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A B S T R A C T

Chlorophenols are extensively used in the anthroposphere, and their fates in the atmosphere, hydrosphere,
biosphere and lithosphere and their degradations under natural light of great interests. The homogeneous
photocatalytic degradation of 2-chlorophenol (2-CP) in titanium dioxide suspensions containing copper ions or/
and sulfates has been well examined. In this study, TiO2 is directly doped with copper sulfate by a sol-gel method
to promote its visible light activity (VLA) following a post-calcination step. The effects of three parameters of
synthesis (calcination temperature, amounts of dopant and nitric acid) on 2-CP degradations were experimen-
tally investigated using a three-factor, two-level factorial design in the first stage. Catalysts of the most sig-
nificant synthetic parameters were further synthesized at five calcined temperatures and characterized in the
second stage. 2-CP was completely removed using catalysts that were doped 0.21 mol.% CuSO4 with 0.1 vol.%
nitric acid and then calcined at 300 °C for 6 h. Morphological variations with doping amount are observed from
scanning electron micrographs. XRD patterns demonstrated a transformation from amorphous to the anatase
phase, with replacement of Ti4+ by Cu2+ in the crystal structure of TiO2. UV–visible light diffuse reflectance
spectra of the doped catalysts exhibited red-shifts, revealing their VLA. Surface areas, measured by the BET
method, decreased as the calcination temperatures increased, and the pore sizes increased. Moreover, effect of
three operational parameters, including: (del) initial concentration of 2-CP, initial pH and the photocatalyst
dosage, under visible-light irradiation were investigated to simulate the scenarios of degradation in the natural
and artificial conditions. Optimal operational parameters were obtained at a catalyst dosage of 3 g·dm−3, an
initial 2-CP concentration of 20 ppm and a solution pH of 5.5. The pHzpc of the undoped and CuSO4-doped TiO2

were determined to be 3.5 and 3.84.

1. Introduction

Chlorophenol compounds and their derivatives (CPs) are widely and
frequently used in the anthroposphere, such as intermediates in the
manufacturing of pharmaceuticals, synthetic dyes, petrochemicals,
biocides, pains, textiles, leather products and wood preservatives. CPs
are classified as refractory xenobiotics and known to be precursors of
the highly toxic polychlorodibenzo-p-dioxins and poly-
chlorodibenzofurans (PCDD/Fs) during the incineration of industrial
wastes. The release of CPs either from petroleum refining effluents,
residual pesticides and insecticides in the soils, or from degradation of
complex chlorinated hydrocarbons among the atmosphere, hydro-
sphere, and lithosphere causes considerable environmental problems
and ecological effects in the biosphere [1,2]. CPs not only cause un-
pleasant tastes and odors on drinking water but also cause oxidative

stress. It is irritating to the skin, eyes, and damage the DNA of living
organisms, as well as induce histopathological alterations, genotoxicity,
mutagenicity and carcinogenicity in humans and animals. Conse-
quently, their fates and aqueous environmental photochemistry are
processes of great concerns [3,4]. 2-Chlorophenol (2-CP, or ortho-
chlorophenol) is one of the toxic pollutants identified by the EU and US
as priority contaminants [5]. Meanwhile, the monochlorophenol can be
precursors of the higher-substituted CPs, and it is soluble in water (with
a solubility of 28 g·L−1) at room temperature with a melting point of
9.3 °C) [6]. Consequently, it easily enters to aquatic ecosystems.
Therefore, its transportation properties were addressed high concerns
[7] as well as its toxicity and genotoxicity on bacteria, fish and human
cells were recently re-evaluated [8].

Removal technologies of phenolic contaminants in the fluid streams
were classified in two types as separation (such as distillation,
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extraction, adsorption, membranes-related processes) and destructive
ones (such as supercritical, wet air, thermal and catalytic oxidations)
[9,10]. Advanced oxidation processes (AOPs) [11], such as hetero-
geneous photocatalysis [12] and Fenton-like oxidation [13], were ca-
tegorized to the destructive type and reported that can effectively re-
move CPs [14]. Titanium dioxide (TiO2) is the most popular
photocatalyst due to its highly stable chemical structure, relatively low
cost, lack of toxicity, and photo-generation of highly oxidizing holes
[15]. It is applied as one of the versatile AOPs. Commercial TiO2 (De-
gussa P-25) has been intensively utilized to decompose 2-CP either ir-
radiated by UV alone [16,17 or with concomitant UV (UV-A, -B, and -C)
irradiation [18]. P-25 is also combined with adsorption (as with clay
mineral) [19], with H2O2 [20], or with applied external bias voltage
[21]. A TiO2-UV suspension system with another semiconductor (CdS)
efficiently degrades 2-CP [22]. Ga,I-co-doped TiO2 was synthesized for
photocatalytic degradation of 2-CP [23]. Nanoporous S-doped and N-
doped TiO2 were prepared to degrade 2-CP under LED irradiations
[24,25. Except TiO2, other nanoparticles like Cu-nano zeolite [26], ZnO
[27], and ZrO2-doped ZnCo2O4 [28] can remove 2-CP under irradiation
by UV or visible light. Recently, cobalt oxide-loaded TiO2, supported
with reduced graphene oxide, was synthesized and applied to degrade
2-CP under visible light irradiation [29]. Table 1 compares the 2-CP
photo-degradation efficiencies under various irradiation systems.

