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Abstract
Background The aim of present work, was to synthesize the titanium nanoparticles (TNPs) and titanium nanotubes (TNTs)
through the hydrothermal method with different precursors including the Titanium(IV) isopropoxide (TTIP) and Titanium(IV)
bis(ammonium lactato)dihydroxide (TALH).
Methods TiO2 nanostructures from different titania precursors as heterogeneous photocatalysis via hydrothermal method were
synthesized. The as-prepared photocatalysts were characterized by X-ray diffraction, UV–Vis diffuse reflectance spectra, surface area
measurements, Fourier transform infrared spectroscopy and field emission scanning electron microscopy. The TiO2 photocatalysts
were tested on the degradation of 4-Chlorophenol (4-CP) aqueous solution under UVC irradiation in a fabricated photoreactor.
Results The effect of operating parameters including the; initial 4-CP concentration (50–150 mg/L), catalyst dosages (0–3 g/L)
and solution pH (4–10) on the photocatalytic activity of the prepared catalysts were systematically investigated. The results show
that amongst the TiO2 nanostructures under best conditions (initial 4-CP concentration of 50 mg/L, catalyst dosage of 2 g/L, pH
of 4.0, Time of 180 min) TNT-P2 exhibited much higher photocatalytic degradation efficiency (82%) as compared with TNT-P1
(77%), TNP-P2 (51%), and TNP-P1 (48%). Moreover, the mechanism and tentative pathways of 4-CP degradation were
explored. Finally, the kinetic study was performed and the Langmuir-Hinshelwood kinetic model was aptly fitted with the
experimental data.
Conclusion The results of the photocatalytic activity measurement demonstrated that one-dimensional TNTs shows enhanced
photocatalytic performance as compared to the TNPs, therefore, indicating the beneficial feature of TNTs as a photocatalyst for
the degradation of pollutants. Besides, TiO2 nanostructures prepared from TALH precursor (TNT-P2 82%, TNP-P2 51%) has
higher photocatalytic degradation efficiency as compared with TTIP precursors (TNT-P1 77%, TNP-P1 48%).
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Background

In the past three decades, chlorinated organic compounds
(COCs), which are classified as primary contaminants, have

been extensively used in various industries [1]. Chlorophenols
(CPs) come under the sub-category of COCs as the main
groups of ecotoxins and these enter the environment as a result
of the use of chlorination for disinfectant purposes or as an
industrial byproduct. CPs, which are recognized as very low
biodegradable organic materials, are categorized in the class
of organohalogen priority toxic chemicals listed as hazardous
substances when discharged into surface waters (vide the EU
council directive 2006/11/EC) [2]. In addition, the U.S.
Environmental Protection Agency (US EPA) has announced
that chlorophenols are priority pollutants [3].

The presence of 4-CP in the wastewater of oil refineries, the
petrochemical industry, and dye synthesizing endangers hu-
man health and aquatic life [4, 5]. Conventional treatment
techniques used to eliminate this compound include
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adsorption and biological treatment; however, a long treat-
ment time is required [6]. Therefore, an effective conversion
of 4-CP to harmless material is highly desirable with regard to
water decontamination [7].

Advanced oxidation processes (AOPs), including Fenton,
catalytic wet air oxidation and heterogeneous photocatalysis
are known as favorable alternatives to the traditional treatment
techniques, as they open greener pathways for the complete
mineralization of environmental contamination and have been
effectively used for the purification of polluted water and soil
[8, 9].

