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pollutant. The extent of degradation was investigated, varying the
catalyst dosage, initial PCP concentration, irradiation time, and
solution pH. The experimental results show that efficiency of catalysts
initially increases but decreases later on, whereas the % degradation of
PCP is the highest at its lowest initial concentration. For TiO, and Cr—TiO, NPs at their optimal catalyst dosage of 2.0 g/L, acidic
pH, and with UV irradiation for 90 min, the observed % degradation of PCP is 50.23 =+ 3.12 and 66.51 =+ 2.14%, respectively. Thus,
the prepared Cr—TiO, NPs have enhanced the degradation efficiency of PCP with an irradiation time which is four time less than
those reported earlier. From the kinetics analysis, the degradation reaction of PCP is found to follow a pseudo-first-order model and
the rate constants are 0.0075 and 0.0122 min~" for pure TiO, and Cr—TiO, NPs, respectively. The present study has further
revealed that owing to the lower rate of electron—hole pair recombination, the photocatalytic activity of Cr—TiO, NPs becomes
higher than that of TiO,. Therefore, as viable photocatalytic agents, Cr—TiO, NPs are suggested to be used also for efficient
degradation of other organic pollutants.

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: TiO, and Cr—TiO, nanoparticles (NPs) have been - Lo
synthesized by the sol—gel method using titanium isopropoxide as the - / -
precursor of Titania. The prepared samples were analyzed by —eeee
employing scanning electron microscopy, energy-dispersive X-ray *V (1 \ "0
spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, 1 E—
and Fourier transform infrared analyses. Under UV irradiation, the . / Aty [y ——
photocatalytic activities of TiO, and Cr—TiO, were observed by \ | h*h*h"h* =)
o o . 7
estimating the % degradation of p-chlorophenol (PCP) as a sample - “( -OH ——
v
H;0

B INTRODUCTION intermediates. The complete oxidation leads to mineralization
Chlorophenols are highly toxic and non-biodegradable generally prone to yield CO, and H,0.

compounds used in various industrial processes as in the Yarious semiconducting oxides, such as tit;?nium dioxide
synthesizing dyes, paints, pesticides, paper, pulp, wood (TiO,), ZnO, CeO,, CdS, Fe,05, CuO, WO, B, WO, metal—

preservatives, and pharmaceuticals."” It is found to irritate organic frameworks, and graphene oxide (GO)—chitosan
the eyes, throat, skin, and nose, causes coughing, wheezing, and hydrogel, are used as photocatalysts for different purposes
raises other respiratory issues due to its poisonous and like environment, energy, solar cells, electrolysis, and chemical
corrosive properties.3 Moreover, long-term exposure causes synthesis.lz_17 Among all these semiconducting oxides, TiO, is
headache, tiredness, anxiety, liver and renal problems, paresis, largely used due to its non-toxicity, affordable cost, chemical
nausea, and eventually coma and death.” That is why they are stability, photonic activity, and low environmental impact.'®
identified as a priority hazardous pollutant by the US However, despite all these benefits, as TiO, has a wide band
Environmental Protection Agency and European Commission gap (32 eV), its photocatalytic efficiency is less in removing
decision 2455/2001/EC.° Therefore, the removal of isomeric pollutants under different light sources. Therefore, to enhance
chlorophenols from the environment, particularly from the the photocatalytic activity of TiO,, researchers employed

contaminated waters, is of utmost importance.

For the removal of such toxic pollutants from wastewater,
recently, several methods such as adsorption,” photodegrada-
.6 1. .8 1
tion,” biodegradation,” and advanced oxidation processes -
(AOPs)*” were developed. Among these methods, AOPs are Received: August 9, 2022

considered as the most effective ones for the total degradation Accepted:  December 16, 2022 -
Published: January 3, 2023 hL %

different processes like metal doping such as Ag, Mn, Cu, V,
Mo, Cr, Fe, and Zn'®*"** and non-metal doping such as P, C,

‘®

of organic pollutants.'”"" AOPs work with the generation of )uEae A
highly reactive hydroxyl radicals, which can react with almost / ‘é‘! ‘:

all classes of organic pollutants, leading to their total or nearly .
complete mineralization, or formation of more unstable
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N, S,ZS_28 and TiO, nanocomposites.29 Numerous studies
have found that doping metal oxides with transition metals can
improve the photocatalytic activity, owing to a shift in the
absorption region from UV to visible light due to a change in
their electronic structure.”® Cr** is considered an ideal metal
for doping TiO, among the various transition metals due to its
compatible radius, which is very close to the radius of Ti*'; that
is why, Cr** can easily be incorporated into the TiO, lattice.”’
Inturi et al.** evaluated the photocatalytic activity of TiO,
nanoparticles (NPs) doped with Fe, Cr, V, Mo, Mn, Ce, Cu,
Co, Y, Nj, and Zr. Their findings show that Cr, Fe, and V have
more impressive catalytic activity than other transition metals
(Mn, Mo, Ce, Co, Cu, Ni, Y, and Zr).

