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ABSTRACT

Nonmetal-doped TiO, nanoparticles have been prepared by the solvothermal method. The
as-prepared photocatalysts have been characterized by X-ray diffraction, UV-vis diffuse
reflectance spectra, Scanning electron microscope, Transmission electron microscopy, Spe-
cific surface area (BET) and X-ray photoelectron spectroscopy. The results indicate different
atom radius and valence of the N, S and B atoms that cause the different doping ways, and
it could form different lattice, which led to different surface area and pore volume of
as-prepared photocatalysts. It is confirmed that S as S°* incorporate into the crystal lattice
of the S-TiO,, which may be the O-5-O-Ti-O linkages in the crystal lattice. It may be N
and S as Ti-N-O or Ti-N-O, and S*~ in the crystal lattice of the N&S co-doped TiO,,
respectively, which may be the S-Ti-N-O linkages in the crystal lattice. Photocatalytic activ-
ity was studied by degradation of salicylic acid under visible light. The degradation rate of
salicylic acid reached 76.25% with N&S co-doped TiO, photocatalyst in 120 min, which is
the highest of all the as-prepared photocatalysts. Furthermore, the experimental data of
photocatalytic degradation well followed the Langmuir-Hinshelwood kinetics.

Keywords: Photocatalytic activity; Salicylic acid; Nonmetal doped; TiO,; Solvothermal
method

1. Introduction

Salicylic acid is a key additive in many skin-care
ointments, creams, gels, and transdermal patches, and
it is also widely applied in scientific experiments. How-
ever, salicylic acid is residual into the wastewater, such
as sanitary wastewater, pharmaceutical wastewater,
and is easy to sublimate and evaporate along with the

*Corresponding author.

steam [1]. Therefore, innovative technologies for dis-
posal of salicylic acid sewage are required. Semiconduc-
tor photocatalysis, as one kind of advanced oxidation
processes in air purification, water disinfection, and
hazardous waste remediation, is the most promising
technology [2]. Among most semiconductors, titanium
dioxide (TiO,), which possesses more advantages of
strong oxidizing power of photoproduction holes, com-
mercially available, nontoxic, high photostability, and
redox selectivity, is one of the most popular and
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promising materials in photocatalytic application [2,3].
However, the photocatalytic efficiency of TiO, is low by
its large intrinsic band gap energy (3.2 eV for anatase)
and narrow photoresponse under visible light irradia-
tion. In order to improve the photocatalytic efficiency of
TiO,, much effort has been devoted to surfaced and
structured modification of TiO,, such as doping with
noble metal [4], transition metals [5], nonmetal elements
C 6], BI7], N [8], F[9],S[10], and I [11], and sensitized
by organic molecules [12]. Owing to the low-carrier-
recombination centers and high thermal stability of
nonmetal-doped TiO, nanostructures [13], investigators
have been increasingly focused on the development of
nonmetal-doped TiO, systems. Among nonmetal
doped, the substitutional doping of S has been proved
that S is incorporated as S** cations and replaced Ti ions
in TiO, [14,15]. However, researchers have also shown
that the partially occupied impurity bands can still act
as recombination centers in this kind of single-doping
system [16].

Some recent reports describe the developing of a
co-doped method for enhancing the performance of
photocatalysts, for instance N&B co-doped [17,18] and
N&S co-doped TiO, [19-21]. Wu et al. [17] reported
that the N&B co-doped TiO, nanoparticles possessed
much higher photocatalytic activity than the N single-
doped TiO, nanoparticles, exhibiting better synergistic
effect of the co-doping. Alexander et al. [18] found
that the photocatalytic activities of B&N co-doped
materials were similar to those with the same level of
B-only doping. Sathish et al. [19] prepared co-doped
TiO, by thermal decomposition of Ti-based metal
complexes in vacuum and nitrogen followed by air
annealing, and the N and S atoms in the TiO, lattice
were clearly identified as in Ti-N-O and sulfate (5°*).
However, in some reports, all of N and S atoms were
directly bonded to Ti in the parent compound which
was prepared through the inorganic complex route
and a systematic decomposition of the Ti-complex,
which leads to the controlled removal of N and S to
N, 5-TiO, [20,21].