The function of copper ions in TiO2 suspension as a homogeneous
photocatalytic system has been well examined. The effects of dissolved
transition metal ions (such as Cu2+, Fe3+ and Ag+) in several hetero-
geneous photocatalytic systems have been reviewed [30]. The effects of
Cu2+ ions (from CuCl2) on the formation of H2O2 from photocatalytic
TiO2 particles have also been investigated [31]. The effect of the charge
trapping species, Cu2+ ions from Cu(NO3)2, on the photocatalytic oxi-
dation of resorcinol was studied [32]. The surface and interfacial Cu2+

sites in CuO–TiO2 nanocomposites improved their photoactivity [33].
The effect of adding small amounts of Cu2+ (from 0.001 to
0.8 mmol·L−1) in aqueous solution on photocatalytic degradation of
methamidophos under UV irradiation has also been investigated [34].
Cu2+ behaves as an electron scavenger, described by Eq. (1). It pre-
vented the recombination of electron–hole pairs, and increased the
probability of the formation of ·OH and ·O2

− on the TiO2 surface.
However, the photodegradation efficiency decreased markedly as Cu2+

concentration increased above 0.006 mmol·L−1. This may be caused by
the photogenerated holes on the surface of TiO2 particles or ·OH, as
presented in Eqs. (2) and (3):

+ →
+ − +Cu e Cu2 (1)

+ →
+ + +Cu h Cu2 (2)

+ + → +
+ + +Cu ·OH H Cu H O2

2 (3)

Rate constants of phenol photodegradation with three types of TiO2

(Degussa P25, TiO2 of anatase and rutile phases from Sigma–Aldrich)
under UV or visible-light irradiations in the presence of Cu2+ ions
showed higher than those of the Cu2+-absence solutions [35]. The co-
addition of Cu2+ and F− has been reported synergistically and sig-
nificantly to improve the degradation rate constant of phenol relative to
that obtained by adding one of the two ions [36]. The reversible pho-
toreductive deposition and oxidative dissolution of Cu2+ in TiO2 aqu-
eous suspensions has also been reported [37]. The role of superoxide
radicals in the catalyzing effects of adding copper ions on photo-oxi-
dation in TiO2 suspensions has been investigated [38]. Therefore, Cu2+

ions in solution considerably facilitate TiO2 photocatalysis.
In contrast to homogeneous photocatalysis, copper ions can be di-

rectly incorporated into TiO2 by various synthetic methods and formed
a heterogeneous photocatalytic system. As the band-gap of pristine TiO2

is rather large (3.0–3.2 eV), only a small fraction (about 5%) of the
solar spectrum can be utilized. Researchers are making consistent ef-
forts to improve the visible light activity (VLA) of TiO2 [39]. Surface
modification [40] and doping with either anions (such as nitrogen,

sulfur, and halogen) or cations (such as rare earth, noble and transition
metals) are popular approaches [41]. Cu-doped TiO2 has been com-
pared with N- and S-doped TiO2, which are obtained by adding nitric or
adding sulfuric acid, during sol-gel synthesis. The preparation in the
presence of H2SO4 has been concluded by improving the photocatalytic
activity [42]. To enhance photocatalytic activity of phenol degradation,
CuP, CuO and CaO have been utilized as modifiers of TiO2 [43], a co-
operative effect between the cation (Cu2+, acting as an electron sca-
venger) and the phosphate anion (acting as an organic adsorbent) in the
dopant CuP has been reported. Cu-doped TiO2 that is synthesized in a
low temperature hydrolysis reaction reportedly has a very low band gap
(1.6 eV) [44]. The linear and nonlinear optical properties of bare and
Cu-doped TiO2 prepared by the sol-gel method have been examined
[45]. Liu et al. [46] synthesized Cu-doped TiO2 via a conventional sol-
gel method. UV–vis diffuse reflectance spectra (UV–vis DRS) of their
Cu-doped TiO2 that was prepared with various amounts of dopant ex-
hibited considerable shifts of the peaks toward the visible range of
approximately 400–800 nm. The demonstrated red-shift phenomena
show the absorption bands extending to the visible or even the near-
infrared range, favoring VLA. Cu-doped TiO2 that is formed by wet-
impregnation or the sol-gel method is popularly used in disinfection
under either UVA [47] or visible light [48,49]. Cu-doped TiO2 that is
prepared by an incipient wetness impregnation method has been used
continuously to photocatalytically degrade a gaseous contaminant [50].
2-Propanol has been decomposed to CO2 by acetone under visible light
(> 400 nm) using Cu-grafted TiO2 [51]. Recently, Cu-doped TiO2 that
had been prepared by a solvo-thermal method was utilized in the si-
multaneous photocatalytic reduction of CO2 and the production of H2,
which may has the potential double benefits of reducing the carbon
footprint of the generation of alternative energy source [52].