Wang et al. used Fe2O3 nanoparticles with different hy-
droxyl content for 4-CP oxidation in one partial solution and
in a mixed solution of Cr(VI) + 4-CP. The Fe2O3 photocatalyst
exhibited 13.5 and 47.8% 4-CP oxidation, respectively [10].
Wang et al. utilized a heterogeneous Fenton-like photocatalyst
to adsorb and remove 4-CP in aqueous solution and reported a
completed removal in present of H2O2 + Fe3O4 + β-CD at
90 min [11]. To study the photocatalytic activity of TiO2 in
visible and solar light for 4-CP degradation some researches
were performed by doping metals and nonmetals such as Zn,
Co, Cu, Ni, Ag, Pd, La, N, C, P [3, 12–14]. Moreover, Pozan
and Kambur described a high improvement in photocatalytic
activity by means of the bifunctional ZnO-TiO2 photocatalyst.
The 4-CP conversion at 75 min, at natural pH, follows the
order as: 20 wt% ZnO (100%) > 50 wt% ZnO (87%) >
80 wt% ZnO (78%) [15]. Zouzelka et al. reported a procedure
for fabrication of adherent nanoparticle mesoporous layer.
They investigated the effect of pure anatase, Brookite and
P25 films as well as nanocomposite coatings mixing
MWCNT and anatase in the degradation of aqueous solutions
of 4-CP [16]. Zhai et al. synthesized an iron-containing
silicotungstate (FeIIILysSiW) and applied for 4-CP oxidation
as the heterogeneous Fenton-like catalyst. The prepared
FeIIILysSiW exhibited high photocatalytic efficiency for 4-
CP removal at pH of 7 under both the irradiated and dark
conditions so that under the conditions of FeIIILysSiW 1.0 g/
L, H2O2 20mmol/L and 4-CP 100mg/L, the TOC elimination
attained to 98.8% under irradiation and 71.3% in the dark
[17]. Naeem et al. examined the effect of supports on the
photocatalytic performance of TiO2 nanoparticles. Among
the three supports, namely activated carbon (AC), silica
(SiO2) and zeolite (ZSM-5), all showed high performance
for degradation of 4-CP and were better than bare TiO2. The
efficiency order of these three supports was as follows: AC >
ZSM-5 > SiO2, respectively [18]. Di et al. improved photocat-
alytic activity of homogeneous carbon superdoped BiPO4 via
the ionic liquid (IL) [Omim] H2PO4 induced process. The C-
BiPO4 displayed an increase in photocatalytic activity for the
degradation of 4-CP under the UV light irradiation [19].

The synthesis of the TiO2-based nanostructures during hy-
drothermal treatment is impacted by various parameters and
conditions including the Ti precursors type, pre-hydrothermal

treatments, time and temperature of hydrothermal synthesize,
and post-hydrothermal treatments (washing and calcination
process) [20, 21]. It has been reported that the different
starting Ti materials can affect the morphology and character-
istics of the TiO2-based nanostructures such as the crystal
structure, thermal stability, specific surface area and conse-
quently influence the photocatalytic activity performance of
the prepared nanostructures [21–23]; therefore the Ti precur-
sor type is a key factor in TiO2-based nanostructures fabrica-
tion and application.

On the other hand, there is an extensive availability of
Ti precursor groups that were employed in fabrication of
TiO2-based nanostructures including the; titanium alkox-
ides (i.e., titanium isopropoxide, titanium butoxide, titani-
um ethoxide), titanium halides (i.e., TiCl4 and TiF4),
ti tanatranes, titanium(IV) bis(ammonium lactato)
dihydroxide and titanium sulfate and oxysulfate
(Ti(SO4)2 and TiOSO4) [24]. Thus, with considering these
factors, choosing the right Ti precursor for high perfor-
mance fabrication and application of the TiO2-based
nanostructures seems to be very necessary. There are only
a few studies that investigated the effect of Ti precursors
in the photocatalytic activities [25–27]. The main draw-
back associated with this limited studies is that all of these
works explored the titania precursors which belong to one
Ti precursor group (mainly titanium alkoxides group). To
the best of our knowledge, there is no investigation that
has compared and examined the photocatalytic activity
performance of the TiO2-based nanostructures that were
prepared from two different titania precursor groups. For
this aim, in the present work, two different types of tita-
nium precursor were invest igated including the
Titanium(IV) isopropoxide from alkoxides group and
Titanium (IV) bis(ammonium lactato) dihydroxide. In
two-step procedure, from each precursor, titanium nano-
particles (TNPs) and titanium nanotubes (TNTs) through
hydrothermal method were synthesized. The synthesized
nanostructures from morphological, optical and structural
properties point of view were characterized. Then, the
photocatalytic activity of nanostructures was examined
for degradation of 4-CP under UVC irradiation.
Furthermore, the effects of operating parameters on 4-CP
degradation were studied.

