)" (1)
where
2= (1-R) (2)

where h is Planck’s constant, o is the absorption coeffi-
cient, v is the frequency of vibration, Eg is the band-
gap, A is the optical constant, n value is 1/2 for direct
transitions and 2 for indirect transitions, and R is the

Table 1
Atomic percent of elements Ti, O, and C in n-TiO, and
CM-n-TiO, from EDS data

Element Atomic, %
n—Ti02 CM-n—Ti02
Ti 34.34 27.94
O 65.66 69.00
C 00.00 3.06

(A) ¢

00 05 100 150 200 250 300 350 400 450 500

keV
(B) ©
Ti
T
[»
0.00 1.00 2.00 3.00 4.00 5.00
keV

Fig. 1. Pattern of energy dispersive X-ray spectroscopy
(EDS) for n-TiO, (A) and CM-n-TiO, (B).

diffused reflectance. The bandgap energy values
determined from the Tauc plot (Fig. 2) were found to
be 3.14 and 1.86eV for n-TiO, and CM-n-TiO,, respec-
tively. The reduction of the bandgap of CM-n-TiO,
can be attributed to the carbon incorporation during
the synthesis of CM-n-TiO,, and as a result, CM-n-
TiO, nanoparticles may have higher visible light pho-
tocatalytic activity. The observed narrowing of the
bandgap for CM-n-TiO, nanoparticles is in good
agreement with the previously reported low bandgap
values of 2.35eV [16], 1.45eV [22], and 1.6eV [20] for
carbon-doped TiO,. Advanced theoretical studies also
revealed that carbon doping is responsible for narrow-
ing the bandgap energy of n-TiO, [36-38].

3.2. Photocatalytic activity of n-TiO, and CM-n-TiO,

To evaluate the photocatalytic activity of CM-n-TiO,,
a comparison with unmodified n-TiO, under the same



740 Y.A. Shaban | Desalination and Water Treatment 53 (2015) 737-745

20

o444

hv (eV)

Fig. 2. Tauc plot for regular n-TiO, and CM-n-TiO,
nanoparticles.

experimental conditions was performed. The degrada-
tion of phenol under artificial UV and natural sunlight
illuminations was investigated. Fig. 3 illustrates the
photodegradation of 1.0mg L™ of phenol under illu-
mination of UV and real sunlight in the presence of
1.0g L' of the photocatalyst. It is clearly observed
that the photocatalytic activity of CM-n-TiO, is higher
than that of n-TiO, under both UV and sunlight
irradiation.

As can be seen in Fig. 3(a), the maximum percent
of phenol removal using regular n-TiO, of 35% was
observed after 240min of UV irradiation, whereas in
the presence of the same loading dose of CM-n-TiO,,
only 150min was needed to achieve complete
degradation of phenol. Under sunlight illumination,
complete disappearance of phenol (1.0mg L~') was
achieved after only 30 min when 1.0g L™' CM-n-TiO,
was applied (Fig. 3(b)). After the same irradiation
time, only 51.7% of phenol was degraded using regu-
lar n-TiO, under the same experimental conditions.

The enhanced photocatalytic activity of carbon-
modified CM-n-TiO, nanoparticles can be attributed
to carbon modification of TiO,, which helped in nar-
rowing its bandgap [17-22].

3.3. Effect of catalyst dose on photodegradation

The influence of CM-n-TiO, dose on photodegrada-
tion of phenol (1.0mg L") under illumination of both
UV light and natural sunlight was investigated. As
shown in Fig. 4(a), the removal of phenol under UV
irradiation is not apparently affected by the variations
in the catalyst dose. This may be due to the limited
number of UV light photons reaching the
photocatalyst surface. Therefore, the increase in
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Fig. 3. Photocatalytic degradation of phenol (1.0mg LY in
the presence of 1.0g L™ of CM-n-TiO; and n-TiO, under
illumination of: (a) UV light; (b) natural sunlight.

catalyst loading may not significantly increase the
active sits for photocatalytic reaction. On the other
hand, the effect of CM-n-TiO, loading on photodegra-
dation rate of phenol under illumination of natural
sunlight is clearly observed (Fig. 4(b)). The solar pho-
tocatalytic degradation rate increased with the increase
in catalyst dose from 0.5 to 1.0g L™". Further increase
in the catalyst loading to 1.5g L' slightly decreased
the degradation efficiency. This can be explained in
terms of screening effects and light scattering. At cata-
lyst loading beyond the optimum, the tendency
toward particles aggregation increases, resulting in a
reduction in surface area available for light absorption
and hence a drop in photocatalytic degradation rate
[39]. Additionally, the increase in the turbidity of the
suspension reduces light penetration due to the
enhancement of light scattering; the result is the
decrease in the number of activated sites on the TiO,
surface and shrinking of the effective photoactivated
volume of suspension. The interplay of these two pro-
cesses resulted in a reduced performance of photocata-
lytic activity with the overloaded catalyst [40,41].
Therefore, to ensure maximum absorption of efficient



