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Abstract—To further enhance the photoactivity of virgin TiO,, we prepared N-doped TiO, (N-TiO,) by sol-gel
method and used it to remove Cr(VI) ions from water under visible light. The catalysts were characterized by TEM,
XRD, BET and UV-vis techniques. Better crystalline structure, larger specific surface area and decreased band-gap
width were obtained after the insertion of N atoms into TiO, lattice. Several influencing factors were also investigated.
The removal efficiency of Cr(VI) increases with the decrease of initial Cr(VI) concentration or the increase of catalyst
dosage. Addition of glucose or some inorganic ions (Mg’*, AI’*) can promote the photoreduction process by improv-
ing the quantum efficiency. The kinetics and mechanism were discussed as well.
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INTRODUCTION

With the development of energy systems, various types of clean
energy configurations and fuel prototypes have induced massive
investigations [1-4]. However, in the custom fossil fuel industry, chro-
mium, especially hexavalent chromium, remains a highly toxic envi-
ronmental pollutant that has carcinogenic, mutagenic and teratogenic
effects on some specific organisms. In coal-fired power plants, Cr(VI)
usually exists in the ash wastewater and results in water pollution.
In addition, industrial parks, manufacturing, mining and ore pro-
cessing, leather, industrial waste dumps, chemical manufacturing,
and fuel industry also cause chromium pollution. Reduction method
is a common method for Cr(VI) removal as the toxicity of Cr(III)
is much less than that of Cr(VI) and can be easily precipitated as
Cr(OH), in neutral or alkaline solutions. However, the tradition-
ally-used chemicals for Cr(VI) reduction suffer from high cost and
secondary pollution.

In recent years, TiO, has become a research focus for the treat-
ment of Cr(VI)-containing wastewater due to its strong photoac-
tivity; high efficiency; chemical stability; no secondary pollution, low
cost and nontoxicity [5-7]. Cr(VI) was firstly adsorbed onto the sur-
face of TiO, and then reduced to Cr(IIl) by photoinduced electrons.
However, because of the wide band gap, the treatment of Cr(VI)
using TiO, was mostly studied under ultraviolet light [8-10]. Recent
studies have shown that doping is an attractive option to improve
the light absorption in visible region [11,12]. Hu et al. found that
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N doping can improve the light responding ability of TiO,, thereby
increasing the removal efficiency of Brilliant Blue KN-R to 80% [14].
Although there have been many intensive studies on photocata-
lytic phenomena [13-15], the details and mechanism of the pho-
toreduction of Cr(VI) by TiO, have not been fully researched yet.
Therefore, we have prepared N-doped TiO, via sol-gel method
and used it to remove Cr(VI) ions from water under visible light.
As the optimum preparation conditions have been discussed in our
previous research [16], this work was mainly focused on the influ-
encing factors of the photocatalytic process such as light irradiation,
catalyst dosage, initial Cr(VI) concentration, coexisting of inorganic
cations and addition of hole scavenger (glucose in this case). Fur-
ther detailed discussions regarding the mechanism of photocata-
lytic reduction process under visible light were conducted as well.

EXPERIMENTAL

1. The Preparation of TiO,

N-TiO, catalysts were synthesized according a sol-gel method
reported in our previous research [16]. The process was briefly de-
scribed as follows. Two different solutions (A and B) were prepared
at first. 40 mL absolute ethyl alcohol, 0.5g hexamethylenetetra-
mine and 17 mL butyl titanate were mixed to form solution A. On
the other hand, 40 mL absolute ethyl alcohol, 5 mL glacial acetic
acid and 5 mL deionized water were mixed to form solution B. Both
operations were under magnetic stirring. Next, solution A was slowly
dripped into solution B with slow stirring to form a white gel, which
was then sealed up and left standing for 24 hours. The resulting
gel was dried by microwave and ground into powder. At last, these
powders were calcined in a muffle furnace at 500 °C for 3h to
obtain the needed catalyst labeled as N-TiO,. The virgin TiO, was
prepared by the same method.
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2. Characterizations

