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Abstract

The composite material based on N-, S-, and Fe-doped TiO, (NSFe-TiO,) synthesized by wet impregnation was used as a
photocatalyst to rapidly degrade sulfadiazine. The photocatalytic degradation behavior and mechanism of sulfadiazine on
NSFe-TiO, were investigated for revealing the role of degradation under ultraviolet light. The results showed that compared
with TiO,, NSFe-TiO, markedly improved the efficiency in photocatalytic degradation of sulfadiazine: more than 90% of
sulfadiazine could be removed within 120 min by NSFe-TiO, dosage of 20 mg L~!. The process conformed to first-order
reaction kinetics model. The parameters such as loaded amount of NSFe-TiO,, solution pH value, humic acid concentration
and recycle numbers on removal efficiency were also studied. Compared to neutral and alkaline conditions, acidic condition
was not conducive to the photocatalysis. HA, Ca?*, Cu?* and Zn?" in the actual water body had mild inhibition on sulfadia-
zine degradation in UV/NSFe-TiO, system. Fragments screened by high-resolution mass spectrometry were conducted to
explore the oxidation mechanism and pathways of sulfadiazine degradation. On the whole, UV/NSFe-TiO, photocatalysis
has a good effect on sulfadiazine removal.
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Introduction no comprehensive picture of antimicrobial use in this out-

break, and it is hardly to quantify the level of contamina-

Nowadays, many scientists focus their attention on solv-
ing the environment problems using green technologies,
materials, methods of water treatment. In recent years, high
attention has been paid to the problem of new pollutants in
aquatic environment, such as persistent organic pollutants
(POPs), endocrine disruption chemicals (EDCs) and antibi-
otics class (Knidri et al. 2018; Sarode et al. 2019; Kumara
et al. 2022; Metcalfe et al. 2022), which has become highly
relevant.

In the past two years, the use of antibiotics worldwide
has increased rapidly due to the COVID-19 outbreak (Guan
et al. 2020; Chen et al. 2021). However, at present, there is
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tion in the entire environment. Even so, the environmental
pollution caused by antibiotics has attracted people's atten-
tion. Antibiotics may cause some adverse effects to aquatic
microorganisms or even to human’s health and one of their
most important effects is that they promote the increase in
important resistant genes and bacteria (Michael et al. 2013).

Sulfonamides exhibit high solubility, long persistence and
high mobility in water (Yadav et al. 2018) leading to high
residual concentrations in water environment, for example,
wastewater after processing, source water, river water and
ground water (Xu et al. 2007; Chang et al. 2010; Chen and
Zhou 2014; Garcia-Galan et al. 2010; Zhang et al. 2015),
which could threaten the ecosystem and human health
(Baran et al. 2011). It should be noted sulfadiazine is par-
tially removed in wastewater treatment plant (Yadav et al.
2018) and the effluent from the secondary sedimentation
tank often contains a large number of sulfonamides and
other drugs (Pan et al. 2014). For the sake of effectively
eliminating the sulfonamides in water, different treatments
available have been researched and applied, such as adsorp-
tion (Li et al. 2019), membrane filtration (Shamsuddin et al.
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2015; Hollman et al. 2020) and biological treatment (Edefell
et al. 2021). Although various physicochemical and biologi-
cal technologies can be used to remove these refractory com-
pounds, most physicochemical methods merely transfer con-
taminants from the aqueous phase to the solid phase without
complete degradation or mineralization (Manjunath et al.
2017). Researchers have been looking for greener and more
efficient technologies. Photocatalysis is a high-efficiency,
low-cost and environment-friendly advanced technology,
which can realize the mineralization of antibiotics and form
small molecules with low toxicity (Tab et al. 2020; Wang
et al. 2020). Among many photocatalysts, TiO, is widely
used catalyst due to its high photostability, hypotoxicity and
low cost (Eleftheriadou et al. 2019). TiO, photocatalysis
using ultraviolet (UV) light has been widely studied and
shown to degrade sulfadiazine effectively (Cui et al. 2016).

