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Abstract

Porous N-doped TiOz photocatalyst was successfully synthesized by an environmentally friendly peroxo sol-gel
method using polyethylene glycol (PEG) as a templating agent. Here, the effect of PEG addition to the aqueous
peroxotitanium solutions on the structure, pore properties and photocatalytic activity of the obtained photocata-
lysts was systematically studied. The prepared photocatalysts were characterized by X-ray diffraction (XRD), UV-
Vis diffuse reflectance spectroscopy (DRS), and Brunauer-Emmett-Teller (BET). It was found that the doping of ni-
trogen narrows the band gap of TiOz leading to enhance its visible-light response. The BET analysis shows that
the prepared photocatalysts have a typical mesoporous structure with pore sizes of 3—6 nm. The photocatalytic ac-
tivity of the prepared photocatalysts was evaluated by photocatalytic reduction of Cd(II) in an aqueous solution
under visible light irradiation. The results show that porous N-doped TiOz with the optimal PEG addition had the
highest Cd(II) reduction of 85.1% after 2.5 h irradiation in neutral aqueous solution. This significant improvement
in photocatalytic activity of the prepared photocatalysts was mainly attributed to the synergistic combination of N
doping and porous structure, which could actively increase the catalytic active site of this photocatalysts.
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1. Introduction cumulated Cd(II) in the human body can cause
several health issues such as reproductive
damage, liver cirrhosis, atrophy in the bone, and
eventually death [7-9]. The most severe past
tragedy due to Cd(II) contamination in the
aquatic system was the “Itai-itai’ disease out-
break, which occurred in Jinzu river, Toyama
Prefecture, Japan starting from the 1910s
[8,10,11]. Conventional treatment methods such
as ion exchange [12], electrochemical method
[13], precipitation [14], membrane technologies
[15], and adsorption [16] have been used to
remove Cd(IT) from aqueous solution [17]. Most-
ly, all of these methods are only captured and

The cadmium ion (Cd(II)) is one of the most
toxic heavy metal that poses a serious threat to
animal, environment and human health [1].
This ion could be easily found in the wastewater
of many industries, including fossil fuel, battery
manufacturing, metal plating, fertilizer, cement
nonferrous, electroosmotic, electrolysis,
photography, mining, and nuclear industries,
[2—4]. Through this contaminant wastewater,
Cd(II) would be introduced into the aquatic eco-
system and furthermore absorbed and accumu-
lated in living tissues of organisms [5,6]. The ac-

A . transformed the Cd(II) ion from one phase into
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completely removed and still exist in its toxic
form [18]. Therefore, it is important to develop
an efficient method where Cd(II) can be re-
duced into its non-toxic oxidation state [19].

The heterogeneous photocatalytic process,
which occur on the surface of semiconductor
photocatalysts, has been considered to be an al-
ternative-promising way in addressing the
above limitation [20-22]. This process can acti-
vate and undertake both oxidation and reduc-
tion reactions under irradiation of light energy
[23]. By conducting this method for the metal
ion treatment, especially in the removal of
Cd(II), this heavy metals would be directly re-
duced from its toxic ionic phase (Cd(II)) into
non-toxic metallic phase (Cd(0)) [24-26]. It is
believed that the photocatalytic method for the
removal of heavy metals pollutants is more
green, clean and economical than the conven-
tional methods [27,28].

Among the various semiconductor
photocatalyst, titanium dioxide semiconductor
(TiO2) has been widely used and extensively
studied for the environmental treatment and
water purification due to its non-toxic, inert-
ness, chemically stable, low-cost, and highly
photoactive properties [29-33]. TiO2 can exist
in three crystallographic forms: anatase, rutile
and brookite. Among these crystal form, ana-
tase was reported to be the most favorable due
to lighter effective mass, smaller particle size
and longer lifetime of photoexcited electrons
and holes, leading the higher photocatalytic
performance than rutile and brookite [34].
However, TiO2 has a limited application under
visible light irradiation because of its wide
bandgap (3.2 eV for pure anatase TiO3z) [35].
The most common approach that proposed to
expand the absorption edge of TiO2 to the visi-
ble light region is by doping with transition
metals (Fe, Mn, V) or non-metallic elements (N,
C, S) [36-38]. Among these, nitrogen is the
most favored anionic dopant due to its ability to
modify the electronic structure of TiO2by lead-
ing the formation of new N 2p band above the
O 2p valence band [39]. This modification de-
creases the bandgap of TiO2 and eventually
shifts the optical absorption of this semiconduc-
tor to the visible light region [40]. In addition,
for the improvement of N-doped TiO2photo-
catalytic activity in the removal of heavy met-
als, the fabrication of porous structure is highly
desirable due to its contribution increasing the
specific surface area [41-43]. Following this
path, it was reported that the porous structure
of N-doped TiO:z could afford more active sites
for adsorption and photocatalytic reactions
[44].