To prepare TiO, and doped TiO,, researchers” *® have
employed various techniques such as sol—gel, hydrothermal,
chemical vapor deposition, solvothermal, and wet impregna-
tion. Of the above methods, the sol—gel process appears to be
the most straightforward and sophisticated one,”” with several
advantages, including better control over the growth of NPs,
lower processing temperature, higher purity, shorter processing
time, precise composition control, better homogeneity, and
lower cost.*”*" In addition, the sol—gel method provides fine
spherical NPs of uniform size. Therefore, it has been widely
utilized to prepare TiO, and Cr-doped TiO, nanomaterials,
usually starting with acid-catalyzed hydrolysis of titanium (IV)
alkoxides.” Representing R as an alkyl group, the following
reactions can describe the method:

Hydrolysis

Ti(OR), + nH,0 - Ti(OR),_,(OH), + nROH (1)
Condensation

Ti— OH+ OR — Ti » Ti — O — Ti + ROH 2)
Ti— OH + OH — Ti > Ti — O — Ti + H,0 3)

The present investigation synthesized TiO, and Cr-doped
TiO, using the sol—gel method. The prepared NPs were
characterized using different instruments in scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) techniques. To establish the optimum
degradation conditions under UV light sources, the photo-
catalytic degradation of p-chlorophenol (PCP) was inves-
tigated under different experimental conditions, such as
catalyst loading, initial PCP concentration, irradiation time,
and solution pH. The kinetics of all these photocatalytic
degradation reactions was also investigated, evaluated, and
compared.

B EXPERIMENTAL SECTION

Materials. Titanium isopropoxide (TTIP) (C,,H,30,Ti)
used as the titanium precursor, chromium nitrate [Cr(NO;);-
9H,0, Merck] as the source of chromium, ethanol
(CH;CH,0OH), nitric acid (HNO,), and deionized water
were used for the synthesis of TiO, and Cr-doped TiO,. The
PCP (Sigma-Aldrich) was used as a model organic pollutant
for the photocatalytic tests. All the chemicals were used
without further purification.

Synthesis Procedure. 50 mL of 1.0 M TTIP solution was
prepared using ethanol as the solvent. At room temperature,
this TTIP solution was added drop by drop to 460 mL of
deionized water, stirred vigorously for 1 h, and by adding nitric
acid, the pH of the solution was maintained at 2.0. To get the
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doping of Cr, an appropriate amount of solution of Cr(NO;),
was added to the mixture and stirred. The prepared sol was
heated at 60 °C to evaporate the remaining water and then
dried at 100 °C for 6 h to obtain the gels. The powders were
then calcined at 400 °C for 6 h. The undoped TiO, was
synthesized following the same process but without using any
doping agent (chromium nitrate).

Characterization of Synthesized Samples. A scanning
electron microscope (FE-SEM $-4500, HITACHI Ltd. Japan)
was used to examine the morphology of the prepared samples
of NPs. To characterize the crystalline phase and size of the
TiO, and Cr-doped TiO, powders, an X-ray diffractometer
(Ultima IV, Rigaku Corp., Japan) with Cu Ka radiation (4 =
0.154056 nm) was employed at room temperature. The EDS
(FE-SEM EDX $-782XII, HORIBA Ltd., Japan) was used to
analyze the element content of catalysts. To investigate the
composition and valence state of the elements of prepared
NPs, an XPS PHI 5000 VersaProbe II (ULVAC-PHI INC.)
technique was implemented. Finally, to analyze the NP
samples further, the Fourier transform infrared (FTIR) spectra
were recorded by using a FTIR spectrophotometer (IRPres-
tige-21, Shimadzu, Japan).