Fe salt as a catalyst is known as an advanced, economical
and highly efficient way to treat organic pollutant (Shi et al.
2022; Maryam et al. 2022; He et al. 2022). The difficult
recovery of Fe salt from effluents limits its application in
water treatment (Leal et al. 2018). The immobilization of
iron on the supports could solve the problem (Bedia et al.
2017). Fe** self-loading technology as one of the means to
enhance the photocatalytic effect of TiO, has shown unique
charm (Baran et al. 2009b), which is achieved by improving
the separation of the TiO, electron hole, while the recovery
of Fe** and the photocatalyst severely restrict the develop-
ment of the technology (Baran et al. 2009a).

In addition, the loading of S and N forming Fe—S and
Fe—N species is believed to display such synergistic effect
in the improvement in catalytic activity. Researches show
that Fe and S complexes on the catalyst surface could facili-
tate the electron transfer oxidant and iron oxide at the pho-
tocatalysts interface (Cheng et al. 2016). The introduction
of N onto the surface of Fe/TiO, leads to the formation of
Fe—N, coordinated active sites. On the other hand, the S or
N dopants also form S-containing or N-containing groups
on the TiO, surface, which is favorable to the enhancement
of catalytic activity. Yao et al. reported the dopants of metal
and N generated new active sites on the carbon surface and
promoted the donor—acceptor properties, which led to the
improvement in the interfacial electron transfer (Yao et al.
2016). Yang et al. reported that the pyridinic N and pyrrolic
N could strengthen the dispersion between phenol and the
basal plane of activated carbon (Yang et al. 2014).

In this work, functional TiO, (NSFe-TiO,) was prepared
by an immersion method using ammonium ferrous sulfate
as precursor. NSFe-TiO, was characterized by scanning
electron microscope with electron dispersive spectros-
copy (SEM-EDS), X-ray diffraction patterns (XRD), X-ray
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photoelectron spectroscopy (XPS), FT-IR and UV-vis dif-
fuse reflectance spectra (UV—vis DRS). The photocatalytic
performance of NSFe-TiO, to sulfadiazine was investigated
under UV irradiation. The effectiveness of sulfadiazine
under different experimental variables, such as NSFe-TiO,
concentration, solution pH, humic acid (HA) and natural
inorganic materials, was also explored. The possible path-
ways of sulfadiazine photocatalysis by UV/ NSFe-TiO, were
proposed based on the sulfadiazine degradation intermedi-
ates identified by high-performance liquid chromatogra-
phy—time of flight mass spectrometry (HPLC-QTOF). Based
on these results, this study aims to evaluate the photocata-
lytic potential of NSFe-TiO, for sulfadiazine and provide a
scientific basis for the environmental application of water/
wastewater treatment.

Materials and methods
Materials

TiO, (anatase,>99.5%) and standard sulfadiazine were
obtained from Aladdin Chemistry Co. Ltd (China). Metha-
nol was purchased from Merck (Germany). Other chemi-
cals and reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd (China). All solutions were prepared in
deionized water (18.2 Q/cm) using a purification machine
(Millipore, Billerica, MA).

Preparation and characterization of catalysts

This synthesis method is based on Yang et al.’s study (Yang
et al. 2020). 1 L 0.2 mol/L of ammonium ferrous sulfate was
prepared with deionized water and used to synthesize Fe-, S-
and N-codoped TiO, (NSFe-TiO,). 2 g TiO, was immersed
with the above solution and dried at 150 °C, and these cata-
lysts were roasted in a tube furnace at 450 °C for 5 h. After
grinding, the catalytic material NSFe-TiO, was obtained.
Scanning electron microscope (SEM-EDS, FEI Quanta
FEG 250, USA) was used to observe the morphological
structure and dispersion of NSFe-TiO,. X-ray diffraction
patterns (XRD) were acquired with an X-ray diffractometer
with Cu-Ko radiation (4=0.154 nm) at 40 kV/30 mA and a
scan rate of 1°/sec and with 26 range from 5 to 70° (Bruker/
D8 ADVANCE). X-ray photoelectron spectroscopy (XPS,
Bruker S8 TIGER, Germany) was carried out in an ultrahigh
vacuum system. The zeta potential was measured at vari-
ous pH with a Zetasizer Nano ZS90 (Malvern Instrument,
UK). The optical properties of as-synthetized catalysts were
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probed by measuring their UV—vis DRS (Varian Cary 500
Scan S4800, USA).