As co-doping TiO2 with two or multiple elements cause promising
results in the utilization of visible light, the use of these photocatalysts
is attractive in terms of less energy required, safety hazardous and
environmental impacts in comparing with utilising traditional UV ir-
radiation source (e.g. mercury lamps). For example, triple-elemental
doping (K, Al, S) with TiO2 has been synthesized to oxidize efficiently 2-
CP under illumination by visible light. It was found to exhibit higher
photocatalytic performance than pristine or commercial TiO2 [53].
Currently, CuSO4-doped TiO2 that had been prepared by a wet im-
pregnation method was used in the selective catalytic reduction of NO
by NH3 [54]. CuSO4-doped TiO2 has been prepared by a single-step sol-
gel method for the degradation of methyl orange in visible light [55].
Hence, in this work CuSO4 is used as a multifunctional dopant in a sol-
gel process to improve the VLA of TiO2. The effects of three synthetic
parameters of CuSO4-doped TiO2 on the degradation of 2-CP were in-
vestigated using a preliminary 23 factorial experimental design, and the
degradation efficiencies were experimentally evaluated in fine-tuning
parameters. The as-prepared catalysts were characterized by scanning
electron microscopy (SEM), X-ray diffractometry (XRD), the Brunauer-
Emmett-Teller (BET) method, UV–vis DRS and dynamic light scattering
(DLS) to reveal their morphology, crystalline structure, surface and
particle properties. The pH values at zero point charge of the pristine
and CuSO4-doped TiO2 were determined. Three operational parameters
of the photocatalytic degradation of 2-CP under simulated visible light
irradiation (blue LEDs) were evaluated.

2. Experimental

2.1. Synthesis of catalysts

CuSO4-doped TiO2 catalysts were prepared using a popular sol-gel
method, as shown into our previous study with some modifications
[53]. A 0.05 mole amount of titanium butoxide (Ti(OBu)4, 98%, Alfa
Aesar) was firstly mixed with 70 mL analytical grade ethanol (EtOH,
99.5%, Merck) in a 250 mL flask with vigorous stirring at ambient
temperature to yield a clear solution (Solution I). The flask was then
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placed in a water bath whose temperature was maintained at 4 °C.
Meanwhile, 20 mL of deionized water (18.2 MΩ cm, produced by a
Millipore system) was added to 20 mL of anhydrous EtOH with various
amounts of copper sulfate (0.07, 0.14, 0.21, 0.28 and 0.35 mol.%
CuSO4), which was used as a multiple-element dopant. The mixture was
continuously stirred until the doping element had completely dissolved
(Solution II). The Solution II was dropwise added to Solution I, and
precipitates were immediately formed. The mixed liquor of Solution I
and II was continuously stirred for 1 h. Nitric acid (0.05 or 0.15 V/V),
then added to control the rate of hydrolysis. The liquor was mixed 3 h
into undergo hydrolytic condensation. The obtained hydrolyzed solu-
tion was then dried in an oven at 120 °C for 6 h and pulverized into a
powder. The powder was calcined at 200 or 600 °C in a furnace for
10 h.

2.2. Experimental designs and set-up

In the first stage, experiments based on the 23 factorial designs (FD)
were carried out by using statistical software (Minitab 17, Minitab Inc.).
The simulations used two levels (−1 and +1) to represent the two
extreme values of the three synthetic parameters (0.07 and 0.35 mol.%
of dopant, calcined at 200 and 600 °C, with the addition of 0.05 and
0.15 v/v of nitric acid), as indicated in Table 2. The responses (Y),
presented as percentage degradation of 2-CP using the catalysts that
were synthesized under the above conditions, calculated from initial
(C0, ppm) and residual 2-CP concentrations (Ct, ppm) at sampling time
t, as follows.

