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Introduction

Photocatalysis has attracted worldwide research interest for
several decades because of its potential utilization of solar
energy. It has been demonstrated that TiO, is one of the
most significant inorganic photocatalytic materials [1, 2].
However, due to the large band gap of ~3.2 eV, TiO, can
only be activated in UV region [3]. To enhance its light-
absorbing properties and photocatalytic efficiency under
visible light, many attempts have been carried out, such as
selective ion doping [4-12], noble metal supporting
[13, 14], and composite-type semiconductor preparation
[15-18], etc. Among these attempts, TiO, materials modi-
fied with two types of non-metal ions have attracted great
attention over recent years, owing to their enhanced pho-
tocatalytic activity, for instance, F-I, C-N, N-F, N-P, and
B-N-codoped TiO, [19-24]. In addition, studies show that
TiO, with mixed phases could enhance photocatalytic
activity because of the more efficient electron-hole sepa-
ration on the “hot spots” at the rutile-anatase interfaces
[25, 26]. In contrast to the above-doped materials, the
doping I and N in TiO, lattice for substituting the similar-
radius Ti** and 027, respectively, has been much less
explored [27]. Up to now, only one literature about
N-I-TiO, has been found, which is synthesized by
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hydrolysis method, and N-I-TiO, exists only in anatase
phase [27]. In this work, using precipitation-grinding
method and controlling the calcined temperature at 350 °C,
we firstly synthesized a mixed-phase [-N-TiO, material. It
could be expected that I-N-codoped TiO, with mixed
phases may have a significant effect on further improving
the photocatalytic activity of TiO, and inducing a remark-
able visible-light activity.

Azithromycin, which played a major role in the clinical
therapy of the infection when the SARS crisis broke, is a
kind of macrolide antibiotics commonly used in clinic.
While the Azithromycin pharmaceutical wastewater is
considered as an important class of organic pollutants,
because of its potential hazardous effects on human being
and the aquatic ecosystem [28, 29]. Therefore, it is
imperative to develop effective methods for treatment of
APW. Recently, the application of TiO, in environmental
purification appears to be very attractive, due to the envi-
ronmentally friendly purification process. In this study, the
mixed-phase I-N-TiO, was applied to treat APW. The
result shows that the mixed-phase I-N-TiO, exhibits
superior photocatalysis activity of APW under visible light.

Experimental
Sample preparation

All chemicals (Sinopharm Chemical Reagent Co., Ltd) are
reagent grade and without further purification. The Azith-
romycin pharmaceutical wastewater solution was provided
by the Jiangxi Baishen Pharmaceutical Co., Ltd.

Ti (OC4Hy),4 (8 ml) was dripped into 50 ml aqueous of
HIO; (1.24 g) under vigorous stirring, which gave yellow-
colored precipitate. The resulted mixture was aged for
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4 days at room temperature (25 °C), and then dried at
80 °C. To prepare a homogeneous sample, the dried pre-
cipitate with 0.21 g urea was mixed by milling in an agate
mortar for 8 h with a rotating speed of 300 rpm. The final
mixed-phase I-N-TiO, was obtained by calcination at
350 °C for 3 h. For comparison, the I-doped TiO, or
N-doped TiO, was synthesized with the similar procedure
but without urea or HIO; doping.

Characterization

The X-ray diffraction patterns were collected on a Bede
XRD DI SYSTEM with Cu K, as the incident radiation.
The surface area, pore parameter, and average pore diam-
eter were analyzed by N, physisorption at 77 K on
Micromeritics ASAP 2020 system. Surface areas and pore
size distributions were determined using BET (P/P, =
0.05-0.30) and BJH methods, respectively, both through
Autosorb for Windows® software, version 3.03. Raman
spectra were measured with NXR FT-RAMAN (Thermo
Nicolet) Raman Spectrometer using a 1,064 nm laser at a
power of 20-50 mW under backscattering conditions. UV—
Vis reflectance spectra were obtained on the Shimadzu
2501PC UV-Vis spectrophotometer, using BaSO, as the
background. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a PHI Quantum 2000
XPS system with a monochromatic Al K, resource and a
charge neutralizer.