Methods

Materials

Titanium(IV) isopropoxide (TTIP 99.9%) and Titanium(IV)
bis(ammonium lactato)dihydroxide (TALH 50%) from
Sigma-Aldrich (USA) were purchased and utilized as the pre-
cursors of catalysts. Chemicals including sodium hydroxide,
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nitric acid 65%, hydrochloric acid 37%, methanol, and urea
were purchased from Merck Company, Germany. 4-CP was
purchased from Sigma-Aldrich, USA. All materials were an-
alytical grade and used without further purifications.

Synthesis of catalysts

Two types of titanium precursors were used in the present
study. First of these, titanium isoproproxide (TTIP;
8.8 mL), was dropwise added to a 300 mL water and
ethanol solution (at a 4:1 ratio) in a typical synthesis.
Nitric acid was added to obtain a transparent solution
and the solution pH was approximately 7 at this time.
This transparent solution was stirred for 2 h, after which
it was placed in an autoclave and hydrothermally crystal-
lized at 250 °C for 5 h. After cooling, the precipitate
washed with distilled water and separated by centrifuga-
tion, then the samples dried in a vacuum oven at 85 °C for
18 h. Finally, it underwent a calcination process at 400 °C
for 6 h [28].

In the next step, for synthesizing titanium nanotubes
(TNT-P1), titanium nanoparticles, as obtained from the
first precursor, denoted TNP-P1 (0.5 g), were mixed with
40 mL of aqueous solution 10 M NaOH, placed in an
autoclave and hydrothermally crystallized at 150 °C for
13 h. After cooling, the precipitate was separated by cen-
trifugation and washed with distilled water and HCl of
0.1 M until a precipitate with a pH of approximately 8
was obtained. This precipitate was then dispersed in ab-
solute ethanol by ultrasonic dispersion for 30 min [29].
After a second centrifugation, the sample was dried and
calcinated in the same way as described above.

As a second precursor, titanium(IV) bis(ammonium
lactato) dihydroxide (TALH; 10 mL) was thermally hydro-
lyzed in the presence of 90 mL of 0.1 M urea at 170 °C for
20 h [30]. The precipitate was then centrifuged, washed, dried
and calcinated in a similar manner to that described above and
result denoted TNP-2. Titanium nanotubes from the second
precursor, denoted TNT-P2, were prepared in the same way as
TNT-P1, that described above.

Characterization

X-ray diffraction (XRD) of the specimens was conducted
using a X-ray diffractometer (Phil ips, PW1730,
Netherland), with Cu Kα radiation (λ = 0.15406 nm) in
the range of 2θ = 5°–80°, with a step size of 0.05° for
confirming and analyzing the phase structure. Ultraviolet
(UV)-vis diffuse reflectance spectra were acquired using a
UV–vis spectrometer (Avantes, AvaSpec-2048-TEC,
Netherland) along with a 150 mm integrating sphere.
Fourier transform infrared (FTIR) spectroscopic analysis
of the prepared materials was performed on a FTIR

instrument (Bruker, VERTEX70, Germany). The specific
surface areas of the samples were measured by N2 adsorp-
tion desorption isotherms at 77 K, using a adsorption ap-
paratus (Bel, Belsorp-mini II, Japan) based on Brunauer-
Emmett-Teller theory. Mean pore diameter and pore vol-
ume were determined by the N2 adsorption volume at a
relative pressure of 0.99, using a Barrett-Joyner-Halenda
(BJH) technique. The morphology of the materials was
analyzed by a MIRA3 field emission scanning electron
microscope (TESCAN, Mira 3, Czech Republic) operat-
ing at 15.0 kV. The dispersion of the samples was per-
formed using Ultrasonic homogenizer apparatus (FAPAN,
400UT, Iran). The intermediates and by-products reac-
tions were evaluated using the Agilent 6100 Series
Quadrupole LC/MS system.

Photocatalytic activity test

The activities of the TiO2 nanostructure photocatalysts
were investigated via degradation of 4-CP as a target pol-
lutant, in a locally fabricated photocatalytic reactor. The
reactor consisted of a rectangular glass cell with a 480 mL
volume (30 mm × 4 mm × 4 mm), with magnetic stirring
(Heidolph, MR3001 K, Germany). Figure 1 shows a sche-
matic diagram of photo-reactor. Two UVC lamps, with a
wavelength centered at 254 nm (Philips, TUV 8 W/
G5 T5, Netherland), were used as the light source and a

Fig. 1 Schematic of photoreactor for 4-CP degradation
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metallic cover was placed outside to isolate other light
sources. Various amounts of catalyst were added to the
240 mL aqueous solution containing 4-CP. The mixture
was stirred for 30 min without irradiation to identify the
adsorption and desorption that was required for
equilibrium.