= − ×Y (C C )/C 1000 t 0 (4)

After comparing significance of the three synthetic parameters in
the experimental design, the major significant one was calcination
temperatures, which were further fine-tuning to calcine at five various
temperatures (200, 300, 400, 500 and 600 °C). The samples synthesized
in the second stage were named correspondingly as Ce200 to Ce600.
The photocatalytic degradation experiments were conducted in a batch
reactor, which included a 1-L Pyrex beaker equipped with a magnetic
stirrer, pH meter, a thermometer and a water bath. The experiment set-
up is schematically depicted as shown in Fig. 1, and temperature in the
water bath was maintained at 25 °C. Five light emitting diode (LED,
HR16 1W/110) lamps that emitted visible light in the wavelength range
440–490 nm were used as light sources 5 cm above the reactor. Three
operational parameters were investigated and previous FD estimates
were validated. 5 mL of the solution, which was sampled every two
hours, was filtered through 0.2 mm GHP membranes with GHP 25 mm
Acrodiscs syringe filters (Pall Co., USA). The degradations of 2-CP by
the as-synthesized catalysts under visible light was monitored over 6 h
by analyzing the concentration of the samples.

2.3. Methods of analysis and characterization

High-performance liquid chromatography (HPLC, Thermo
Scientific) with an ODP-506D column (150 mm× 6 mm× 5 mm,
Asahipak) and a Spectra SYSTEM model SN4000 pump (Showa Denko,
Ltd., Tokyo, Japan) were carried out to determine concentrations of 2-
CP. Standards were prepared from 0.2 to 1.0 ppm of 2-CP beforehand
and scanned at a wavelength of 216 nm using a UV–visible detector.
The coefficient of determination achieved (R2 = 0.999) demonstrated
the calibration curve was almost linear.

Scanning electron microscopy (QUANTA 200) at 10 kV was used to
observe the morphology of the as-synthesized catalysts with various
amounts of doping. X-ray diffraction (DX-2000 SSC) from 5° to 75° with
a step size of 0.06° was used to elucidate the structural properties of the
catalysts that have been calcined at various temperatures. A UV–visible
spectrophotometer (U-3310, Hitachi) in diffuse reflectance mode was
used to determine VLA of the TiO2 catalysts. A surface area and por-
osimetry analyzer (ASAP 2010, Micromeritics) was used with the BET
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method to determine the specific surface area of each catalyst. A dy-
namic light scattering particle analyzer (NanoBrook 90Plus Zeta,
Brookhaven Instruments) was used to measure the distribution of sizes
of the catalyst particles in suspension.

3. Results and discussion

3.1. Designs of experiments for synthesizing catalysts

The effects of three parameters of the synthesis of CuSO4-doped
TiO2, i.e. (A) amount of dopant, (B) amount of acid added during sol-gel
process, and (C) the calcination temperature on degradations, under
visible light irradiation were preliminarily investigated by designs of
experiments (DoE). Two extreme values as two levels (+1 and −1) for
each of the three parameters was used in the DoE and the 2-CP removal
percentages (% Y) were obtained in eight runs as indicated in Table 2.
As shown in Fig. 2, increasing the calcination temperature (from 200 to
600 °C) and the volume of nitric acid (from 0.05 to 0.15 V/V) increased
the percentage of 2-CP removed (from 81 to 89%, and from 84 to 86%,
respectively), while increasing the amount of dopants (0.07–0.35 mol.
% of CuSO4) reduced it (from 87% to 82%). The volume of nitric acid
showed less significant than the other two parameters. Accordingly, the
first two parameters (A and B) were the main focus in the following
syntheses, and an average amount (0.1 v/v) of nitric acid was fixed
thereafter. Insights concerning the two synthetic parameters were
gained by applying fine-tuning effects of the parameter A (0.07, 0.14,
0.21, 0.28 to 0.35 mol.%) and B (200, 300, 400, 500 and 600 °C) within
the initially estimated two values in the DoE.

3.2. Effects of synthetic parameters

Two control experiments that involved only visible light irradiation
(without a catalyst) and only the dopant CuSO4 (as dark adsorption)
were performed. Their results were compared with those obtained with
photocatalysis using the CuSO4-doped TiO2. As presented in Fig. 3(a),
direct photolysis of the solution that contained 2-CP by irradiation
degraded limited amounts in the 7 h experiment while dark adsorption
in the solution that contained homogeneous CuSO4 removed only 10%
of 2-CP. The CuSO4 dissolved as a cation (Cu2+) and an anion (SO4

2−)
and redox reactions such as Eq. (1) proceeded to degrade 2-CP without
TiO2 to 23%. In contrast, a significant proportion of phenol was re-
moved when the solution using the CuSO4-doped TiO2 and illuminated
by the visible light. The degradation of 2-CP with the as-prepared
photocatalyst was complete by the 6th h. As a result, subsequent de-
gradation experiments were all carried out for six hours.