Various methods have been conducted to
synthesize porous N-doped TiOg, including the
common-simple sol-gel method [45]. However,
this method always involves a lot of organic
solvents and organic titanium compound,
which leads to harmful and corrosive chemical
waste [46]. Therefore, the synthesis of porous
N-doped TiO:z by peroxo sol-gel method is be-
lieved to be an efficient and environmentally-
friendly way to overcome this drawback as no
organic solvent and organic titanium complex
are involved [47,48]. Moreover, to the best of
our knowledge, there is no report in the open
literature that have been studied on environ-
mentally-friendly preparation of N-doped TiO:
supported by pore structure for photo-removal
of Cd(II) ion. In this present work, we report
the synthesis of porous N-doped TiO2 by using
PEG as an organic template through green
peroxo sol-gel method for photocatalytic reduc-
tion of Cd(II) in the aqueous solutions under
visible light irradiation. The optimum PEG
concentration and the condition treatment ef-
fect on the photocatalytic reduction of Cd(II) by
using this photocatalyst were investigated.

2. Materials and Methods
2.1 Materials

Titanium(IV) chloride (TiCls 0.09 M in 20%
HCI) and ammonium hydroxide (NH4sOH 25%)
were purchased from Aldrich. Hydrogen
peroxide (H202 30%) and polyethylene glycol
4000 (PEG 4000, H(OCH:CH32).OH), were
purchased from Merck. All chemicals were
used as received without any further
purification.

2.2 Synthesis of Porous N-doped TiO2

The synthesis method was adopted and
modified moderately from our previous work
[49]. Briefly, 36 mL TiCly was slowly added
into a 300 mL deionized water under vigorous
magnetic stirring at temperature condition ~5
°C for 30 min. Then, the pH solution was ad-
justed to 10 by drop-wise addition of an aque-
ous ammonia solution and re-stirred for 24 h
resulting in the formation of titanic acid white
precipitates [Ti(OH)4]. The obtained white pre-
cipitates were separated by centrifugation and
repeatedly washed with deionized water to re-
move all of the Cl- ions that formed in the reac-
tion. After that the obtained precipitates were
dispersed in 80 mL deionized water, followed
by the addition of 28 mL H20: and different
amount of PEG 4000 (0.7, 1.4 and 2.1 g) under
constant stirring for 4 h at ambient
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temperature, forming an aqueous transparent
yellowish peroxotitanium complex (PTC). The
product was vapored by wusing a rotary
evaporator and dried at 105 °C. Finally, the ob-
tained powders ware calcined on air at 500 °C
for 1 h. The catalyst sample without PEG addi-
tion was labelled as NTO, others collected with
0.7, 1.4, and 2.1 g PEG were labelled as
NTOPO0.7, NTOP1.4, and NTOP2.1, respective-

ly.

2.3 Catalysts Characterizations

The structural characterization of the
catalysts was performed by X-ray diffraction
(XRD, PANalytical CubiX3) with Cu Ka radia-
tion (A = 1.5418 A) at a scan rate of 8 (°)/min
ranging from 20° to 80°. The optical property of
the photocatalysts were observed by UV-Vis
DRS, Shimadzu UV-Vis 2450
Spectrophotometer. Specific surface area (BET
method) of the samples was measured using N»
adsorption at 77 K in an automatic analyzer
(Autosorb 6b, Quantachrome). The
concentration of Cd(II)-alirazin red s complex
was measured by UV-Vis spectrophotometry
(Genesys 20).