The solution pH was controlled by adding 0.1 N HCl or
NaOH and monitoring with a digital pH meter (Jenway, 3510,
United Kingdom) and the temperature of the reactor was
maintained at 25 ± 1 °C with an air conditioning system.
During the experiments, 5 mL of suspension was periodically

withdrawn from the photoreactor. The photocatalysts were
separated by centrifugation (Universal, PIT320, Iran) and the
resulting transparent solution was investigated using UV spec-
troscopy (Unico, UV2100, USA). Finally, 4-CP degradation
was measured through the following equation [31]:

%Degradation ¼ C0−C
C0

� �
� 100 ð1Þ

where C0 is the initial concentration of 4-CP and C is the
concentration of 4-CP at any time.

Fig. 2 XRD patterns of the a
TNP-P1 and b TNP-P2

Fig. 3 XRD patterns of the a
TNT-P1 and b TNT-P2
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Results and discussion

XRD

Figure 2 depicts the XRD patterns of TNP-P1 and TNP-P2.
The sharp peaks observed at 25.3°, 38.1°, 48.1°, 54.1°, 55.6°,
62.7°, 68.8°, 70.5° and 75.2° were indexed to (101), (004),
(200), (105), (204), and (215) crystal faces of the anatase
phase of TiO2 (JCPDS Card No. 21–1272). The diffraction
peak at 27.2° in the XRD pattern of TNP-P2 was consistent
with rutile (110) spacing (JCPDS Card No. 21–1276), where-
as TNP-P1 had only pure anatase peaks. The XRD patterns of
TNT-P1 and TNT-P2 are illustrated in Fig. 3. The TNT phase
was recognized on the basis of diffraction peaks at 9.8°, 24.2°,
28.6°, and 48.1° to Miller indices of (200), (110), (211) and
(020), respectively. It was identified that the tubular frame-
work structure of the TNTwas formed, and was in accordance
with previously published results [29, 32]. The average size of
TiO2 crystallites was estimated by Scherrer’s equation [33]:

D ¼ 0:9λ
β cos θ

ð2Þ

where λ is the X-ray wavelength consistent to Cu Kα radiation

(0.15406 nm), β is the broadening (in radians) of the anatase
(101) reflection, and θ is the angle of diffraction correspond-
ing to the peak broadening. Moreover, to calculate the anatase
level relative to rutile from the peak intensities, the Spurr-
Myers equation [34] was utilized, as follows:

%anatase ¼ 1

1þ 1:26
IR
IA

ð3Þ

where IR is the (110) peak intensity of rutile, IA is the (101)
peak intensity of anatase and 1.26 is the scattering constant.
Table 1 represented the average size of the particles and per-
centage phase that were calculated through Eqs. (1) and (2),
respectively.

Diffuse reflectance spectra

The absorption spectra of different TiO2 nanostructures are
presented in Fig. 4. All samples shown in this figure had obvi-
ous adsorption in the UV region and adsorption in the visible
light range was near to zero. The band gap calculation of all
samples was carried out using Planck’s equation [35], as below:

Ebg ¼ hc
λ

ð4Þ

where h is the Planks constant (4.135667662 × 10−15 eV), C is
the speed of light (2.99792458 × 108 m/s) and λ is the cut off
wavelength. As can be observed in Table 2, the band gap of
TNP-P2 was greater than TNP-P1. This phenomenon is related
to two factors: a) delocalization of molecular orbitals, which in
turn creates energy traps and surface states on the band edge, and
b) the size quantization effect [35]. When the particle size de-
creases, the band gap energies increase, as size quantization

Table 1 Average size and anatase or rutile composition of the TNP-P1
and TNP-P2

Catalyst Anatase (%) Rutile (%) Size (nm)

TNP-P1 100 0 17

TNP-P2 87 13 7

Fig. 4 DRS spectra of the
synthesized nanomaterials

J Environ Health Sci Engineer (2018) 16:41–54 45



results in a shifting of the absorption edge to higher energies
[36]. In general, the band gap of TNTs is smaller than TNPs,
which is ascribed due to the formation of localized electronic
states of oxygen vacancies in the band gap of TiO2 [37]. In
comparison, the diameter of the TNTs when is larger than
1.3 nm, as in this case, the band gaps are very close in their
values [38].