Transmission electron microscopy (TEM) (XM 5136, Tescan,
Czechia) was used to observe the sample particle size and mor-
phology. The crystalline structures of virgin TiO, and N-TiO, were
investigated using X-ray diffraction (XRD) technique (Y2000, Dan-
dong, China). The specific surface area and pore distributions were
determined by BET analyzer (TriStarIl 3020, Mike, USA). The UV-
vis absorbance was measured by a UV-vis spectrophotometer
(TU1901, PRISTON, China).
3. Photocatalytic Experiment

The photocatalytic experiments were conducted in a glass reac-
tor (300 mL) which was positioned at a fixed distance of 8 cm from
the fluorescent lamp (65 W, 550 nm). In each experiment, the reac-
tion system was composed of appropriate amount of catalysts and
200 mL Cr(VI)-containing solution. Solution pH was adjusted to
2.5 by HCl before reaction and the whole process was under mag-
netic stirring. The suspensions were kept in darkness for 30 min
before 90 min irradiation to reach adsorption equilibrium onto the
surface of catalyst. At 30 min intervals, a small aliquot of the sus-
pensions was withdrawn by syringe and filtered with a Millipore
filter (pore size of 0.45 pim). The instant Cr(VI) concentration was
then determined according to the diphenylcarbazide spectropho-
tometric method (GB 7467-87). The removal efficiency was calcu-
lated by the difference between the initial and instant Cr(VI) con-
centration. After reaction, the total chromium concentration was
also measured by a similar method (GB 7466-87) to figure out the
Cr(IlI) concentration in water. Several batch experiments were
conducted to study the effects of light irradiation, N-TiO, dosage,
initial concentration Cr(VI), inorganic cations and glucose.

RESULTS AND DISCUSSION
1. Characterizations

1-1. TEM Analysis
Fig. 1 shows the TEM images of virgin TiO, (a) and N-TiO, (b).

Fig. 1. TEM images of virgin TiO, (a) and N-TiO, (b).
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Fig. 2. XRD spectrum of virgin TiO, and N-TiO,.

Compared with virgin TiO,, N-TiO, particles not only have a higher
dispersion but also have a smaller grain size of 25 nm, while the
size of virgin TiO, is about 40 nm. It indicates N-doping has an
inhibitory effect on the agglomeration and grain grow of TiO, par-
ticles. Thus, the quantum efficiency of N-TiO, was improved with
respect to virgin TiO,.
1-2. XRD Spectra Analysis

Fig. 2 shows the XRD spectra of virgin TiO, and N-TiO,. There
are both rutile peaks and anatase peaks seen in the spectra of vir-
gin TiO,, while N-TiO, is composed of pure anatase phase. The
result shows the inhibitory effect of N-doping on the phase trans-
formation of TiO,. The result is probably owing to the presence of
Ti-O-N bond, which is considered to inhibit the transformation
from octahedral spiral chain of anatase to octahedral straight-chain
of rutile [17]. Further, there is no new diffraction peak in N-TiO,,
suggesting that N atom did not change the crystalline structure of
TiO, but successfully entered into the crystal lattice. The position
of anatase phase (101) of virgin TiO, and N-TiO, were at 25.334°
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Fig. 3. The N, adsorption curves (a) and pore size distributions of virgin TiO, and N-TiO,.
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Fig. 4. UV-vis absorbance spectrum (a) and band gaps (b) of virgin TiO, and N-TiO,.

and 25.246°, respectively, showing a left deviation after N-doping.
The result indicates a larger interplanar distance according to Braggs
law, which also proves the substitution of O by N in the lattice.

Calculated by Scherrer formula, the particle sizes of virgin TiO,
and N-TiO, are 29.8 nm and 19.9 nm, respectively (the lattice param-
eter is a little different from the commercially available catalysts or
those prepared in other works cause of the different synthesis pro-
cess). It suggests that N-doping has an inhibitory effect on the grain
growth of TiO, particles, which is probably due to the deforma-
tion of crystal lattice and oxygen vacancies left by the substitution
of O atoms by N atoms [18]. The decrease of particle size would
shorten the time needed for photo-generated electrons moving to
the surface of TiO,, thus improving the quantum efficiency.
1-3. BET Analysis