2.4 Photocatalytic Activity Test

The photocatalytic reduction of Cd(II) on the
porous N-doped TiO:z was evaluated by using
the batch technique. Here, 0.01 g of each the
as-prepared photocatalyst was added to 100 mL
of 5 mg/L. Cd(II) aqueous solution at pH 5. The
mixture was stirred for 30 min in the dark to
reach adsorption/desorption equilibrium. Then,
10 mL of this sample was taken and irradiated
under 24 W LED lamp in the photoreactor. The
photocatalytic reduction was investigated at
various reaction times of 0, 30, 60, 90, 120, and
150 min, respectively. Finally, the result mix-
ture was centrifuged, and then the residual of
Cd(II) in the filtrate was analyzed. The
concentration of Cd(II) in aqueous solution was
determined by the colorimetric method. In this
method, 5 mL of the filtrate was added with
alizarin red s as a coloring agent forming a
complex solution. The absorption spectrum of
this complex solution was measured by using
UV-Vis spectrophotometer at A = 422 nm.

3. Results and Discussion

3.1 Characterization of Porous N-doped TiO2

Porous N-doped TiO2 was synthesized
through green peroxo sol-gel method using
TiCly and water as precursor and solvent,
respectively. Here, the NH4OH is contributed

as a nitrogen source for N-doped TiO:zphoto-
catalyst. It has been reported that nitrogen
would be incorporated into the TiOz lattice dur-
ing the crystal transformation, leading to sub-
stitutional and/or interstitial doping [50] or ad-
sorb on crystallite surface as NOx species
[48,51]. In order to form a porous structure,
PEG was used as an organic templating agent.
The pore formation was initiated by creating
the PEG micelle through self-assembly [52].
Then, the weak coordination interaction be-
tween metallic Ti*4 and PEG micelle lead to the
aggregation of Ti*4-PEG globules composite
[63]. After the thermal treatment, PEG would
be decomposed into COz and H20, forming a po-
rous structure between particles.

The crystalline phase of the as-synthesized
TiO2 photocatalysts was determined by XRD.
Figure 1(a—c) shows the typical XRD pattern of
the NTO, NTOPO.7, and NTOP1.4 that can be
assigned to the (101), (004), (200) and (211)
crystal planes of anatase TiO2(ICCD, No. 01-
084-1286). There are no peaks of brookite and
rutile were detected, indicating high purity of
these synthesized photocatalysts. On the other
hand, the NTOP2.1 show different XRD pat-
tern, which confirms the existence of both ana-
tase and rutile crystalline phase. As can be
seen in Figure 1(d), the distinctive peaks at 20
=27.4° 36.1°, and 41.2° correspond to the (110),
(101), and (111) crystal planes of rutile phase,
respectively. Other peaks at 20 = 54.3° 62.7°,
and 68.8° respectively correspond to the (211),
(204), and (116) crystal planes of anatase
phase. According to the Rietveld analysis,
NTOP2.1 photocatalyst exhibited 90% of rutile
and 10% of anatase crystalline phase, following
the 01-071-0650 and 01-075-2553 files of ICCD
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Figure 1. XRD pattern of (a) NTO, (b)
NTOPO.7, (c) NTOP1.4, and (d) NTOP2.1.
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database 2008. The obtained results revealed
that the concentration of PEG addition affected
the crystalline phase of synthesized N-doped
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Figure 2. UV-Vis diffuse reflectance spectra of
commercial TiO2 (P25) and all N-doped TiO:
samples.
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TiO2. Among the synthesized photocatalysts,
the anatase phase was dominantly found in
NTO and NTOPO.7. However, in NTOP1.4
which confirmed to be in the anatase phase, a
small peak at 20 = 27.4° is captured and fur-
ther suggested as the initiation of rutile nucle-
ation. Loncarevié et al. [54] reported that rutile
nucleation in the TiO:z crystal structure is pre-
sumably caused by both of pore diameter and
pore shrinkage, while the addition of PEG con-
centration beyond the optimal amount led to
decrease in surface area due to the porous
framework shrinkage during the thermal treat-
ment. This phenomenon would produce TiO:
with denser particles package and significantly
reduce the porosity on the surface of this pho-
tocatalyst. The denser the particles network,
the higher the orientation and frequency of an-
atase twin nucleation, which would lead to the
rapid progression of anatase to rutile transfor-
mation. Therefore, it can be deduced that
NTOP2.1 photocatalyst, the prepared sample
with the highest amount of PEG, exhibited the
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Figure 3. N2 adsorption—desorption isotherm curves of (a) NTO, (b) NTOPO.7, (c) NTOP1.4, and (d)

NTOP2.1.
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highest rutile content as a consequence of the
porous network damage [54].