FTIR

Figure 5 presents the FTIR spectra of the TiO2 nanostructures
in the range of 400–4000 cm−1. The obtained results clearly

indicate that there was a stretching vibration at 460 cm−1 with
different intensity for all of the catalysts, which can be as-
cribed to the vibration of the [TiO6] octahedron [39]. The peak
observed at approximately 910 cm−1 in the TNTs samples was
due to four-coordinate Ti-O stretching vibration involving
non-bridging oxygen atoms that were coordinated with Na
ions. The TNTs also showed a peak at 1353 cm−1 that was
related to the O-Na stretching vibration [40, 41]. Strong broad
peaks can be observed at 1630 and 3440 cm−1, attributed to
the H-O-H binding vibration and the O–H stretching vibra-
tion, respectively, indicating the existence of hydroxyl groups
and surface-adsorbed water molecules [42].

Table 2 Surface area, total pore volume and average pore diameter of the prepared materials via the BET method

Catalyst Surface area (m
2

g ) Total pore volume (cm
3

g ) Average pore diameter (nm) Band gap (eV)

TNP-P1 46.242 0.346 29.992 3.17

TNP-P2 61.314 0.155 10.151 3.31

TNT-P1 138.830 0.815 23.481 2.78

TNT-P2 167.582 0.643 15.347 2.79

Fig. 5 FTIR spectra of the a
TNP-P1, b TNP-P2, c TNT-P1
and d TNT-P2
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Surface analysis

The surface area, average pore diameter and pore volume of
samples were measured using the N2 adsorption-desorption
method. The adsorption data showed that the total pore volume
and surface area of the TNPs obviously increased after hydro-
thermal treatment, indicating the formation of the tubular struc-
ture of TiO2 (Table 2). As shown in Fig. 6, the N2 adsorption-
desorption isotherms for all samples fitted type III isotherms
according to IUPAC nomenclature [31]. This type is attributed
to macroporous materials, but hysteresis loops observed in the
isotherms showed that they are typical of mesoporous materials
[43]. In order to determine pore size distributions, the BJHmeth-
od was employed which the results confirmed the existence of
mesopores (Fig. 7). Moreover, the tubular structure of TNTs
resulted in an increase of total pore volume, to ensure that both
TNTs were opened and that N2 gas molecules could thus access
the inner pores [41]. This mesoporous catalyst is synthesized to
represent a good performance in photocatalytic activities.

FE-SEM analysis

In order to obtain information regarding the morphology of
the particles, some selected powders were investigated using

FE-SEM. As Fig. 8(a-d) shows, the TNPs samples roughly
existed in a form of spherical particles and presented porous
structures. The size of the TNP-P2 nanoparticles observed in
the FE-SEM images was smaller than that of the TNP-P1
nanoparticles, which is in accordance with the value calculat-
ed using the XRD. As the FE-SEM image shows, the TiO2

nanotubes had a tubular and uniform morphology.

Photocatalytic degradation

Effects of 4-CP concentration on degradation process

The initial concentration of a pollutant has an important role in
any water treatment process, so an investigation of its influ-
ence on the performance of the process appears to be neces-
sary. In this study, different initial concentrations of 4-CP,
ranging from 50 to 150 mg/L, were examined. As shown in
Fig. 9 (a-d), the degradation rate decreased with increasing 4-
CP concentration, indicating the limitation in the amount of
reactive species produced by the UV illumination. The gener-
ation of hydroxyl radicals was constant for specific amounts
of the catalyst; therefore, the accessible hydroxyl radicals were

Fig. 6 Adsorption-desorption spectra of the a TNP-P1, b TNP-P2, c
TNT-P1 and d TNT-P2 Fig. 7 Pore size distributions of the a TNP-P1, b TNP-P2, c TNT-P1 and

d TNT-P2
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not sufficient to degrade 4-CP at higher concentrations.
Moreover, the higher 4-CP concentration produced the higher
concentrations of intermediate products, which competed for
reaction with the hydroxyl radicals [44]. It is obvious that the
amounts of 4-CP removed by the catalysts increase with in-
creasing initial concentrations; however, their photo-
degradation rates decrease with initial concentrations. These
findings are consistent with previous studies [45–47].