Fig. 3(b) displays the effect of the amount of CuSO4 dopant on the
degradation of 2-CP with an initial concentration of 20 ppm at pH 5.5
and 40 °C. The degradation efficiency increased with the amount of
dopant which is increased from 0.07 to 0.21 mol.%. However, further
increasing amount of dopant (0.28 and 0.35 mol.%) did not increase the
degradation of 2-CP. Doping at 0.21 mol.% yielded the highest de-
gradation (98.92%) at the 6th h. Therefore, the average of these two
amounts of dopant was used thereafter. Copper is known to be pre-
sented on the surface of TiO2 as Cu2+ and Cu+, and it can act as an
electron trap through the following reactions. Since CuSO4 contains two
elements (Cu and S) that can work together in the electron-hole pair
recombination, leaving the photogenerated holes to react with water
molecules, forming hydroxyl radicals (%OH), which in turn react with 2-
CP and degrade them. Consequently, the rate of degradation of 2-CP is
increased by the acceleration of interfacial charge transfer, as Cu+ can
provide its trapped electrons to the adsorbed oxygen species. Similarly,
doped sulfur can trap electrons, improving the photocatalytic activity of
TiO2. When O]S]O species are placed in water, S]O bonds become
polarized and coordinate with water, inducing the electron-deficient
sulfur species to act as an electron trap [55].

Based on the previous DoE, calcination temperature was identified
as the most important synthetic parameter in the degradation of 2-CP.
Therefore, gels of CuSO4-doped TiO2 (0.21 mol.%) were calcined at five
temperatures for 1 h and the effect of temperature was examined in
details. As shown in Fig. 3(c), the best degradation efficiency of 2-CP
was obtained at 300 °C and complete removal (100%) was achieved by
the 6th h. The degradation achieved using the catalyst calcined at
200 °C was 17% lower than that achieved using the catalyst calcined at
300 °C, and a higher calcination temperature (400, 500 and 600 °C) was

1. LEDs lamp 
2. Thermometer 
3. Reactor 
4. Water bath 
5. Black box 
6. Magnetic stirrer bar 

Fig. 1. Schematic diagram of the photocatalytic reactor.

Fig. 2. Effects of three synthetic parameters on the degradations of 2-CP.
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associated with lower degradation efficiency (84.3, 70.2 and 69.2%). In
summary, 2-CP was effectively degraded by using the VLA photo-
catalysts that were doped 0.21 mol.% CuSO4 with 0.1 vol.% nitric acid
and then calcined at 300 °C for 6 h.

3.3. Characterizations of the CuSO4-doped TiO2

The morphologies of the TiO2 doped with various amounts of CuSO4

and calcined at 300 °C for 6 h were elucidated by SEM, as displayed in
Fig. 4. Irregularly shaped particles were observed on the surfaces of the
catalysts. A more rugged surface and smaller particles were observed
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Fig. 3. (a) Removal of 2-CP under visible light irradiation only, with CuSO4 only and with
CuSO4-doped TiO2 under visible light irradiation; Effect of (b) CuSO4 doping amounts and
(c) calcination temperatures on photocatalytic degradation under visible light irradiation
(initial concentration of 2-CP: 20 ppm, at pH 5.5 and 40 °C).

Fig. 4. Scanning electron micrographs of TiO2 doped with various amounts of CuSO4: (a)
0.07, (b) 0.21, (c) 0.35 mol.%; all calcined at 300 °C for 6 h.
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when the amount of CuSO4 had increased from 0.07 to 0.35 mol.%, as
displayed in Fig. 4(a)–(c). More active sites were thought to have been
formed for the smaller particles on the synthesized TiO2 when large
amounts of dopant were used. The degradation of 2-CP as maximized
by a doping of 0.21 mol.%, and the morphology in Fig. 4(b) proves that
this amount of doping yielded particles of optimal size for photo-
catalysis.

Since calcination temperature of CuSO4-doped TiO2 was the domi-
nant synthetic parameter, the structures and physicochemical proper-
ties of the as-synthesized catalysts were characterized by XRD, the BET
method, UV–vis DRS and DLS. Firstly, XRD analysis of the pristine and
CuSO4-doped TiO2 calcined at various temperatures was used to iden-
tify their constituent phases and to calculate their crystallite sizes. As
presented at the bottom of Fig. 5(a), no distinct pattern was obtained
from the pristine TiO2, which was therefore identified as amorphous. As