Photocatalytic reaction

Photochemical experiments were conducted in a jacketed
cylindrical glass reactor, the visible-light source was a
500 W halogen—tungsten lamp equipped with a 400-nm UV
cutoff filter to effectively remove the UV portion, which
was put 25 cm above the surface of the liquid in the reactor
(the light intensity in the visible-light region at the surface
of the liquid was about 32 mW/cmz, and the effect of the
UV portion of lamp light can be neglected). Oxygen was
bubbled into the solution during the entire experiment at
room temperature. Prior to illumination, the suspension was
stirred in darkness for 30 min to achieve the adsorption—
desorption equilibrium. For comparison, commercial P25
(Degussa P25, Degussa Chemical, Germany) was selected
as a reference sample. The photocatalytic activity was
identified by determining the Chemical Oxygen Demand
(COD) of the reaction liquid using potassium dichromate
method. COD removal rate (D %) was calculated by:

D (%) = [(COD, — CODy)/ CODy] x 100

where COD, and COD; are the COD of initial and residual
wastewater, respectively.
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Results and discussion
Structural characteristics of samples

The crystalline structure, crystal size, and BET surface
areas of all samples are listed in Table 1. It can be seen
that all the doped samples exhibited larger surface area
and smaller crystal size than the reference P25. The I-N-
TiO,, with the highest photoactivity (seen in the section
of photocatalytic activity under visible light), shows
modest surface area and crystal size, though both of them
change somewhat with the adding of dopant iodine or
nitrogen. XRD was used to determine the structures of the
catalysts. The patterns of all samples (Fig. 1) reveal that
the mono-doped samples display only anatase phase.
However, the codoped TiO, exhibits predominantly ana-
tase phase with a small amount of rutile phase (corre-
sponding to the peak at 20 = 27.5) [30, 31]. According to
Hurum et al. [26], the co-existence of rutile and anatase is
more important to the activity of the catalyst than the
only presence of anatase. The presence of small rutile
crystallites creates a structure, which results in rapid
electron transfer from rutile to lower energy anatase lat-
tice trapping sites under visible illumination, thus leading
to a more stable charge separation. It is noteworthy that
the anatase-to-rutile phase transformation temperature of
[-N-TiO, is only 350 °C, which is much lower than that
of pure TiO, (~700 °C). Due to the lattice distortion and
bond weakening resulted from the introduction of I and N
into TiO, lattice [32], the I-N codoping has an effect on
decreasing the activation energy for the rutile formation
[18], which facilitates the phase transformation.

Raman spectra analysis

The Raman spectra of all samples are shown in Fig. 2.
I-TiO, and N-TiO, exhibit Raman bands at ~ 149, 401,
518, and 640 cm™!, which are assigned to E,, B,
Ay + By, and E, modes in anatase phase [33]. For I-N-
TiO,, the peak at 448 cm ™' belongs to E, phonon mode of

Table 1 Physicochemical properties of the reference and prepared
samples

Samples Phase SBET Pore Pore Crystal
size volume size (nm)*
XRD (m*g)  (m) (ecm’g)  XRD
P25 A+R° 48 21 0.25 30
N-TiO, A 176 39 0.24 15.1
I-TiO, A 169 72 0.34 7.2
I-N-TiO, A +R 107 64 0.23 10.2

* Obtained using Scherrer equation

® A and R denote anatase and rutile, respectively
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Fig. 1 XRD patterns of N-TiO,, I-TiO,, and I-N-TiO,

T T T T
0 200 400 600 800 1000

Raman shift (cm'l)

Fig. 2 Raman spectra of N-TiO,, I-TiO, and I-N-TiO,

rutile-type [34], and the other peaks are attributed to ana-
tase phase. The results indicate that both anatase and rutile
phase appear in the codoped TiO,, which is in accordance
with the XRD results.