Effects of catalyst dosages on degradation process

The effects of various dosages of TiO2 photocatalysts on the
efficiency of 4-CP photocatalytic degradation were investigat-
ed. As shown in Fig. 10(a–d), the variation in the percentage
degradation of 4-CP according to the concentration of TiO2

was examined using a photocatalyst dosage range of 0–3 g/L.
The results showed that 4-CP photocatalytic degradation effi-
cacy improved with increasing catalyst dosage [48]. However,

at a higher TiO2 load, a decrease in 4-CP degradation was
observed. This phenomenon may be ascribed to the increase
of the total active surface area of the photocatalysts available
for photocatalytic reaction; they result in greater generation of
hydroxyl and/or superoxide radicals when the catalyst dosage
is increased. When the TiO2 load is greatly increased, the
aggregation of catalyst particles at high concentration leads
to a decrease in the number of surface active sites, resulting
in an increase of opacity and light scattering of TiO2 nano-
structures at high concentrations, leading to a decrease in the
passage of irradiation over the samples [49].

Effects of pH on degradation process

The solution pH has a strong influence on the degradation of
pollutants in the aqueous phase. The pH effects photocatalyst
surface charge, physiochemical properties, adsorption and dis-
sociation of the substrate and the oxidation potential of the

Fig. 8 FE-SEM images of a
TNP-P1, b TNP-P2, c TNT-P1
and d TNT-P2
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Fig. 9 Effect of different initial 4-CP concentration on degradation process for a TNP-P1, b TNP-P2, c TNT-P1 and d TNT-P2

Fig. 10 Effect of different TiO2 dosages on degradation process for a TNP-P1, b TNP-P2, c TNT-P1 and d TNT-P2
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valence band (VB) [44]. The role of initial pH levels on pho-
tocatalytic degradation of 4-CP was examined by varying the
pH values from 4 to 10. As shown in Fig. 11(a–d), the rates of
degradation decreased with increasing pH. The charge at the
surface is associated with both the initial solution pH and the
zero point charge of the TiO2. If the solution pH is greater than
the zero point charge, the surface is charged negatively; thus,
at lower pH, the surface is charged positively [50]. Previous
studies have shown that the zero point charge (pHzpc) of TiO2

is 6.9 [51]. Therefore, decreasing the solution pH slowly

changes the surface charge of TiO2 from negative to positive;
in addition, 4-CP changes to the phenolate anion form above a
pH of 10. The decrease of 4-CP photocatalytic degradation in
alkaline medium is related to the electrostatic repulsion be-
tween the negatively charged TiO2 surface and the 4-CP anion
that is hindering the 4-CP/TiO2 interaction [52]. In addition,
the rate of 4-CP degradation at low initial pH value is high,
because the more H+ ions are in the solution, the more con-
duction band electrons (e−) can transfer to the surface of the
catalyst to react with O2 to generate more hydroxyl radicals

Fig. 11 Effect of initial pH solution on degradation process for a TNP-P1, b TNP-P2, c TNT-P1 and d TNT-P2

Fig. 12 The tentative
mechanisms for the
photocatalytic degradation of 4-
CP using the TiO2 nanostructures
under UV irradiation in aqueous
solution
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[53]. Moreover, reduction of the electron-hole recombination
in the acidic medium is another significant factor for improv-
ing of 4-CP degradation [54].

Photocatalytic degradation mechanism and pathway

The process of 4-CP photocatalytic degradation is started with
the absorption of an impressive number of photons by
photocatalyst and photo-induced electrons and holes formed
on the photocatalyst surface as illustrated in Fig. 12. The elec-
trons relocated from the VB to the conduction band (CB) of
TiO2; at the same time, the positive holes (h+) are produced in
the VB. On one hand, the excited state electrons can be
trapped by the dissolved O2 which adsorbed on the catalyst
surface and formed the O2

•- radicals. Then O2
•- react with

adsorbed H2O to produce H2O2 which generate hydroxyl rad-
icals (∙OH) [55]. On the other hand, the photo-induced holes in
VB can react with OH− to generate more OH• radicals [56].