Fig. 3 shows the N, adsorption-desorption isotherms (a) and
the pore diameter distribution curves (b) of virgin TiO, and N-TiO,.
The curve of N-TiO, follows the IV adsorption isotherm on the
basis of IUPAC classification, and the desorption curve of N-TiO,
has greater distance from the adsorption curve. The result shows
the better adsorption ability of N-TiO, than virgin TiO,. As the
desorption curve of TiO, is close to the adsorption curve, there are
few pores on the surface. Further, as depicted in Fig. 3(b), N-dop-
ing helped form a uniform distribution of pore sizes which were
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mostly about 10 nm. The specific surface areas of N-TiO, and pure
TiO, calculated according to the BJH model are 15.3 m’/g and 3.4
m’/g, respectively. Larger surface is advantageous to the adsorp-
tion of aqueous Cr(VI). The results show that the surface of TiO,
was modified successfully.
1-4. UV-vis DRS Analysis

Fig. 4 shows the UV-vis DRS spectra of virgin TiO, and N-TiO,
catalysts. After N-doping, there is an absorption spectra red-shift
into the visible region. It is probably because N-insertion mixed the
N 2p and O 2p states and narrowed the band gap of TiO,, thus
enabling the catalyst to absorb the light of larger wavelength [19].

To further study the optical properties, band-gap energies (Eg)
for all these photocatalysts were calculated by making a plot of
(AhW" versus hv in Fig. 4(b). The forbidden band widths of N-
TiO, and TiO, are 2.98 eV and 3.08 eV, respectively. The results con-
firm the stronger light absorption of N-TiO, than pure TiO,, which
agrees to the results reported in [20].

2. Effects of Light on the Reduction of Cr(VI)

Fig. 5 shows the effects of light on the removal of aqueous Cr(VI).
1.0 g of N-TiO, was added into 200 mL of Cr(VI)-containing solu-
tions (3 mg/L) as catalysts. There are two groups: the dark reaction
means there was no light during the whole process, while the other
group was the same as we mentioned in section 2.3. As depicted,
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Fig. 5. The effects of light on the photoreduction of Cr(VI).

the catalyst almost reached the adsorption saturation after 30 min
darkness. Further, there was an evident difference of Cr(VI) con-
centration between the two groups, especially after 120 min. At
that time, the removal efficiency of the two groups reached 63.3%
and 83.7%, respectively. The results suggested that the whole pro-
cess involved adsorption at dark and photocatalytic reduction
under visible light. During the photoreduction process, more than
20% of the removed Cr(VI) was further reduced by N-TiO, (the
percentage was a little low as we did not include the Cr(III) ions
adsorbed on the surface of N-TiO,), indicating the visible light
responding ability of N-TiO,.

3. Effects of N-TiO, Dosage on the Reduction of Cr(VI)

Fig. 6 shows the effects of different N-TiO, dosage on the re-
moval of aqueous Cr(VI). 0.5g, 1.0g, 1.5 gand 2.0 g of N-TiO, were
added into 200 mL of Cr(VI)-containing solutions (3 mg/L), respec-
tively. The removal efficiency was measured after 30 min darkness
and 90 min light irradiation. As depicted, the efficiency increased
evidently with the increase of catalyst dosage. However, when the
amount of N-TiO, increased to 1.5g, the efficiency reached 95%
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Fig. 6. The effects of N-TiO, dosage on the photoreduction of Cr(VI).
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Fig. 7. The effects of initial concentration of Cr(VI) on the photore-
duction of Cr(VI).

and entered a plateau. Therefore, 7.5 g/L is an economical opti-
mum dosage. The reason could be that the number of photo-gen-
erated electrons increased with the increase of N-TiO, dosage.
However, when the dosage exceeded a certain value, the catalyst
would aggregate together, thus hindering the utilization of light.

4. Fffects of Initial Concentration of Target Pollutant (in the
Present Case Cr(VI)) on the Reduction of Cr(VI)

Fig. 7 shows the effects of different initial concentration of target
pollutant (in the present case Cr(VI)) on the removal of aqueous
Cr(VI). 1.5g of N-TiO, was added into 200 mL of Cr(VI)-contain-
ing solutions (3 mg/L, 5 mg/L, 7 mg/L, 9 mg/L) as catalysts. Virgin
TiO, was also used for comparison. As depicted, lower initial con-
centration of Cr(VI) was favorable to the degradation process and
the removal efficiency using N-TiO, could reach 95.4% when the
initial concentration was 3 mg/L. Further, the removal efficiency
by N-TiO, was higher than that by TiO, both at 30 min and 120
min. The result suggests N-TiO, has better adsorption ability and
photoactivity than TiO,.
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Fig. 8. The effects of glucose addition on the photoreduction of
Cr(VI).
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Table 1. Effect of inorganic cations on the reduction of Cr(VI)