The optical characterization of the synthe-
sized photocatalyst was observed by UV-Vis
DRS. As shown in Figure 2, all the TiO2 photo-
catalysts that modified with nitrogen doping
exhibit higher absorption in the visible light re-
gion than that of the commercial TiO2 (P25). By
applying the Tauc plot and Kubelka-Munk
function, the band gap energies were calculated
as 3.28 eV; 2.85 eV; 2.96 eV; 2.91 eV; and 2.90
eV for the commercial TiO:2 (P25) Degussa,
NTO, NTOPO0.7, NTOP1.4, and NTOP2.1,
respectively. It is confirmed that the contribu-
tion of nitrogen doping narrowed the bandgap
energy of the synthesized photocatalysts by
leading the formation of new N 2p band be-
tween the O 2p and Ti 3d valence band in the
TiO2 electronic structure [55]. With the corre-
sponding of the lower bandgap energy, the syn-
thesized photocatalyst can trigger the electron
migration from the valence band to the conduc-
tion band by absorbing energy from the visible
light region [40].

The isotherms of N: adsorption-desorption
were recorded to evaluate the porous properties
of all the synthesized photocatalysts. As shown
in Figure 3(a—d), the typical type IV-isotherm
curve was observed, indicating the characteris-
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tic of mesoporous material with average pore
distribution in the range of 3—6 nm. The BET
surface area, the total pore volume as well as
the pore diameter for all the synthesized photo-
catalysts were detailed in Table 1. In this
study, it showed that the addition of PEG as an
organic template caused the increase of porous
structure of the unmodified sample. All NTOP
samples had higher BET surface area, diame-
ter of pore and volume of pore than the sample
without PEG addition. Among modified sam-
ples, the largest BET surface area was
NTOPO.7 sample. However, a decrease in the
specific surface area was observed as the PEG
addition increased [54]. This obtained results
confirmed that the addition of PEG over the
optimal amount leads to the porous network
shrinkage.

3.2 Photocatalytic Activity of the Photocatalyst

The adsorption and the photocatalytic re-
duction of Cd(II) using all the as-synthesized
porous N-doped TiOz2 ware evaluated by exam-
ining the percentage removal of Cd(II) under
dark and light condition [56]. Here, NTOPO.7,;
NTOP1.4; and NTOP2.1 photocatalyst were
used for photocatalytic reduction of Cd(I) un-
der visible light irradiation and compared with
the NTO photocatalyst (Figure 4). Figure 4(a)
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Figure 4. Photocatalytic reduction of Cd(II) using all the prepared TiO2 samples (a) with and (b) with-
out irradiation. Applied condition: catalyst mass: 0.01 g, solution volume: 100 mL and initial concen-

tration of Cd(Il): 5 mg/L, pH 5, 24 W-LED visible light.

Table 1. Specific surface area, diameter and volume of all as-prepared photocatalysts.

No Sample

Specific surface area (m2/g) Diameter of pore (nm)

Volume of pore (mL/g)

1 NTO 50.4
2 NTOPO.7 236.9
3 NTOP1.4 204.1
4 NTOP2.1 72.5

3.6 0.1
3.9 0.4
3.9 0.4
5.6 0.2
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showed that with 5 mg/L of Cd(II), NTOPO0.7
exhibited the highest reduction efficiency than
NTOPO.4; NTOP2.1 and NTO photocatalyst af-
ter 150 min of visible light irradiation. At the
same condition, the adsorption control experi-
ments were carried out to study the adsorption
ability of NTOPO0.7; NTOP1.4; and NTOP2.1 to-
ward Cd(IT) under dark condition (Figure 4(b)).
The result shows that NTOPO0.7 has the highest
adsorption efficiency among the other photo-
catalyst sample due to the high specific surface
area according to BET analysis. It is described

100
mwithout catalyst ~mwithout irradiation  m with irradiation

85.1 83.4

76.8

(a) NTO () NTOP0.7  ()NTOPl4  (d) NTOP21

Figure 5. The percentage of Cd(II) removal
chart using (a) NTO (b) NTOPO0.7 (¢)NTOP1.4
and (d) NTOP2.1 under visible light irradiation
for 150 min.