UV-Vis diffuse reflectance spectra

The UV-Vis diffuse reflectance spectra of all the samples
with different dopings are shown in Fig. 3. In comparison
with pure TiO, (E; = 3.2 eV, Amax <387 nm), photo-
absorption of TiO, doped with N, I, and N-I all exhibit red
shift (400 nm for N-TiO,, 470 nm for I-TiO,, and 570 nm
for N-I-TiO,), which is probably due to the formation of
impurity energy level within the band gap [35]. Further
inspection of the three doped TiO, reveals that the I-N-
TiO, shows the strongest visible-light absorption and

Absorbance/ (aw.)

Fig. 3 UV-Visible spectra of N-TiO,, I-TiO,, and I-N-TiO,

narrowest band gap (2.16 eV) than the other two. This
suggests that I-N codoping resulted in a synergistic effect,
which could significantly improve the visible-light
absorption and reduce the band gap of TiO,.

XPS analysis

XPS analyses were carried out to evaluate the electronic
environment and valence state of the doped ions in TiO,.
The XPS spectrum of I3;5 region presents three peaks at
binding energies of 618.5, 624, and 629.2 eV (Fig. 4a).
The peak corresponding to 629.2 eV is assigned to I°" that
substitutes Ti*" in TiO, lattice, owing to their similar ionic
radius [6]. The other two appeared at 618.5 and 624 eV
should be attributed to I~ and I7+, respectively, due to the
disproportionation of iodate ion. Figure 4b shows a major
peak at 399.8 eV, which is typical for the surface adsorbed
N-containing compounds (e.g. NH, and NO, adsorbed on
the surface) [19, 31, 36]. The peak at 397.05 eV is assigned
to nitrogen in the TiO, lattice as O-Ti—N, which is similar
to previous studies [37]. Therefore, it is reasonable to be
thought that both I and N have been doped into the bulk of
TiO,.

As shown in Fig. 5, the O, peak of various samples has
a similar binding energy. The main peak is at 529.7 eV and
the shoulder peak at 531.7 eV, which could be attributed to
the lattice oxygen and surface hydroxyl [32], respectively.
It is interesting to note that the total amount of surface
hydroxyl oxygen of codoped TiO, is larger than that of
those mono-doped TiO, (Fig. 5d). The surface hydroxyl
groups can not only act as the active adsorption sites for the
molecular oxygen and organic compound, but also block
the recombination of electron-hole pairs and capture
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photogenerated holes to produce hydroxyl radical ("OH). As
it is known, hydroxyl radical is recognized as an important
factor affecting the photocatalytic activity and correlated
well with the photocatalytic activity of catalyst [38]. It is
important for both the photocatalytic oxidation activity and
to mineralize organic pollutants [2, 39, 40]. Additionally, a
small amount of C element was also detected in the sample of
I-N-TiO, (283.3, 284.5, and 287.1 eV, Fig. S1), which was

@ Springer

ascribed to the adventitious hydrocarbon from the XPS
instrument itself, the residual carbon from precursor solution
and adventitious element carbon [6].

Photocatalytic activity under visible light

As illustrated in Fig. 6, after a 12-h reaction under visible
light, the commercial P25 was nearly inactive for the
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Fig. 6 Effect of type of samples on APW degradation percentage
after a 12-h reaction

photodegradation of APW, and I-N-TiO, demonstrated the
best photocatalytic activity (57% degradation of APW) as
compared with I-TiO, (35%) and N-TiO, (8%). Based on
the above characterization results and discussions, we
proposed that its superior activity could be ascribed to the
mixed-phase structure, the synergetic actions of the iodine
and nitrogen, and the relatively more surface hydroxyl
groups. According to our knowledge, this is the first
time that the non-metal-doped TiO, materials have been
applied in the photocatalytic treatment of Pharmaceutical
wastewater.

Conclusions

In summary, a new I-N-TiO, with mixed phases was
obtained by precipitation-grinding method. As compared
with N-TiO, or I-TiO, catalysts, the mixed-phase I-N-
TiO, exhibits a higher photocatalytic activity under visible
irradiation during the photocatalytic treatment of APW.
The higher activity of the codoped TiO, may be ascribed to
the mixed-phase structure, the synergetic interactions of the
iodine and nitrogen, and the relatively more surface
hydroxyl groups. Further studies will be focused on the
optimization of the preparation conditions of photocata-
lysts and the photocatalytic treatment conditions.
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