Time Mg Al Na* Control group
30 min 63.4% 61.6% 63.7% 63.6%
120 min 94.6% 92.4% 88.9% 85.6%

5. Effects of Glucose on the Reduction of Cr(VI)

To further understand the photocatalytic reduction process, we
chose one kind of hole scavenger (in this case glucose) to study its
effects on the reduction of Cr(VI). The results are shown in Fig. 8.
1.0g of N-TiO, and different amount of glucose were added into
200 mL of Cr(VI)-containing solutions (3 mg/L) as catalysts. The
experimental process was the same as mentioned in section 2.3.
As depicted, the removal efficiency of Cr(VI) by N-TiO, reached
the highest point (96.6%) when the mole ratio of glucose and Cr(V1)
was 1:1, while the efficiency for the comparison group without
glucose was only 83.7%. The result was due to the inhibitory effect
of glucose on the recombination of electrons and holes. In this
section, the photoreduction process was proved to exist and glu-
cose was confirmed as a good promoter for Cr(VI) removal. How-
ever, too much glucose would compete with the adsorptive sites
on the surface of N-TiO, with Cr(VI) and decrease the removal
efficiency.

6. Effects of Inorganic Cations on the Reduction of Cr(VI)

As there are usually some inorganic cations coexisting with Cr(V1)
in the wastewater, we chose three common metal ions with differ-
ent chemical valence to study the effects of inorganic cations on
the photoreduction of Cr(VI). The results are shown in Table 1.
1.0 g of N-TiO, and 0.2 mol of metal salts were added into 200 mL
of Cr(VI)-containing solutions (3 mg/L) as catalysts. A control group
without adding other cations is also presented for comparison. As
shown, the removal efficiency of Cr(VI) increased in all groups,
while there is some difference from group to group. The reason lies
in two aspects. For Mg™* and Al**, they both have strong ability of
attracting electrons and transferring these electrons to Cr(VI) owing
to the high charge states and small ionic radius. For Na’, as it can-
not play the same role, the possible reason may be related to Cl”
ions (it came from the added NaCl salt). It is suggested that CI”
could capture «OH groups created from the reaction of water and
photoinduced holes, thus promoting the photoreduction process
[21]. The results prove that the interference of some inorganic cat-
ions could enhance the photocatalytic activity of N-TiO,.

7. Kinetic Analysis

As the photoreduction process is reported to follow the pseudo-
first kinetic model [22], we plotted a graph of Ln(Cy/C,) versus
time in Fig. 9 to explore the kinetic mechanism. As shown, the
experimental data basically matches the first-order kinetic model
and the slopes of the lines equal the reaction rate constant. With
the increase of initial Cr(VI) concentration, the reaction rate con-
stant of N-TiO, groups varied from 0.0204 min™" to 0.0025 min™',
which were all larger than that of pure TiO, group (0.0010 min ").
It suggests that the photoactivity was improved by N doping,

In the whole photocatalytic process, there are two major sec-
tions influencing the reaction rate: the mass transfer process and
the catalytic reaction on the surface of catalyst [6]. If the diffusion
of reactants was the rate control step, the reaction rate would rise
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Fig. 9. First-order kinetic curves at different initial Cr(VI) concen-
tration.

with the increase of initial Cr(VI) concentration. On contrary, if the
catalytic reaction was the rate control step, the reaction rate would
drop with the increase of initial Cr(VI) concentration. Therefore,
we conclude that the photocatalytic reduction is the rate control
step.

8. Photoreduction Process Analysis

The UV-vis absorption spectrum of different systems is shown
in Fig, 10.

In Fig. 10(a), the absorbance of Cr(IIl) at the wavelength of 250-
600 nm was almost zero, while Cr(VI) solutions had two absorp-
tion peaks at 260 nm and 350 nm. The mixture of Cr(IIl) and Cr(VI)
had similar absorption peaks with Cr(VI) solutions.