In this work, hydrothermal synthesis, which
occurred in organic solvents environments, under the
simultaneous application of heat and pressure, has
been used to successfully prepare single-doped and
co-doped TiO, with one step. The structural, optical,
and surface properties of the as-prepared photocata-
lysts were systematically investigated by X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), specific surface area (BET),
and UV-vis diffuse reflectance spectra (UV—-vis DRS).
The photocatalytic activity of as-prepared photocata-
lysts was evaluated by degradation of salicylic acid.
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2. Experiments
2.1. Materials and characterization

Tetrabutyl titanate (Chemically Pure, CP), ethylene
glycol (Analytical Reagent, AR), urea (Analytical
Reagent, AR), thiourea (Analytical Reagent, AR), boric
acid (Analytical Reagent, AR), salicylic acid (Analyti-
cal Reagent, AR), and ethanol (Analytical Reagent,
AR) were all purchased from Shanghai Chemical
Reagent Co., Ltd. and used as received. P25 was
obtained from Degussa. Distilled water was used
throughout this work.

The SEM images were examined by S-4800 SEM
and equipped with an energy-dispersive spectra (EDS)
detector (HITACHI, Japan). transmission electron
microscopy (TEM) analyses were conducted with a
Tecnai 12 electron microscope (PHILIPS, Holland).
Specific surface areas were measured using a NOVA
2000e analytical system made by Quantachrome Cor-
poration (USA). XRD technique was used to character-
ize the crystal structure. In this work, XRD patterns
were obtained with a D8 ADVANCE X-ray diffractom-
eter (Bruker AXS Company, Germany) equipped with
Ni-filtrated Cu Ko radiation (40kV, 30mA). The 26
scanning angle range was 10-80° with a step of
0.04°/0.4s. UV-vis DRS of photocatalyst was obtained
for the dry-pressed disk samples using Specord 2450
spectrometer (Shimazu, Japan) equipped with the inte-
grated sphere accessory for diffuse reflectance spectra,
using BaSO, as the reflectance sample. XPS datum
was recorded with a PHI5300 spectrometer using Al
Ka (12.5kV) X-ray source.

2.2. Preparation of photocatalyst

The (N, S, and B) single-doped and co-doped TiO,
photocatalysts have been synthesized by hydrothermal
method. The processes were followed: 13.6mL Ti
(OC4Ho)4 was added to 33.5 mL ethylene glycol under
magnetic stirring. The molar ratio of doping agents
was fixed as 1:1 or 1:1:1. Then the solutions were
mixed together. After that the mixture was stirred until
the clarification. The clear solution was then placed in
a clean Teflon-lined stainless steel autoclaves (100 mL).
Then the thermal treatment was processed at 200°C for
24 h. Solvent heat treatment, due to ethylene glycol
with tetrabutyl titanate and symmetric structure of tita-
nium glycolate, compared to sol-gel and hydrothermal
methods, is better to slow down the growth process in
a moderate environment. After solvothermal reaction,
shutting the power, it was cooled naturally to room
temperature. The product was washed with distilled
water and ethanol thrice. The washed product was
dried at 80°C for 12 h. Finally, the product was heated
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at 500°C in 30 min and kept at 500°C for 3 h in a muffle.
At last, the prepared photocatalysts were signed as TB
(Ti: B=1:1), TN (Ti: N=1:1), TS (Ti: S=1:1), TBN (Ti:
B: N=1:1:1), TBS (Ti: B: S=1:1:1), and TNS (Ti: N:
S =1:1:1), respectively.

2.3. Photocatalysis experiments

The photocatalytic degradation reaction of salicylic
acid was carried out at 298 K in a homemade photo-
catalytic reactor under visible light. The photochemical
reactor contained 0.1g photocatalyst and 100 mL of
salicylic acid solution of different concentrations. After
20 min in the dark, it reached adsorption balance, its
initial absorbency was determined. The photocatalytic
reaction was initiating with one 500 W xenon lamp
(wavelength range 400-780 nm), which the light inten-
sity was 80 mW/cm? at a distance of 10 cm from the
center of the lamp. The samples were conducted in
20-min interval under the conditions, which the
reaction time was 100 min. And the residual amount
of salicylic acid in the aqueous phase was measured
using UV-vis spectrophotometer at 296nm. The
photocatalytic degradation rate (DR) was calculated
by the followed equation.