Catalytic activity tests

Photocatalytic experiments were carried out in photo-
chemical reactor (BL-GHX-V, Shanghai BiLon Instru-
ment Co., Ltd., China). In a typical batch experiment,
the as-prepared NSFe-TiO, was added into 100 mL of
sulfadiazine solution containing (10 pg/L) and was stirred
for 30 min in the dark in order to reach adsorption equi-
librium on the catalysts’ surface. A magnetic stirring
apparatus was used to keep the reactor contents homog-
enously and the catalyst in suspension. The UV lamps (
A=365 nm) were used in all photocatalytic experiments,
and the UV intensity was measured to be 1.44 mW/cm™2.
After initiating the irradiance, aliquots were withdrawn
from the reactor, filtered on syringe nylon membrane fil-
ters (0.2 pm pore-size) and proceeded to analysis for the
determination of antibiotics concentration. Each experi-
ment was duplicated under identical conditions.

The sulfadiazine removal (Rgp) was calculated as
follows:

Co — Gy

Ry = % 100% 1)

Co

where ¢ is the initial concentration of sulfadiazine and ¢,
is the concentration of sulfadiazine at reaction time ¢ (min).
First-order kinetic model (Eq. 2) was as follows:

n = kit )

where k&, is the observed first-order rate constant (min™h),
t is the photocatalytic time (min), ¢, is the concentration
before photocatalysis (ug/L) and ¢, is the concentration at ¢
photocatalytic time (pg/L).

Analytical methods

Ultra-performance liquid chromatography (UPLC)-triple
quadrupole mass spectrometry (Waters Xevo TQs, USA)
with a chromatographic column (BEH C18, 1.7 pum,
2.1 x50 mm, Waters ACQUITY UPLC) was used to deter-
mine the concentration of sulfadiazine. Positive polarity
mode with electrospray ionization was used for sulfadiazine
determination. The column temperature was maintained at
30 °C. The mobile phase was a mixture of 2:8 deionized
water (0.5% formic acid) / acetonitrile (0.5% formic acid)
(v/v) with flow rate of 0.30 mL/min.

Sulfadiazine degradation product analysis was conducted
using UPLC/QTOF (Waters Xevo G2 QTOF, USA) with a
chromatographic column (BEH C18, 1.7 pm, 2.1 X 50 mm,
Waters ACQUITY UPLC). Accurate MSF mode was used
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Fig. 1 Characterization of NSFe-TiO, and TiO, (a and b: SEM of NSFe-TiO, and TiO,; ¢: EDS; d: XPS; e: XRD; f: FT-IR; g: DRS)
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to analyze sulfadiazine and the degradation products with a
scan range of 50-650 m/z.

Results and discussion
Catalyst characterization

SEM-EDS is the tool for the investigation of the surface
properties The SEM images and EDS patterns for the pure
TiO, and NSFe-TiO, samples are shown in Fig. 1a, b. We
can see from Fig. la b that TiO, and NSFe-TiO, were
roughly spherical and has a size range of 40 —50 nm. Com-
pared with the pure TiO,, the structure of NSFe-TiO, has
not changed, whereas it seemed doping had made the sample
compact or agglomerated. To evaluate the chemical compo-
sition of the NSFe-TiO, composite, element mapping was
performed by energy-dispersive spectroscopy (EDS) analy-
sis and the resultant mapping images are shown in Fig. 1c. A
uniform distribution of N, S, Ti, and O elements is observed
in the NSFe-TiO, composite. It should be noted that weak
scanning signals were observed for S and N elements due
to its low concentration in the NSFe-TiO, composite. EDS
analysis confirmed the presence of Fe, N and S in NSFe-TiO,
samples.

The XPS spectra for the pure TiO, and NSFe-TiO, sam-
ples are shown in Fig. 1d. For pure TiO,, the peak of binding
energy at about 528.5 eV and 457.4 eV was corresponding
to the Ols and Ti,p. For NSFe-TiO,, besides the peaks of
O;s and Ti,p, the peak of binding energy at about 710.6 eV,
398.8 eV and 169 eV was corresponding to the Fe,p, N;s
and S,p. The elements of samples were determined by XPS,
as shown in Table S1. The NSFe-TiO, had 3.62%, 1.67% and
2.63% of Fe, N and S species detected compared with TiO,,
indicating the above three species were introduced onto the
TiO, surface.