the calcination temperature increased from 200 to 600 °C, transfor-
mation from the amorphous to the anatase phase occurred as Ti4+ was
replaced by Cu2+ in the crystal structure of TiO2. The crystallite sizes of
the five CuSO4-doped TiO2 were calculated using Scherrer’s equation,
as described elsewhere [53], increasing from 9.67, through 10.5, 8.86,
9.90 and 11.98 nm as the calcination temperature increased as speci-
fied. The sizes were similar to those of other Cu-doped TiO2 prepared by
the same sol-gel method with the addition of 0.5 and 1.0 mol.% nitric or
sulfuric acid, but using different copper and titanium precursors [42],
the crystallite sizes of the undoped, Cu-N or Cu-S codoped TiO2 (from
10 to 38 nm) all increased with calcination temperature from 400 to
700 °C. The XRD pattern of Cu-doped TiO2 that had been calcined at
500 °C [34] included four peaks at 25°, 38°, 48°, and 54°, which re-
vealed an anatase phase of TiO2. Gonell et al. [52] showed the differ-
ence between the XRD patterns of Cu-doped TiO2 before and after
calcination at 500 °C, where the crystallite size increased from
6.4–6.9 nm to 12.9–14.1 nm. These crystallite sizes calculated as using
XRD were generally consistent with the results herein. The literature
also includes XRD characterizations of CuSO4-doped TiO2. Yadav et al.
[48] obtained XRS patterns at ∼25.45° from the same precursor of
CuSO4 of 1.0–3.0 mol.% that had been prepared by sol-gel synthesis
and calcined at 500 °C for 5 h. Recently, Yu et al. [54] prepared CuSO4-
doped TiO2 by a wet impregnation method and preheating TiO2 at
300 °C for 3 h, adding CuSO4 (1, 2 and 4 wt.%) to solution and calcining
at 500 °C for 5 h. Although the obtained diffraction peaks were very
close to those obtained herein, no crystallite size was calculated.
Whereas the XRD patterns herein revealed the evolutions of the pho-
tocatalyst structures at various calcination temperatures, XRD patterns
of CuSO4-doped TiO2 [57], which had almost the same constituents as
those herein, but was calcined at 450 °C only, varied with the amount of
dopant. Since the ionic radius of sulfate substantially exceeds those of
Cu2+ (0.073 nm) and Ti4+ (0.068 nm), the cation is more easily in-
corporated into the matrix as a substituent of TiO2 without causing
much crystalline distortion.

The UV–visible DRS of as-synthesized catalysts was scanned from
200 to 900 nm, as presented in Fig. 5(b). A broad intense absorption
band at 380 nm was a result of charge transfer from the valence band
(mainly formed from the 2 p orbital of O2−) to the conduction band
(mainly formed from the 3d t2g orbital of Ti4+). Strong red-shifts (to-
ward to the visible light range of approximately 400 to 700 nm) were
obtained from for CuSO4-doped TiO2 calcined at 300, 400 and 200 °C,
while calcination at higher temperatures (500 and 600 °C) slightly
improved VLA about that of pristine TiO2. The red-shift in the UV–vis
DRS was recently reported to increase with the amount of CuSO4 (5, 2
and 0 wt.%) dopant [57]. Notably, the preparation of TiO2 in the pre-
sence of nitric acid (either 0.5 or 1.0 mol.%) [42] clearly accelerates
surface utilization and the calculated band-gap energy declines (from
3.33 to 3.06 eV) as the calcination temperature increase (from 400,
through 500 to 600 °C). A minimal concentration of Cu2+ dopant in the
host lattice of TiO2 forms oxygen vacancies due to the charge com-
pensation effect shifting the optical absorption of Cu–doped TiO2 and
extending into the visible light region (Sahu and Biswas, 2011).

Surface areas, pore volumes (VP) and pore sizes (rA), of the five
catalysts calcined at various temperatures were measured, and shown
in Table 3. The surface areas of CuSO4-doped TiO2 measured which
were using the BET method (SBET) decreased (from 278.4, through
271.8, 218.7, and 158.2 to 117.3 m2·g−1) as the calcination tempera-
ture increased (from 200, through 300, 400, and 500 to 600 °C) for 1 h.
Hence the pore size (rA) increased consequently (from 27.6, through
31.2, 39.8, and 48.9 to 57.8 Å). Surface areas that were measured using
other methods (Langmuir, t-plot external and single point) followed the
same trends as those measured using the BET method. Similarly, the
SBET of Cu-doped TiO2 dramatically decreasing from 123, 11 to
1 m2·g−1 and from 117, 21 to<1 m2·g−1, as the calcination tempera-
ture (from 400, to 500 to 600 °C for 2 h) when 0.5 and 1.0 mol.% of Cu
(NO3)2, respectively, were added as a copper precursor in the presence
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Fig. 5. Characterizations of pristine TiO2 and CuSO4-doped TiO2 calcined at various
temperatures (from 300 to 600 °C): (a) XRD patterns (A and R respectively representing
the crystal plane of anatase and rutile), (b) UV–visible diffusive reflectance spectrum
(photo of five samples from top to bottom are Cu200, Cu300, Cu400, Cu500, Cu600), and
(c) particle size in aqueous suspensions measured by dynamic light scattering.
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of nitric acid [42]. However, the SBET of sulfated titania catalysts doped
with various amounts (0, 2, 5 and 10 wt.%) of copper (Cu2+-SO4

2−-
TiO2) varied less consistently (70, 85, 110 and 73 m2·g−1). The SBET of
CuSO4-TiO2 catalysts prepared by a wet impregnation method [54]
decreased (from 56.6, through 54.3, and 54.0 to 52.9 m2·g−1) as the
amount of CuSO4 increased (from 0, through 1, and 2 to 4 wt.%).