DR = (1 — Ai/Ao) x 100% M

where Aj is the initial absorbency of salicylic acid
solution and A; is the absorbency of reaction solution.
3. Results and discussion

3.1. SEM, TEM and EDS

Fig. 1 shows the microcosmic images of TS (a) and
TNS (b) photocatalysts, it can be found that there are
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very similar particles. The morphology displayed rice-
grains shape. The length of rice-grains particles is
about size of 40-50 um. The surfaces of the rice-grains
particles are relatively smooth but anomalous. Fig. 2
shows the TEM morphology of the nanostructured
crystalline TN and TNS. The TN and TNS are piled
up by the highly intense uniform crystal. And the
images of TN and TNS at high magnification show
many randomly oriented nanocrystallites with sizes
20-30nm and 10-15nm, respectively. Fig. 3 shows the
quantitative results for TS and TNS photocatalysts. As
shown in Fig. 3, the element of S was determined in
S-TiO, and N&S elements in N-S-TiO,. And we can
find the S contents of TNS photocatalyst are less than
TS. Due to its larger ionic radius, successful insertion
of sulfur into the TiO, lattice is far more difficult to
achieve than nitrogen [22]. However, it has little effect
on the morphology of TS and TNS photocatalysts.
Maybe N and S elements insert into the internal lattice
of TIOZ

3.2. BET

The nitrogen adsorption—-desorption isotherms
results for the photocatalysts of TN and TNS were
shown in Fig. 4. The isotherms should be attributed to
the typical IV, which belonged characteristic of well-
developed mesoporous materials. And the specific
surface area values were calculated using datum of
liquid nitrogen physisorption experiments with the
Brunauer-Emmett-Teller (BET) method. The BET sur-
face area of TN and TNS is 97.82 and 140.72m?/g,
respectively. And the pore volume of TN and TNS
could reach 0.10 and 0.16 cm>/g, respectively. Fig. 5
shows the pore size distribution of TN and TNS. It
can be calculated that BJH adsorption average pore

Fig. 1. The SEM images of photocataysts (a) TS and (b) TNS.
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Fig. 2. The TEM images of photocataysts (a,b) TS and (c,d) TNS.

diameter of TN and TNS is 34.2 and 43.2 nm, respec-
tively. With a relatively narrow pore size distribution,
range from 10 to 50 nm, which almost the same as that
observed from the TEM images. The smaller pore size
may be attributed to the smaller micelle of ethylene
glycol in the steam during the evaporation self-assem-
bling solvothermal.

3.3. XRD

Fig. 6 shows the XRD patterns of different as-pre-
pared photocatalysts. It can be found that the samples
of co-doped and single-doped TiO, possess the same

five characteristic sharp peaks at 20=2538, 37.66,
48.02, 53.98, and 62.7 correspond to (101), (004),
(200), (105), (211) and (204) planes of anatase TiO,
(JCPDS card no. 83-2243), respectively. For the co-
doped and single-doped TiO,, no featured peaks of
rutile TiO, are observed. In addition, there are no fea-
tured peaks of nonmetal elements, which manifested
that nonmetal element is maybe highly dispersed on
TiO,, or XRD is not sensitive enough to detect such
minor changes for TiO,. From the Scherrer formula
[23], the average sizes of crystalline particles of the
TNS, TBS, TBN, TS, TB, TN and TiO, could be calcu-
lated to be of 12.21, 17.66, 23.94, 32.44, 37.41, 36.27 and
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Catalysts Element Net Counts IntCps/nA Weight% Atom%
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Fig. 3. The EDS of as-prepared photocatalysts and inset of quantitative results for (a) TS and (b) TNS.

29.88 nm, respectively. The average sizes of the crys-
talline particles in the co-doped TiO, are smaller than
that of the single-doped TiO, and pure TiO,, illustrat-
ing that co-doped TiO, would reduce the growth of
the TiO; crystals.