Y.A. Shaban | Desalination and Water Treatment 53 (2015) 737-745 741

5

—ar—0.5 gL CM-n-TIOZ
—r— 1.0 g/LCM-n-TiO2
—s—15 /L CM.-n-TiD2

0.5

Phenol concentration (ppm)|

o 20 40 60 80 100 120 140 160 180 200
Tirme (min)

T
S—

— 0.5 gL CMLn-TiO2
1.0 gL CM-n-TiD2
—— 1.5 gL CM-n-TIOZ

0.5

Phenol concentration {ppm)

o 10 20 30 a0 50
Time {min)

Fig. 4. Effect of CM-n-TiO, loading (0.5, 1.0, and 1.5g L")
on photocatalytic degradation of 1.0mg L~' of phenol
under illumination of: (a) UV light; (b) natural sunlight.

photons and to avoid an ineffective excess amount of
catalyst, the optimum catalyst loading must be deter-
mined. Hence, the optimal catalyst loading of 1.0g L ™"
was employed throughout the present work.

3.4. Effect of solution pH on photodegradation

pH of the solution is an important parameter in
the photocatalytic degradation of organic wastes as
it is known to influence the surface charge of the
semiconductor thereby affecting the interfacial
electron transfer and the photoredox process [42].
The possible functional groups on TiO, surface in
water are TiOH;r , TiOH, and TiO™. The point of
zero charge (pHp,.) of TiO, is an important factor
determining the distribution of the surface groups.
When pH>pH,,., the surface of TiO, is negatively

charged with the species TiO~ (Eq. (3)), and
positively charged with the species TiOH," at
pH<pHp,. (Eq. (4)).

TiOH + OH™ — TiO™ + H,O (3)
TiOH + H* — TiOH; (4)

The role of pH in the photocatalytic degradation of
phenol under illumination of both UV and natural

sunlight using CM-n-TiO, was studied by keeping all
other experimental conditions constant and varying
the initial pH of the phenol solution from 3 to 9. As
can be seen in Fig. 5, the degradation efficiency of
CM-n-TiO increases with the increase in pH from 3 to
5, beyond which the photodegradation efficiency
starts to decrease, indicating an optimum pH of
approximately 5 for best performance.

The pH of solution affects the formation of hydro-
xyl radicals as it can be inferred from the following
equations [43]:

TiO, + hv — e, + h, 5)
where ey, represents a conduction band (CB) electron
and h'y, represents a positive hole in the valance

band (VB) of the semiconductor.

h:,rb +OH™ —'OH (6)
hi, + H,O —OH +H" (7)

Organic pollutant + OH — intermediates — CO, + H,O
(8)
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Fig. 5. Effect of pH on photocatalytic degradation of
1.0mg L7t of phenol using 1.0g L™° CM-n-TiO, under
illumination of: (a) UV light; (b) natural sunlight.
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As the high redox potentials of Egs. (6) and (7) in
acidic condition, the formation of hydroxyl radicals
will be thermodynamically unfavorable [44]. As a
result, the formation of hydroxyl radicals increased
with an increase in pH from 3 to 5, resulting in an
increased photocatalytic degradation efficiency of
phenol. Besides, the undissociated state of the phenol
species in pH 5 which favors its adsorption on the
positively charged TiOH; surface. In an alkaline
medium, the TiO, surface is negatively charged in a
state of TiO™ and phenolate intermediate becomes
dominate form [45], which may be repelled away
from the TiO, surface which opposes the adsorption
of substrate molecules on the surface of the catalyst.
As a result, phenol degradation decreases in alkaline
medium.

3.5. Effect of initial phenol concentration on
photodegradation

The effect of the initial phenol concentration on its
photodegradation rate was investigated over the range
of 0.2 to 2.0 ppm using the optimum dose (1.0g L")
of CM-n-TiO, as shown in Fig. 6.

It is clearly noted that the irradiation time
required for complete removal of phenol under both
UV (Fig. 6(a)) and natural sunlight (Fig. 6(b)) was
extended as the initial phenol concentration increased.
This can be explained in terms of the saturation of the
limited number of accessible active sites on the photo-
catalyst surface and/or deactivation of the active sites
of the catalyst. Several studies have reported that high
organic substrate loadings induce the formation of
intermediates that could be adsorbed onto the catalyst
surface and deactivate the active sites [46,47]. More-
over, the significant absorption of light by the sub-
strate at high concentrations might decrease the level
of the light reaching the photocatalyst and thus its
efficiency by reduction of the amount of OH" and O;
free radical production [48].