These series of reaction are listed as follows:

TiO2 þ hυ→hþVB þ e−CB ð5Þ
O2 þ e−CB→O−•

2 ð6Þ
2O−•

2 þ 2H2O→H2O2 þ 2OH− þ O2 ð7Þ
H2O2 þ e−CB→OH− þ OH • ð8Þ
hþVB þ OH−→OH • ð9Þ

After generation of O2
•- and OH• as the most important

oxidative radicals, these radicals attack the 4-CP molecule.
A proposed degradation pathway of 4-CP by TiO2

photocatalyst was illustrated in Fig. 13. During the 4-CP ox-
idation, a number of aromatic intermediates are formed that
first five main intermediates are hydroquinone (HQ, C6H6O2),
4-Chlorocatecol (4-CC, C6H5ClO2), benzoquinone (BQ,
C6H4O2), hydroxyhydroquinone (HHQ, C6H6O2), and 5-
Chloro-1,2,4-benzenetriol (C6H5ClO3) [6, 57, 58]. In the first
step 4-chlorophenol is oxidized to 4-CC(II) and HQ(III); Then
4-CC is further oxidized 5-Chloro-1,2,4-benzenetriol(IV) and
HHQ(V). Meanwhile, HQ is changed to HHQ and into BQ(VI).
On further oxidation, the benzene rings are opened to form the
carboxylic acids, including maleic acid(VII) (C4H4O), formic
acid(VIII) (CH2O2), oxalic acid(IX) (C2H2O4), acetic acid(X)
(C2H4O2), and acrylic acid(XI) (C3H4O2). Finally, after a few
steps of carboxylic acids oxidation, complete mineralization
to CO2 + H2O was resulted.

Kinetic study

The Langmuir–Hinshelwood (L–H) model is commonly
employed to evaluate the degradation reactions kinetics of
phenolic compounds by photocatalysts in aqueous medium
[59, 60]. The relationship between the degradation rate (r)
and the 4-CP concentration (C) is stated by the kinetic model,
as:

r ¼ −
dC

dt
¼ krKadCð Þ

1þ KadCð Þ ð10Þ

When, kr is the inherent rate coefficient (M/min), t is the
time of irradiation (min), andKad is the adsorption equilibrium
constant of 4-CP on the surface of the photocatalyst (M−1),
whereas it is rightly tentative that the principal of degradation
mechanism is not adsorption, Eq. (10) is simplified to Eq.
(11):

ln
C

C0

� �
¼ −krKadt ¼ −kappt ð11Þ

When pseudo-first-order kinetic is valid, the diagram of −

ln C
C0

� �
vs. t must obtain a linear relation, as expressed in Eq.

Fig. 13 Proposed reaction pathway for degradation of 4-CP
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(11). Consequently, Kapp is estimated from the slope of the
diagram. Figure 14(a and b) presents that the pseudo-first-
order model acceptably matches with the obtained experimen-
tal results.

Conclusions

In the present study, TiO2 nanostructures from different titania
precursors were obtained via a hydrothermal method in a two-
step procedure. The physicochemical, optical, and morpho-
logical characteristics of the obtained TiO2 samples were char-
acterized using advanced analysis techniques. According to

the characterization tests, TNP-P1 and TNP-P2 were prepared
with a crystallite size of 17 nm and 7 nm and a surface area

46.24 and 61.31 m2

g , respectively. Next, TNT-P1 and TNT-P2

were synthesized with a great improvement in surface area

(138.83, 167.57 m2

g ).

The photocatalytic activity of nanostructures was tested for
degradation of 4-CP. The results revealed that 1D TNTs
showed an improvement in photocatalytic performance com-
pared with the TNPs, demonstrating the benefits of TNTs as
photocatalysts for water purification. Moreover, TiO2 nano-
structures prepared from the TALH precursor had higher pho-
tocatalytic degradation efficiency than the TTIP precursor.
This phenomenon may be ascribed to the fact that TALH is

Fig. 14 Kinetic studies for
photocatalytic degradation of 4-
CP by TiO2 nanostructures under
UV irradiation, catalyst loading:
2 g/L, pH: 4 and 4-CP concentra-
tion: 50 mg/L.
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more stable with regard to hydrolysis than the common alk-
oxides, as the chelating lactate group and the Ti ion tend to
possess an octahedral coordination in this compound, which
also accounts for its higher stability compared to titanium
alkoxides.
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