3.4. UV-vis DRS

To test the effect of single-doped and co-doped
TiO, on the optical property, the UV—vis DRS are pre-
sented in Fig. 7. As shown in Fig. 7, it can be clearly
found the single-doped and co-doped TiO, are obvi-
ously showed red-shifted. Especially, the adsorptions
of TNS and TS are the highest among the co-doped
and single-doped TiO, photocatalysts under visible
light range, respectively. The band gap can be esti-
mated by using E =1,240/1, which E is the band gap
energy and 4 is the wavelength of the absorption edge.
So the values of TNS, TBS, TS, TBN, TB and TN were
estimated to be of 2.75, 2.80, 2.84, 2.88, 2.90 and 2.94
eV, respectively. Therefore the adsorption of TNS is
the highest of all the photocatalysts under visible light

range. But, we can find that not all co-doped TiO; is
higher adsorption than single-doped TiO, under visi-
ble light range.

3.5. XPS

The atom% content in both TN and TNS is summa-
rized in Table 1. Undoubtedly, there is a difference in O
and Ti atom% content in both TS and TNS. Such
changes in atom% surface composition may indicate
the redistribution or even a damage of a protective layer
[24]. To determine how sulfur and nitrogen atoms
incorporate in the crystalline lattice of TiO,, the XPS
spectra of TS and TNS photocatalysts nanoparticles are
presented in Fig. 8. Fig. 8(b) and (f) shows the XPS spec-
trum of Ti 2p with TS and TNS photocataysts, two
peaks of all the XPS spectrums are assigned to the Ti
2p1 (high binding energy) and Ti 2p3 (low binding
energy) status in TN and TNS photocatalysts, respec-
tively. The peaks of E (Ti 2p1) and E (Ti 2p3) are 464.33
eV (b), 464.45eV (f), 458.78 eV (b) and 458.85eV (f),
respectively, which belong to Ti** [25]. All peaks of the
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Fig. 4. Nitrogen adsorption—desorption isotherms. (a) TN
and (b) TNS.

single-doped and co-doped TiO, photocatasysts shift
high energy compare to the pure TiO,. And the energy
of co-doped TiO, (TNS) is higher than single-doped
TiO,. And that the E (O 1s) is 530.69 eV (c) and 530.79
eV (g), which belong to the O-Ti-O lattice oxygen of TS
and TNS photocatalysts. It indicates that the bond is sta-
ble. It is found from Fig. 8(d) that the S 2p of TS photo-
catalyst peak is located at 168.24 eV, which indicated
that S is successfully incorporated into the TiO,. There
are no other S 2p features because of sulfide (S*~ at <162
eV), elemental S as in TS ligands or parent complex (S
at 164.0eV) or sulfite (S** at 166-167 eV) is observed
from BE Lookup Table for Signals from Elements and
Common Chemical Species. We deem the above sulfate
feature in S°* oxidation to one or more of the following
features in the diminishing order (sulfate as in titanium
oxysulfate, sulfate at surfaces, interfaces and at grain
boundaries or sulfate in the interstitial position of TiO,)
[19]. Of course, there are may be that sulfur interacts
with nearby oxygen atoms in the anatase lattice [16].
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Fig. 5. The pore size distribution curves of (a) TN and (b)
TNS.

Fig. 8(h) and (i) show the N 1s and S 2p core level fea-
ture from TNS photocatalyst. Fig. 8(h) and (i) indicate
that the N 1s and S 2p of the TNS photocatalyst peak
are located at 163.39 and 399.18 eV, which indicate that
N and S are successfully incorporated into the TiO,. As
the interaction of N and S element, the form of S doped
TiO, is changed. The doped N with the binding energy
of 399.18 eV can be assigned to the Ti-N-O or Ti-NO,
linkages [26]. Because of the impact of the N element
and some deviation, the doped S with the binding
energy is higher. Therefore, it can be inferred that S
may be as S° replaced O in the crystal lattice of the
N&S co-doped TiO,. Surface atom% composition
shown in Table 1 shows a decrease in Ti% content in TS
and TNS from 19.82% to 18.42%, proving that chemical
re-distribution in lattice. And O-Ti content decreased
78.38% to 75.85%. In addition, the percentage of tita-
nium element of TS photocatalyst is lower than pure
TiO, from EDS. It indicates that some other effective
positions of Ti are replaced by S in the crystal lattice of
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Fig. 7. The UV-vis DRS spectrum of different photocata-
lysts (a) TNS, (b) TBS, (¢) TS, (d) TBN, (e) TB, (f) TN, (g)
P25, and (h) TiO,.

the TS photocatalyst. It may be the O-5-O-Ti-O link-
ages in the crystal lattice of the TS photocatalyst. How-
ever, the S content in TS and TNS decreased from 1.80
to 0.55%, which also proved from EDS. Therefore, it
may be the S-Ti-N-O linkages in the crystal lattice of
the TS photocatalyst.