In Fig. 10(b), Cr(VI) solutions of different concentrations had dif-
ferent absorbance at the same wavelength.

In Fig. 10(c), K,Cr,0; solutions and K,CrO, solutions had two
different absorption peaks at 250-600 nm. The absorption peaks of
the mixture solution were at 269 nm and 370 nm closer to the peaks
of K,CrO,.

In Fig. 10(d), the absorption peaks of the reaction system com-
posed of K,CrO, and catalysts were at 263 nm and 363 nm after
8.5 light irradiation. Then the peaks moved to 266 nm and 366
nm after 23 h reaction. The results suggest that Cr,0;~ was gradu-
ally transformed to CrO; during the reaction. The process is sug-
gested as the following:

Cr,0% +H,0—>2HCrO; )
Cr,02 +OH —HCrO; +CrOz @)
HCrO; +OH —CrO? +H,0 3)

H' ions were consumed in the photoreduction of Cr(VI). Thus,
pH increased and more Cr,O;™ transferred to CrO; . Since Cr,05
is more easily reduced than CrO;~ (the standard electrode poten-
tial of Cr,0; /Cr’* and CrO; /Cr™* is 1.33V and 0.13 V, respec-
tively), the pH value of the reaction system should be controlled in
the photoreduction process. The result is consistent with the con-
clusion found in our previous work [16].

9. Mechanism Analysis
1.0g of N-TiO, and virgin TiO, was, respectively, added into
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Fig. 10. UV-vis absorption spectrum of (a) Cr(VI) and Cr(III), (b) solutions of different Cr(VI) concentration, (c) solutions containing K,Cr,0O,

and K,CrO, and (d) reaction systems at different time.

Cr(VI)-containing solutions (3 mg/L) to study the photoreduction
mechanism. The experimental process was the same as mentioned
in section 2.3. For N-TiO,, after 120 min, the concentration of
total chromium and Cr(VI) was 0.82 mg/L and 0.42 mg/L, respec-
tively. It indicates that a certain amount of Cr(VI) was reduced to
Cr(III). As for virgin TiO,, the total chromium concentration was
the same as the remaining Cr(VI) concentration, which shows that
no Cr(VI) was reduced. The results suggest that N-doping enabled
TiO, to respond to the visible light.

The photocatalytic process of Cr(VI) using N-TiO, involved two
processes: adsorption and photocatalytic reduction. Cr(VI) was first
adsorbed onto the surface of N-TiO, and then reduced to Cr(III)
after getting the photo-generated electrons. Afterwards, residual
Cr(VI) ions in water moved onto the surface and the reduction
products Cr’* and O, left the surface of N-TiO,.

The reaction mechanism suggested was as the following:

N-TiO,+hv—e +h" 4
Cr(VI)—>Cr(VI) 4 )
Ti*+e >T" (6)
3T +Cr(VI) 3T +Cr* @)
Cr(VI)+3e ->Cr’* 4 8)
Cr —Cr )

H,0+h*—>H"++«OH (10)
2sOH—>H,0+1/2 0, (11)
CONCLUSIONS

N-TiO, with enhanced photoactivity was prepared via sol-gel
method. It was characterized by TEM, XRD, BET and UV-vis DRS
techniques. From TEM, N-TiO, has smaller grain size than virgin
TiO,. XRD proves the inhibitory effect of N-doping on the phase
transformation and grain growth of TiO,. In BET analysis, better
adsorption ability was obtained by N-doping. UV-vis DRS spec-
trum indicates N-doping successfully narrowed the band gap and
improved the absorption of visible light.

In the photocatalytic experiments, five factors were studied for
their effects on the removal efficiency of aqueous Cr(VI). The whole
reaction can be divided into adsorption and photoreduction. Light
irradiation is essential to the second process and only N-TiO, can
respond to visible light. The removal efficiency increased with the
increase of catalyst dosage or the decrease of initial Cr(VI) con-
centration. Further, adding an appropriate amount of glucose can
promote the photocatalytic process owing to its ability of captur-
ing excess photoinduced holes. Several inorganic ions like Mg™*,
AP* and CI” were also proved to be able to improve the quantum
efficiency. The photocatalytic reaction was confirmed as the rate

Korean J. Chem. Eng.(Vol. 34, No. 5)
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control step in kinetic analysis.
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