OH

+ Cd? —»

SO,Na
0

Alizarin red-s

that the photocatalytic reduction of Cd(II) pat-
tern followed the pseudo first-order kinetic
model. The kinetic rate equation is expressed
in Equation (1).

ln[CEJ =-K,,t (1)

0

where, Cy is the initial Cd(II) concentration, C
is the Cd(II) concentration at reaction time ¢,
and Ky 1s the pseudo first order rate constant.
Values of the pseudo first-order parameters for
all as-synthesized samples was determined in
Table 2. The order photocatalytic activity was
found to be: NTOPO.7 > NTOP1.4 > NTO >
NTOP2.1. As shown in Figure 5, it was found
that the highest percentage of Cd(II) removal
was successfully accomplished by NTOPO.7 un-
der visible light irradiation for 150 min at pH
5. Approximately 85.1% of Cd(II) was removed
from the aqueous solutions in the presence of
this photocatalyst via photocatalytic reduction.
Meanwhile, only 83.4%, 76.8%, and 74.1% of
Cd(II) were removed by NTOP1.4, NTO, and
NTOP2.1, respectively. Loncarevié et al. [54]
reported that BET surface area and anatase
fraction, were found to be the most important
factors governing the photocatalytic activity.
Therefore, the obtained results indicated that
modified N-doped TiO2 photocatalyst with the
specified amount of PEG exhibited higher ac-
tivity than other photocatalyst samples due to
higher specific surface area and higher fraction
of active anatase phase.

O
NaO,S
\
O
— Cd— 0

SO,Na
0

Cadmium-Alizarin red-s complex

Figure 6. Complex reaction of alizarin red-s with Cd(II).

Table 2. Pseudo-first order parameters for Cd (IT) photoreduction.

No Sample Kapp (min-1) R2 values
1 NTO 0.009 0.86
2 NTOPO.7 0.012 0.97
3 NTOP1.4 0.011 0.98
4 NTOP2.1 0.008 0.87
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The photocatalytic reduction mechanism of
Cd(II) by using porous N-doped TiO:2 under vis-
ible light irradiation is given by the following
net reactions [24,25,28,52]:

Excitation:
TiO2 + hv (visible light) — e~ + h* 2

Photocatalytic reduction.:
Cdz2+ + 2e-— CdO 3)

The trace amount of toxic Cd(II) after the
photocatalytic reduction was determined by
spectrophotometer method using the alizarin
red-s as a spectrophotometric reagent. Figure 6
shows the reaction between Cd(II) ion and
alizarin red-s dye. The cadmium-alizarin red-s
complex gives a specific color of deep greenish-
yellow [57]. Figure 7 shows the absorbance of
the cadmium-alizarin red-s complex solution
before and after photocatalytic treatment by
NTOPO.7 photocatalyst under visible light irra-
diation. The maximum peak of this complex so-
lution was measured at 422 nm. It was found
that the absorbance peak of cadmium-alizarin
red-s complex solution significantly decreased
after the photocatalytic treatment, indicating
the excellent photocatalytic activity of
NTOPO.7 in reducing the toxic Cd(II) ion.

4. Conclusions

Porous N-doped TiO2 photocatalyst has been
successfully synthesized by green peroxo sol gel
method using polyethylene glycol (PEG) as an
organic templating agent. The optimal PEG ad-

0.9
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0.8 -
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Figure 7. UV-Vis spectrum of cadmium-alizarin
red-s complex before and after photocatalytic
treatment using NTOPO.7 photocatalyst under
visible light irradiation.

dition for the synthesis of porous N-doped TiO2
with high surface area and excellent photocata-
Iytic activity was 0.7 g. The highest
photocatalytic reduction of Cd(II) was about
85.1% by using NTOPO.7 photocatalyst under
visible light irradiation for 150 min, while the
percentage adsorption of Cd(II) without irradi-
ation was 64%, and the percentage removal of
Cd(IT) without photocatalyst in the acid condi-
tion was 30.65%. It was clearly found that po-
rous N-doped TiOz performed a highly photo-
catalytic active site that can afford for the ad-
sorption and photocatalytic reactions of Cd(II)
removal in aqueous solution.
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