3.6. Photocatalytic activity

The photocatalytic activity of the different photo-
catalysts was evaluated by degradation salicylic acid

H. Wang et al. | Desalination and Water Treatment 54 (2015) 2504-2515

Table 1
Atom % surface composition of TN and TNS (standard
deviation is presented in the brackets)

Catalysts Element Atom%

TN S 1.80 (0.1)
o 78.38 (0.7)
Ti 19.82 (2.1)

TNS N 5.19 (0.2)
S 0.55 (0.1)
O 75.85 (0.5)
Ti 18.42 (2.1)

solution under visible light. As shown in Fig. 9, The
rate of adsorption was rapid in the initial minutes of
solution-adsorbent contact and it reached the equilib-
rium status after 10 min. the co-doped TNS shows bet-
ter photocatalytic activity than the other photocataysts
under visible light irradiation. About 76.25, 69.42,
66.80, 59.95, 55.40, 50.18, 48.58 and 30.77% salicylic
acid are degraded in the presence of TNS, TBS, TS,
TNB, TB, TN, P25 and TiO,, respectively. Obviously,
the TNS has the highest photocatalytic activity, it can
be also found that the degradation rates of salicylic
acid with TNS and TS are the highest between co-
doped and single-doped TiO, under visible light
range, respectively. And it can be clearly found that
co-doped TiO, (TNS) shows better photocatalytic
activity than single-doped TiO, (TN or TS). The result
is obviously accorded with the analysis of UV-vis
DRS. Co-doping TiO,, owing to synergistic effect, may
effectively promote the separation of photogenerated
charge carriers, which can improve the photocatalytic
activity. However, not all co-doped TiO, show better
photocatalytic activity than all single-doped TiO,.
There are different atom radius and valence of the N,
S and B atoms, which cause the different doping ways
that there are substitutions and void doped for differ-
ent atoms. It can be formed different lattice systems,
which lead to different surface area and pore volume.
Therefore, it possesses different photocatalytic activity
for co-doped TiO, and single-doped TiO,. Due to a
large surface area and pore volume of TNS photocata-
lyst, indicating that the co-doped photocatalyst pos-
sesses more activated sites on the surface of
photocatalyst, and it is better for adsorption of the sal-
icylic acid onto the photocatalysts. Therefore, the more
adsorption of salicylic acid is obtained, the higher deg-
radation rate is showed under the same conditions. In
addition, the large surface of the photocatalyst is not
only offered more reaction sites, but also it is condu-
cive to the photo capture and electron transfer, and it
could generate enough activated groups for photo
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degradation which lead a better activity [27]. Further-
more, formation of large open pore on the surface of
TNS photocatalyst may also be another important rea-
son to enhance photocatalytic activity. Because such a
large open pore is beneficial to exposure of more TNS
crystallites to the solid-liquid interface and may also
facilitate salicylic acid transport to the active sites [28].
And because of the intense recombination caused by
the N and S doping of TNS, the new band gap status
was created by the doping which indeed improve the
photoresponse for visible light. And it is narrow band
gap for TNS photocatalyst. Therefore the electron
transport in the conduction band of TNS photocatalyst
is fast. As shown in Fig. 10, increasing concentration
of salicylic acid, the degradation rate of the photocata-
lysts is lower. However, the amount of degradation

(a)

2511

salicylic acid does not decrease with increased the
amount of salicylic acid. And the TNS photocatalyst
has a limited number of actives sites, which becomes
saturated at a certain concentration. And the low con-
centration of salicylic acid can maintain a sustainable
and stable to photocatalytic activity, which may avid
deactivation of catalyst. Consequently, the concentra-
tion of the salicylic acid is important to the TNS pho-
tocatalytic activity.