3.6. Photodegradation kinetics

The Langmuir-Hinshelwood (L-H) model is
usually used to describe the kinetics of photocatalytic
reactions of aquatic organics [49-52]. It basically
relates the degradation rate (r) and reactant concentra-
tion in water at time ¢ (C), which is expressed as fol-
lows:

o dc o erad
T T T 11 kuC ©)
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Fig. 6. Effect of initial concentration of phenol on its
degradation using 1.0g L' CM-n-TiO, under: (a) UV
light; (b) natural sunlight.

where k, is the rate constant and K,q is the adsorption
equilibrium constant. When the adsorption is
relatively weak and/or the reactant concentration is
low, Eq. (9) can be simplified to the pseudo-first-order
kinetics with an apparent first-order rate constant

kapp:

In <((j:0> = KrKadt = kappt (10)

where C, is the initial concentration. Plotting In (C,/C)
vs. illumination time (¢) yields a straight line, and the
slope is the apparent rate constant k,pp,.

The photocatalytic = degradation of phenol
(1.0mg L™Y) under both UV and natural sunlight
illuminations at the optimal conditions of pH 5 and
1.0g L ™" of CM-n-TiO, was successfully fitted using L~
H model, and can be described by pseudo-first-order
kinetic, as confirmed by the obtained straight line
(Fig. 7(a)).
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Fig. 7. Kinetic analysis of 1.0mg L~' phenol degradation
under UV and natural sunlight (a) and half-life time
reaction (t;,,) values vs. initial phenol concentration in the
presence of 1.0g L 'of CM-n-TiO, and n-TiO, under
illumination of natural sunlight (b).

3.7. Half-life time reaction

The calculation of half-life time reaction (¢ ,,) is one
of the most useful means to evaluate the reaction rate
of first order kinetic. At the half-life time of reaction,
C=0.5 C,. For the reaction with the pseudo-first order,
the half-life time can be calculated as the following:
tl/z = Ln(z)/kapp (11)

Table 2 lists the apparent first-order rate constant
(kapp), and the calculated half-life time reaction (t;,2)
values for different phenol concentrations (0.2-2 ppm)
under natural sunlight illumination at pH 5 using
1.0g L' of CM-n-TiO, and n-TiO,. It is interesting to
note that the half-life time reaction (¢;,,) values for
photocatalytic degradation of phenol using CM-n-TiO,
are much smaller than those observed using regular
n-TiO, (Fig. 7(b)). These results reveal that CM-n-TiO,
nanoparticles have a better visible light harvesting
ability than n-TiO,, which can be attributed to the
carbon modification that helped in lowering its
bandgap energy.

Table 2

Apparent first-order rate constant (k,pp) and the calculated
half-life time reaction (t;,,) values for different phenol
concentrations

Phenol kapp (min™") t1 /2 (min)
concentration
(ppm)
I’I-TiOZ CM-H-TiOz Il-TiOz CM-H-TiOZ
0.2 0.071 0.260 9.83 2.67
0.5 0.045 0.136 15.51 5.10
1.0 0.031 0.104 22.58 6.69
1.5 0.022 0.074 31.51 9.40
2.0 0.017 0.044 40.30 15.90

4. Conclusions

Visible light active carbon-modified (CM)-n-TiO,
nanoparticles have been successfully synthesized via a
sol/gel method. Carbon modification of n-TiO, was
performed during the synthesis process by using
titanium butoxide as molecular precursor of TiO, as
well as a carbon source. CM-n-TiO, nanoparticles
conferred significantly higher photocatalytic activity
compared with unmodified n-TiO, toward the photo-
catalytic degradation of phenol in aqueous solution
under illumination of both UV light and real sunlight.
It is considered that carbon modification is responsible
for lowering the bandgap energy of CM-n-TiO, nano-
particles, consequently significant enhancement in the
photoactivity was observed. The efficiency of the pho-
todegradation process has been observed to be
strongly depended on catalyst dose, initial phenol
concentration, and pH value. The experimental results
indicated that the degradation rate of phenol
was favorable at pH 5 and optimal catalyst dose of
1.0g L™'. The data of photocatalytic degradation of
phenol using CM-n-TiO, were successfully fitted
using Langmuir-Hinshelwood model and can be
described by pseudo-first-order kinetic model.
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