Photodegradation of PCP. The photocatalytic activity of
the synthesized TiO, and Cr-doped TiO, NPs was studied by
irradiating the suspension with an UV lamp (4 = 254 nm) all
inside a closed lamp house. Firstly, an appropriate amount of
the catalyst was taken in a beaker with 20 mL of deionized
water and put in an ultrasonic cleaner for 30 min. Next, a
requisite amount of PCP solution containing the catalyst
suspension was taken in a beaker, kept in the dark for about 30
min with constant stirring to reach the adsorption—desorption
equilibrium, and then all were irradiated by UV radiation for
up to 90 min. The suspensions at different time intervals were
collected in test tubes, and to get their clear solutions, each of
the suspensions was centrifuged at a constant speed for nearly
30 min. Then, absorbance of the solutions was measured with
the help of an UV-—vis spectrophotometer (UV-1800,
Shimadzu, Japan). Eventually, the % degradation of PCP was
evaluated from the measured absorbance by the following
equation

% degradation = [(A4, — A)/A,] X 100% 4)

Here, A, represents the initial absorbance of PCP, and A is the
absorbance measured at a particular irradiation time, t. The
UV—vis spectra for the photodegradation of PCP irradiated at
different time intervals using the Cr—TiO, as the catalyst are
shown in Figure SI.

B RESULTS AND DISCUSSION

Characterization. Scanning Electron Microscopy. To
investigate the surface morphology and shape of the
synthesized NPs of TiO, and Cr-doped TiO,, SEM studies
were carried out. Figure 1 displays the relevant SEM images for
TiO, and Cr—TiO, samples. It has been observed that all the
samples are in the form of agglomerates of sphere-like-shaped
NPs.*’ The SEM images have also revealed that doping does
not change the topology of the catalzfst surfaces, and all the
particles are relatively uniform in size** for the Cr-doped TiO,,
as shown in Figure Ib.

Energy-Dispersive Spectroscopy (EDS) Analysis. The
elemental analysis for Cr—TiO, was performed by employing
the EDS. As Figure 2 exhibits, the EDS spectra confirm the
presence of Cr, Ti, and O in the Cr-doped TiO,. Furthermore,
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Figure 1. SEM images of nanomaterials: (a) pure TiO, and (b) Cr—
TiO,.
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Figure 2. EDS spectra of the prepared Cr—TiO, NPs.

the percent weight of Ti, O, and Cr in the prepared Cr-doped
TiO, is found to be 45.06, 54.40, and 0.54%, respectively. The
images in Figure S2a—c exhibit the atomic distributions of Cr,

O, and Ti, respectively, in the Cr-doped TiO, sample. (d)
EDX image of Cr—TiO,.

XRD Analysis. Figure 3a shows the XRD patterns of the
TiO, and Cr-doped TiO, NPs. The samples were measured in
the range from 26 = 20 to 80°. The observed diffraction peaks
for pure TiO, and Cr—TiO, originated at 25.3, 37.9, 48.1,
53.98, 55.1, 62.7, 68.8, 70.36, and 75.10°, which are indexed as
(101), (004), (200), (105), (211), (204), (116), (220), and
(215), respectively. These peaks are an attributive indication of
the anatase phase of TiO, and Cr—TiO,, and they also
coincide well with the standard JCPDS card no. 21-1272. The
XRD patterns of NPs prepared using the sol—gel method also
matched those reported earlier and confirmed their anatase
phase.”* ™ On the other hand, the Cr-doped TiO, NPs show
an anatase phase with no characteristic peak of Cr, which
implies that Cr** ions are incorporated into the lattice of
TiO,,*” promoting a decrease of oxygen vacancies similar to
that reported by others."™” By using the Debye—Scherrer
equation, the average crystalline size, D, of the prepared
samples was calculated as follows

kA

D= —2
B cos @

©)

where /A is the wavelength of the X-ray beam used, ff represents
the peak width of the half-maximum, 6 is the Bragg diffraction
angle, and k is the Scherrer constant. The particle sizes of pure
TiO, and Cr-doped TiO, NPs were found to be 26.97 and
24.33 nm, respectively. It is also observed that compared to
pure TiO, sample, the particle size of the Cr—TiO, sample
decreases because of the introduction of Cr into the lattice of
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Figure 3. (a) XRD pattern(s) of pure TiO, and Cr-doped TiO, NPs. Williamson—Hall (W—H) plots for (b) pure TiO, and (c) Cr-doped TiO,.
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Table 1. Lattice Parameters and Crystallite Sizes of the Synthesized Samples

sample a=0b(A) c (A) V=axbxc (A strain X 10* crystallite size (W—H plot) (nm) crystallite size (D—S eq) (nm)
TiO, 3.78 9.40 134.31 10 28.30 26.97
Cr-TiO, 3.78 9.55 136.45 9 27.19 24.33
(a) (b)
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Figure 4. XPS spectra of TiO, and Cr—TiO,: (a) survey spectra, (b) Ti 2p, (c) Cr 2p, and (d) O 1s.