The variation of color with calcination temperature is visible even to
the naked eyes, as seen in the right part of Fig. 5(b). Following calci-
nation at the highest temperature (600 °C), the photocatalyst was
white, changing to yellow, brown and black as the temperatures was
reduced (at 500, 400 and 300 °C, respectively). During calcination, the
crystallization of TiO2 was simultaneous with the removal of residual
organic compounds. However, incomplete thermal decomposition of
the organic matter may have occurred at 200 °C, producing the brown
color. These results suggest that the effects of calcination temperature
may be visible. As displayed in Fig. 5(c), the particle sizes of the five
forms of CuSO4-doped TiO2 in aqueous suspension were measured
using DLS. The lowest calcination temperature (200 °C) yielded the
largest particles (1646.6 ± 52.4 nm), and higher calcination tem-
peratures (300–600 °C) were associated with smaller particles
(1241 ± 70.0–1355.8 ± 18.7 nm).

3.4. Degradation scenarios

The effects of pH, temperature, initial concentration, dose of cata-
lyst and oxygen concentration on the degradation of CP have been re-
viewed [14]. Also, parameters of the influencing heterogeneous pho-
tocatalytic degradation of phenolic contaminants in wastewater have
been reviewed [12]. A batch UV-LED reactor was used to degrade
photocatalytically phenol by Degussa P25 TiO2 [58]. In this study, three
principal parameters that influence the degradation efficiencies of the
as-prepared catalysts were examined using a batch reactor with five
blue LED lamps as the visible light source. As presented in Fig. 6(a), the
effect of initial concentration from 10 to 50 ppm on 2-CP degradation
was investigated. The initial concentration clearly affected photo-
catalytic degradation, and both 20 and 10 ppm yielded 100% removal
by the 6th h. The effect of initial concentration in the range of
0.1–6 × 10−3 kmol·m−3 on the degradation of 2-CP by commercial
TiO2 (Degussa P25) under UV irradiation has been examined [16],
yielding the same trend as obtained herein for CuSO4-doped TiO2.
Fig. 6(b) plots the effect of photocatalyst dosage on the 2-CP degrada-
tion efficiency. The use of 3 g of the as-prepared photocatalyst in visible
light yielded the optimal result, and 2 g dosage removed almost all 2-CP
by the 6th h. A lower dosage of the catalyst (1 g) could not provide
enough activate sites for photocatalysis, so its rate of degradation was
lower than those achieved by using 2 and 3 g. Agglomeration (particle-
particle interaction) and sedimentation occurred at the higher dosages
of catalyst (4 and 5 g) so the excess particles in the system reduced the
available surface area for photon absorption.

As displayed in Fig. 6(c), the effect of initial pH on the 2-CP de-
gradation efficiency generally showed declined over time. Initial acidic

conditions favored the degradation of 2-CP in visible light, the highest
efficiency was obtained at pH 5.5 and the increased acidity (pH 2 and 3)
did not facilitate the degradation. A set of experimental data reported
elsewhere [20] can be a reference with our data. The more P25 TiO2

added (0, 0.1, 0.3 and 0.5 g·L−1), the more pH drop (from the initial
value of 6.5 respectively decrease to 3.0, 3.2, 3.4 and 3.5) under UV
irradiation (at wavelength of 254 nm) over the same period (6-h) could
be obtained. Although higher mineralization was obtained with a
higher dosage of added TiO2 in that study [20], the 2-CP removal was
decreased. Therefore, consistently maintaining solution pH is critical. A
higher rate constant for the direct UV photolysis of 2-CP was obtained
under more alkaline conditions (as determined at pH values of 3, 5, 7
and 11) and without a Pyrex filter (eliminating light radiation with
λ < 300 nm) at neutral pH [6]. The effect of solution pH (from 3 to
12) on the degradation of 2-CP by commercial TiO2 (Degussa P25)
under UV irradiation has been investigated [16], and the rate constant
was found to be lower in an acid medium than in a basic medium.
Doong et al. [22] also considered the effect of pH (from 2.5 to 12.5) on
the photocatalytic degradation of 2-CP in TiO2 suspensions, and found
that fewer aromatic intermediates were formed at higher pH, which
suggested photodegradation at high pH favors direct ring cleavage.