In order to investigate the photodegradation
dynamics process of salicylic acid with the photocata-
lyst of TNS. From Fig. 11, the first-order kinetic the
entire linear regression coefficient (R?) is greater than
the second-order kinetic. Therefore photocatalytic deg-
radation of salicylic acid obeyed first-order Kkinetic.
The rate constant value of 10mg/L salicylic acid was

(b)
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Fig. 10. The degradation influence of different initial con-
centration salicylic acid with TNS.

0.0138S7!, and it is the largest than the other rate con-
stant.

The experimental data can be rationalized in terms
of the modified form of Langmuir-Hinshelwood
kinetic treatment, which has already been successfully
used to describe solid-liquid reactions [2]. In the
Langmuir-Hinshelwood kinetics treatment of hetero-
geneous surface reactions, this treatment obeys to
the assumptions that sorption of both the oxidant and
the reductant is a rapid equilibrium process in both
the forward and reverse directions. And the rate-
determining step of the reaction involves both species
present in a monolayer at the solid-liquid interface.
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Fig. 11. The first-kinetic of TNS at different initial concen-
tration salicylic acid.
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Fig. 12. The variation of salicylic acid for different initial
concentrations.

The reaction rate (r) varies proportionally with the
surface coverage () is given by formula (2):

@

where k. and K4 are the reaction rate constant and the
equilibrium constant, and C is the concentration of sali-
cylic acid. The initial photocatalytic degradation rate
(rp) is observed to be a function of the initial concentra-
tion (Cyp) of salicylic acid. A linear plot of 1/ vs. 1/Cy
is obtained, that gives k as the Langmuir-Hinshelwood
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Fig. 14. Langmuir-Hinshelwood plots of the reciprocal of
the initial reaction rate vs. the reciprocal of the initial con-
centration of salicylic acid.

rate constant and K.q as the Langmuir adsorption con-
stant of the salicylic acid in the degradation reaction,
and the formula could be changed to the formula (3).

ro = *KeqCo 1 - 11 + 1 (3)
1+ KeqCO 7o kKeq Co Keq
In order to find the effect of initial concentration
on the initial react rate, more detailed analysis was
fulfilled based on the kinetics of photocatalytic degra-
dation reaction. Fig. 13 shows the variation of salicylic
acid for different initial concentrations. As can be seen
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in Fig. 12, the initial slope increased with increasing
initial concentration of salicylic acid, but maintained
almost constant beyond a certain concentration.
Fig. 13 describes the initial react rate (ry) for initial
concentration of salicylic acid. The steep rise of the
rate at low levels of the salicylic acid and the subse-
quent mild variations is a typical behavior of Lang-
muir-Hinshelwood kinetics [29,30]. Fig. 14 represents
plot of the reciprocal of the initial rate ry ' vs. the reci-
procal of the initial salicylic acid concentration Cp'
for degradation of salicylic acid. We can find from
Fig. 14 that a good fitting of the model to the experi-
mental data may be observed thus confirming the
Langmuir-Hinshelwood nature of the photocatalytic
degradation reaction mechanism.

4. Conclusions

In this work, we have prepared single-doped and
co-doped TiO, using solvothermal synthesis via a sim-
ple way. From the characterization, results indicate
that the morphology of TN and TNS are piled up by
the highly intense uniform crystal. The images of TN
and TNS at high magnification show many randomly
oriented nanocrystallites with sizes 20-30 and
10-15nm, respectively. The BET surface areas of TS
and TNS are 97.82 and 140.72 m*/g, respectively. It is
confirmed that S as S°* incorporate into in the crystal
lattice of the S-TiO,, which may be the O-5-O-Ti-O
linkages in the crystal lattice. It may be N and S as
Ti-N-O or Ti-N-O, and S*~ in the crystal lattice of
the N&S co-doped TiO,, respectively, which may be
the S-Ti-N-O linkages in the crystal lattice. Photocata-
lytic activity was studied by degradation of salicylic
acid under visible light. The photocatalytical activity
of single-doped and co-doped TiO, were better than
that of pure TiO, and p25. The highest degradation
rate of salicylic acid could reach 76.25% with TNS
photocatalyst in 120 min under visible light irradia-
tion. And the kinetics of photocatalytic degradation
obeyed first-order kinetic, which the rate constant
value of degradation salicylic acid with TNS photocat-
alyst was 0.0138S™".
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