TiO,.*” The lattice parameters for the (200) and (101) peak
positions were calculated by using eq 6

W+ K

2
a

1 —

& (6)
where h, k, and [ are the Miller indices, and d represents the
interplanar distance. The calculated data are summarized in
Table 1, where the “a” values are the same for both samples,
but “c” varied slightly, resulting into the difference in their cell
volumes, V. However, the ionic radius of Cr** (0.63 A) is very
close to that of Ti** (0.68 A), so that, substitutional dopin%
may occur without any significant change in their unit cells.”

The lattice strains of the nanomaterials of TiO, and Cr-
doped TiO, were calculated using the Williamson—Hall (W—
H) plot method.

12
Tt
c

0.94

cosf =¢€(4 sinf) + —
where A is the wavelength of X-ray radiation, f represents
fwhm, 6 is the Bragg angle of the diffraction peak, D is the
crystalline size, and € is the lattice strain parameter. The linear
fitting plots of 8 cos @ against 4 sin € are shown in Figure 3b,c.

1982

From their slopes, the calculated lattice strain parameters for
TiO, and Cr—TiO, are obtained as 10.0 X 107* and 9.0 X
107, respectively. Lattice strain measures the distribution of
lattice constants arising from crystal imperfections, such as
lattice dislocation. Crystalline size and lattice strain contribute
to the broadening of the peak. Lattice micro-strain is a
combined effect of crystal defects, mechanical deformation,
and chemical composition of NPs. The lattice strain values are
very close to each other for the pure TiO, and Cr-doped TiO,
which suggests being due to the close ionic radii of both Cr**
and Ti*.

XPS Analysis. The surface composition and chemical state
of the elements in TiO, and Cr—TiO, were determined by
employing the XPS analysis. The main elements Ti and O for
TiO, NPs and Ti, O, and Cr in Cr-doped TiO, NPs were
observed from their survey spectrum, as shown in Figure 4a.
The binding energies of Ti 2p3, and Ti 2p;,, were located at
464.6 and 458.9 eV, respectively, for TiO, and at 463.6 and
457.9 eV, respectively for Cr—TiO, (Figure 4b). In both cases,
difference of 5.7 eV between the peaks of Ti 2ps/, and Ti 2p, s,
indicates that Ti is in the form of Ti*.>"** As Figure 4 (c)
exhibits, the two 2p peaks in the XPS spectra of Cr at 576.6

https://doi.org/10.1021/acsomega.2c05107
ACS Omega 2023, 8, 1979—-1988
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and 585.4 eV can be assigned to that for the Cr’* 2p;,, and
Cr** 2p, )y, respectively, which are also clearly indicating that
Cr element is present as Cr** in the Cr—TiO,.>*">° For O, a
high-resolution spectrum is shown in Figure 4d. The
characteristic O 1s peaks for TiO, and CrTiO, located at
530.6 and 529.15 eV, fitted by two components at 529.4 and
531.3 eV, may be ascribed as due to the lattice oxygen of TiO,
(Op) and the surface hydroxyl oxygen (Ogy) in TiO,,
respectively.”®*’” Additionally, the O 1s peak in Cr—TiO, has
slightly shifted toward the binding energies lower than that of
pure TiO,. This is most likely due to the existence of oxygen
vacancies resulting from the Cr doping in TiO,.”"