The aggregation of TiO2 particles occurs as the conditioning pH
approaches pHzpc, as it tends to stabilize at either higher or lower pH
conditions [56].

< + ↔
+ +For a positively charged surface, pH pH : TiO nH TiO Hzpc 2 2 n

n

(5)

> +

↔

−

−

For a negatively charged surface, pH pH : TiO nOH

TiO (OH)

zpc 2

2 n
n (6)

Owing to the amphoteric nature of the surface hydroxyl groups,
metal oxides (such as TiO2) are used as diprotic acids. The surface ti-
tanol group of (> Ti-OH2

+) undergoes the following acid-base equili-
brium reaction [40]:

> − ↔ > − +
+ +Ti OH Ti OH H pK2 a1 (7)

> − ↔ > +
− +Ti OH TiO H pKa2 (8)

The average pKa corresponds to the points of zero charge (pHzpc) as
shown below.

=
+

=pK
pK pK

2
pKa

a a
zpc

1 2
(9)

pHzpc can be determined either by measuring the electrophoretic
mobility of suspended particles as a function of pH (zeta potential) or
by using a mass titration method [59]. The latter approach is utilized
herein, as presented in Fig. 6(d), and pHzpc values of CuSO4-doped and
undoped TiO2 of 3.84 and 3.5, respectively, are obtained. The pHzpc of
the undoped TiO2 is consistent with our previously measured value
(3.51) [53], and the pHzpc of TiO2 doped with 0.21 mol.% CuSO4 in this
study was slightly higher (3.84) than the values (3.39, 2.37 and 1.90)
for TiO2 doped with a larger amount (0.2–1.0 mol.%) of another sulfate
dopant, KAl(SO4)2. As stated in various studies [56,60], the pHzpc of
commercial TiO2 is approximately pH 6.3–6.85, which is close to the
theoretical value obtained from Eq. (9) and pKa1 and pKa2 of Degussa
P25 are 4.5 and 8, respectively. Kosmulski updated the pH-dependent
surface charge and the pHzpc [61], which can serve as references in
determining the optimal pH for either homogeneous or heterogeneous
photocatalysis systems. Tu et al. [10] prepared three catalysts from
municipal sewage sludge and used in the catalytic wet air oxidation of
2-CP. The measured pHzpc of the pyrolysis sludge derived carbons,
supported with iron oxide, and washing afterwards were respectively
7.5, 4.2 and 3.7, which were interesting to compare as a reference here.

Table 3
BET results of CuSO4-doped TiO2 at calcination temperatures of 200–600 °C.

Sample
name

Surface area [unit: m2/g] Pore volume
[unit: cm3/g]

Pore size
[unit: Å]

BET Langmuir t-Plot
external

Single
point

Single point
adsorption
total pore
volume of
pores

Adsorption
average pore
width (4 V/A
by BET)

Cu200 278.4 393.5 317.0 258.5 0.192317 27.6
Cu300 271.8 384.8 310.7 253.4 0.211779 31.2
Cu400 218.7 307.0 240.9 206.6 0.217801 39.8
Cu500 158.2 221.2 172.3 150.2 0.193308 48.9
Cu600 122.7 170.2 129.7 117.3 0.177311 57.8
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4. Conclusion

This study has established that CuSO4-doped TiO2 can be an effec-
tive VLA photocatalyst of the degradation of 2-chlorophenol, which is
one of the toxic pollutants that is also a priority contaminants. The
three-factor, two-level factorial design preliminarily scans three syn-
thetic parameters (calcination temperature, amounts of dopant and
nitric acid) in the first stage. Catalysts of the most significant synthetic
parameters were further synthesized at five calcined temperatures and
characterized in the second stage. The most effective VLA TiO2 catalyst
was doped with 0.21 mol.% using 0.1 v/v of nitric acid and then cal-
cined at 300 °C for 6 h. Morphologies with three amounts of dopants
were observed SEM, and XRD patterns revealed the effects of calcina-
tion temperature on the crystalline structures of the catalysts.
Crystallite sizes in the range 9.67–11.98 nm were calculated. Red-shifts
of the UV–visible DRS of catalysts that were calcined between 200 and
400 °C on proved revealed a shift of the absorption spectrum toward the
visible-light region, so the as-synthesized photocatalysts can be applied
in the treatment of wastewater that contains refractory phenolic com-
pounds. Moreover, surface areas determined by the BET method and
particle sizes in the aqueous suspensions measured by DLS all provided
information about structural properties and the effects of calcination
temperatures thereon. The photocatalysts were most effective at a do-
sage of 3 g·dm−3, with an initial 2-CP concentration of 20 ppm and a
solution pH of 5.5. The pHzpc values of undoped and CuSO4-doped TiO2

were determined as 3.5 and 3.84.
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