FTIR Analysis. The FTIR spectra of NPs are shown in
Figure S3. FTIR spectra were recorded in the solid phase using
the KBr pellet method in the wavenumber range, 4000—400
ecm™. The surface OH group’s stretching and bending
vibrations are attributed to the peaks at 3442 and 1630
cm™!, respectively.* The peaks observed in the region 400—
900 cm ™! were assigned to the Ti—O stretching and O—Ti—O
flexion vibrations, respectively.”” The intensity of correspond-
ing peaks for Cr—TiO, is higher than that of the undoped
TiO,. The broadening of the bands of Cr—TiO, confirms the
presence of defects which arises due to oxygen vacancies
existin§ in the system for the incorporation of Cr into the TiO,
lattice.>

Photocatalytic Activity of TiO, and Cr—TiO,. Effect of
Catalyst Dosage. Figure 5 shows the effect of catalyst dosage

60 - 504 52.8 54.2 51.4 196
50 - 413
a0 | 353 37.6 36.9 35.1
30 -
20 -
10 -
0 |
1.0 15 2.0 2.5 3.0

Catalyst dosages (g/L)

% Degradation

Figure S. Effect of catalyst dosages on the % degradation of PCP at
[PCP], = 2.0 X 10~* M, irradiation time = 90 min, and pH = 6 (blue
bar: solid TiO,; brown bar: solid Cr—TiO,).

on the photodegradation of PCP, varying the amount of TiO,
and Cr—TiO, catalysts from 1.0 to 3.0 g/L at the initial
concentration of PCP as 2.0 X 10™* M and irradiation time ¢ =
90 min. Figure S4 shows the change in absorbance during the
photodegradation of PCP at different dosages of TiO, and
Cr—TiO, as the catalysts. In cases of pure TiO, and Cr-doped
TiO,, the observed % degradation of PCP is found to increase
with increasing catalyst dosage up to 2.0 g/L and reached their
maximum values as 4128 =+ 2.11 and 54.19 + 2.75%,
respectively. This could be attributed as due to an enhance-
ment in the accessible surface area of the photocatalysts,
enabling the formation of more active radicals.>”*° However,
with the further increment in the catalyst dosage from 2.5 to
3.0 g/L, the degradation efficiency decreased gradually. At the
increased catalyst loading, this lowering of the degradation rate
can be attributed as due to the deactivation of activated
molecules through collisions with the Titania ground state
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molecules,”’ lack of light penetration, and the cumulative
photocatalytic effects in the solution.’” Earlier, from their
investigation on the effect of the catalyst loading, Venkatacha-
lam et al.”® reported that, 2.0 g/L is the optimal catalyst dose
for the photodegradation of PCP. This is also in support of our
present finding.

Effect of the Initial Concentration of PCP. The effect of its
initial concentration on the degradation of PCP was
investigated by setting the concentration of the experimental
samples between [PCP], = 1.0 X 10™* and 2.5 X 10™* M and
fixing the catalyst dosage at its optimal value, 2.0 g/L, as shown
in Figure 6. The change of absorbance during the photo-

80

70

66.5
59.0
53.8
60 - 50.2 49.4
50 - 453 412
36.2

40 -
30 4
20
10
0 A

1.0 1.5 2.0 25

[PCP], x 10¢ (M)

% Degradation

Figure 6. Effect of the initial concentration of PCP on its %
degradation maintaining the catalyst loading = 2.0 g/L, irradiation
time = 90 min, and pH = 6 (blue box solid TiO, and brown box solid
Cr=TiO,).

degradation of PCP at its different initial concentrations using
TiO, and Cr—TiO, as catalysts are exhibited in Figure SS. It
has been observed that, when [PCP], is increased the
degradation efliciency declines. The highest and lowest %
degradations were found at [PCP], = 1.0 X 107* and 2.5 X
10* M, respectively. At the lowest concentration of PCP, that
is, at 1.0 X 107* M, the % degradation of PCP were 50.23 +
3.12 and 66.51 =+ 2.14% for pure TiO, and Cr—TiO,,
respectively. Here, the effect of free radicals on the aromatic
ring is suggested to influence degradation efficiency the most;
the efficiency starts to decline as the initial concentration of
PCP is raised and ultimately the lowest % degradation value is
reached at its highest concentration.”* These findings have
revealed that at higher concentrations the number of hydroxyl
radicals produced in the reaction medium and on the catalyst
surfaces goes to be limited.”> Additionally, as the substrate
concentration rises, intermediates may be formed and
adsorbed on the surfaces of catalysts. Eventually, at higher
concentrations of PCP the slow diffusion of these inter-
mediates from the catalyst surfaces can deactivate the active
sites of the photocatalyst, resulting into the so-called decreased
degradation efficiency.*®

Effect of Solution pH. The pH dependence of the
degradation rate of the sample containing PCP concentration
as 2.0 X 107* M and TiO, suspension as 2.0 g/L within pH =
2.0-9.0 is displayed in Figure 7. The % degradation of PCP is
found to decrease as the initial pH of solution increases. This
leads to suggest that in highly acidic pH values, the overall
degradation occurs more favorably and, hence, with enhanced
effectiveness. The explanation is given as follows. Below the
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70 1 exclusively aided by the irradiation and photocatalyst all
together. This is also highly consistent with our present
60 | ¢ . findings.
£ Kinetics Study. To investigate the kinetics of photo-
= 50 - ¢ catalytic degradation of PCP, a pseudo-first-order model is
'g a0 ] LR used. The integrated form of the equation follows as
g A In(C,/C,) = kt (8)
$ 30 - * . - . . .
] where C, is the initial concentration, C, is the concentration at
— * time t, and k is the apparent rate constant. Figure 8 shows the
10 | 1.2 ]
1.0 20 3.0 40 50 6.0 7.0 8.0 9.0 10.0 1.0 ]
Initial pH ' y = 0.012x, R? = 0.997
0.8 -
Figure 7. Effect of initial pH on the % degradation PCP, at [PCP], = - ]
2.0 X 107* M, TiO, dose = 2.0 g/L, and irradiation time = 90 min. Qe 0.6
o 4
£ 04 ]
zero-point charge pH (pH,,), which is 6.25 for TiO,, the y =0.007x, R* = 0.994
surfaces of TiO, NPs are likely to be positively charged; 0.2 -
conversely, the chlorophenol and its intermediates are mostly ]
negative and neutral. Hence, adsorption of PCP on the surface 0.0 § ey

of TiO, would be favored at lower pH, and therefore, the
degradation reaction would become faster. Moreover, in the
mechanism of TiO,-mediated photodegradation, when the pH
is greater than pH,,, the formation of HO, and *OH free
radicals becomes quite slow.”” In the present investigation, the
maximum % degradation of PCP is found to be 61.02% at pH
= 2.0; gradually decreases with the increment of pH, and
ultimately, it goes down to as low as 21.41% at pH = 9.0.

Table 2 displays the photocatalytic activities of TiO, and
other doped-TiO, NPs for the degradation of PCP under
different conditions. The data here reveal that compared to the
catalytic activity of the previously reported samples, the
percent degradation of PCP is quite high when our prepared
NPs of Cr-doped TiO, are used as photocatalysts. Therefore,
due to their excellent photocatalytic activities, these Cr—TiO,
NPs can also be used for efficient photodegradation of other
pollutants like PCP.

Degradation of PCP in Absence of Catalyst, Irradiation,
or Both. The degradation strategy of the PCP in the absence of
the catalyst, irradiation, or in absence of both the catalyst and
irradiation was also investigated. The results are represented as
in Figure S6. Under each of the above experimental conditions,
degradation of PCP is not found to occur. Hence, the
degradation reaction of PCP has been suggested to occur

20 40 60 80 100

Irradiation time (min)

Figure 8. First-order kinetics plot for the photodegradation reaction
of PCP with TiO, and Cr—TiO, (blue triangle up solid TiO, and
brown box solid Cr—TiO,).

variation of In(C,/C,) as a function of irradiation time for TiO,
and Cr—TiO,. The plots demonstrated are all straight lines
with R* > 0.99, which implies that the photocatalytic
degradation strongly follows pseudo-first-order kinetics.

The apparent rate constants, k, for pure TiO, and Cr—TiO,
are obtained as 0.0075 and 0.0122 min™', respectively. The
integrated form of the Langmuir—Hinshelwood equation (eq
9) below has also been employed to predict the photocatalytic
degradation rates of our pollutant PCP.

C= CO exp(_kappt) (9)

Here, k,p, is the apparent rate constant. This nonlinear model
(eq 9) has been solved by the least-squares fitting
technique.”>~"* All the resultant plots, as shown in Figure 9,
reveal some well-behaved exponential curves, which are also
consistent with the types reported earlier by other inves-

Table 2. Comparison of the Photocatalytic Activity of TiO, and Cr-doped TiO, with Other Photocatalysts for the degradation

of PCP
experimental conditions
photocatalysts catalyst dose (g/L) light source irradiation time (min) degradation (%) refs
TiO,/GO xenon lamp 300 65.5 68
10% La/TiO, plasma discharge 180 99.0 69
Pt—TiO, 0.4 uv 240 90 70
Pd-TiO, 0.4 uv 240 75 70
Ag-TiO, 0.5 uv 360 64 71
Ag—TiO,/Fe;04 0.5 uv 360 82 71
TiO, 2.0 solar light 480 35 72
TiO, 2.0 uv 90 5023 + 3.12 present work
Cr-TiO, 2.0 uv 90 66.51 + 2.14 present work
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Figure 9. Change of C,/C, with respect to irradiation time, at [PCP],
= 1.0 X 107" M and catalyst dose = 2.0 g/L (blue triangle up solid
TiO, and red box solid Cr—TiO,).

tigators.”*’® However, in cases of both the linear and nonlinear
methods, the photocatalytic data are thought to be in good fit
with the pseudo-first-order approximation.

The NPs of Cr—TiO, show higher photocatalytic activity
compared to the pure TiO,, which is attributed as due to the
introduction of Cr** ions into TiO, and that probably leads to
an increment in its light absorption capacity. Furthermore,
levels above the valence band maximum created by the Cr’*
ion doping can also trap the photogenerated holes, and hence
resulting into the recombination suppression of electron—
holes.”

Proposed Reaction Mechanism for the Photodegra-
dation of PCP in Presence of TiO, and Cr—TiO,. When
light is exposed on the surface of the catalyst (TiO,, Cr—
Ti0,), an electron may transfer from the valence band to the
conduction band, leaving a positive hole h* in the former. The
probable reactions can be illustrated as below

TiO,/Cr — TiO, + hv — TiO,/Cr — TiO,(h" + )
h" + H,0 » *OH + H'
e” + 0, > 0,

PCR,," + ("OH, 0,°)
— intermediate products
— mineralized products(CO,, H,0)

The free electrons then reduce the dissolved oxygen (O,)
into superoxide anion O,°” radicals, while the positive holes
(h*) react with the water generating *OH radicals. These light-
generated radicals through the formation of some intermedi-
ates are finally converting the PCP molecules into simple
molecular units such as CO, and H,O. From earlier studies the
most typical intermediates created during the photocatalytic
degradation of 4-CP are reported to be hydroquinones,
hydroxyl hydroquinones, 4-chlororesorcinol, and 4-chloroca-
techol.””””® Thus, based on the relevant reactions, Figure 10
schematically depicts the proposed mechanism for the
photodegradation of PCP using TiO, and Cr—TiO, as the
catalysts.

1985

- ()2
i Ng
CGCC
s (1 ™

| b*b*h*h* /
=
NP

v
H,0

.0-:
Intermediate

PCP ——

CO; + H,0

Figure 10. Schematic diagram of the proposed reaction mechanism
for the photodegradation of PCP in presence of TiO, and Cr—TiO,
NPs as catalysts.

B CONCLUSIONS

Pure TiO, and Cr-doped TiO, were prepared successfully with
a cost-effective and straightforward sol—gel method using
TTIP as a precursor. Both NPs showed spherical-shaped
anatase structures, and their crystalline sizes were 26.97 and
24.33 nm for pure TiO, and Cr—TiO,, respectively. The EDS
data confirmed that the formation of TiO, and Cr—TiO, were
without any impurities. From the XPS analysis, for both types
of NPs the Ti is found to be present as Ti*'and Cr as Cr’* in
the Cr—TiO, samples.

The photocatalytic activity of the prepared TiO, and Cr—
TiO, NPs was investigated for the degradation of PCP by
varying the initial concentration of PCP, irradiation time,
catalyst dosage, and pH. The optimal degradation capacity was
observed for the initial concentration of PCP as [PCP], = 1.0
X 107* M, catalyst dose as 2.0 g/L, and the irradiation time as
90 min, which is four times less than those reported earlier.
Thus, the prepared Cr—TiO, NPs have enhanced the
efficiency and reduced the irradiation time significantly. The
photocatalytic degradation reaction of PCP is found to follow a
pseudo-first-order kinetics, and the relevant rate constants are
0.0075 and 0.0122 min~" for the pure TiO, and Cr—TiO,,
respectively. As a whole, within its shortest possible irradiation
time the prepared Cr-doped TiO, NPs have also exhibited
greater efficiency and higher degradation rate than that of pure
TiO,. Due to their excellent photocatalytic activity the Cr—
TiO, NPs are therefore suggested to be used for degrading
other organic pollutants as well.
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