XRD is used to measure the catalyst phase structure. The
XRD patterns of composite are illustrated in Fig. le. As
seen from this figure, XRD analysis of the pure TiO, and
NSFe-TiO, samples showed that they had a well crystal-
lized monophase structure of anatase phase (Shymanovska
et al. 2022; Kanjana et al. 2021). Four peaks at 25.3°, 37.8,
48.0° and 55.0° were obtained for pure TiO, and NSFe-TiO,
corresponding to (101), (004), (200) and (211) plane dif-
fraction of anatase TiO, (JCPDS No. 21-1272) in the XRD
graph, respectively. The crystallite sizes of pure TiO, and
NSFe-TiO, were estimated by means of the Debye—Scher-
rer’s formula (Eq. 3):
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d =
Bcosf @)

where 4 is the X-ray wavelength corresponding to Cu-Ka
radiation (0.154 nm), @ is the diffraction angle and B is the
line broadening (in radians) at half of its maximum. Average
crystallite sizes of pure TiO, and NSFe-TiO, were 15.1 nm
and 52.6 nm.

Figure 1f displays the FTIR spectra of TiO, and
NSFe-TiO, in the 400 to 4000 cm™! region. Based on
the previous study (Naghibi et al 2013; Gharagozlou and
Naghibi 2015), the characteristic absorption band of TiO, at
400-600 cm™! is attributed to Ti—O bond. The traces of this
bond could be found in TiO, and NSFe-TiO,. The bending
vibration of the H—O—H molecule is represented by the small
peak at 1648 cm™! (Alkorbi et al. 2022). The presence of
hydroxyl group on the catalysts’ surface played a significant
role in improving the photocatalytic activity of the photo-
catalyst. Moreover, the peaks at about 2920 and 2850 cm™!
in the NSFe-TiO, FTIR spectra were attributed to sulfurous
functional groups (Yuan et al. 2018). The small band around
1017 cm™! is caused by stretching vibrations of the Ti-N-Ti
bond, which clearly demonstrates that nitrogen is substitu-
tionally doped into the TiO, lattice (Divya et al. 2022).

Finally, the optical properties of TiO, and NSFe-TiO,
were probed by measuring their UV-vis DRS, and the
results of this check are presented in Fig. 1g. In particu-
lar, when the N, S and Fe element was impregnated onto
the TiO, powder, the absorption peak of NSFe-TiO, was a
bathochromic shift (red shift). Notably, the edge absorbance
value of the bare TiO, powder was calculated to be 390 nm,
and that of NSFe-TiO, was calculated to be 442 nm. How-
ever, when the band gap energy was calculated from the
measured values through Kubelka—Munk theory, the band
gap energy of bare TiO, and NSFe-TiO, was calculated to
be 3.18 and 3.02 eV, respectively. It was also found that the
band gap energy of bare TiO, powder coincided with a com-
monly known value, and the band gap energy of NSFe-TiO,
was lower than that of bare TiO, powder. UV—vis DRS anal-
ysis displayed that N, S and Fe co-doping can reduce the
band gap of the involved catalysts, leading to improvement
in light absorption.

Catalytic activity
Comparison of different degradation techniques

The evolution of sulfadiazine removal over different deg-
radation techniques (UV/NSFe-TiO,, UV/H,0,, UV/TiO,,
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Fig. 2 Sulfadiazine removal by different removal technology. (a: SDM removal efficiencies using UV/NSFe-TiO,, UV/H,0,, UV/TiO,, UV pho-
tolysis, NSFe-TiO,, TiO, and H,0O, after 120 min treatment; b: first-order kinetic fitting using above technologies)

UV) is shown in Fig. 2. Considering the alone oxidation of
H,0, and the adsorption ability of TiO, and NSFe-TiO,,
the contribution of oxidation with H,0, (0.2 mg/L) alone
and pure adsorption with TiO, (20 mg/L) and NSFe-TiO,
(20 mg/L) to the removal of sulfadiazine was also evaluated.

As shown in Fig. 2, sulfadiazine can be significantly
removed by UV/NSFe-TiO, (20 mg/L) and UV/H,0,
(20 mg/L). The R, was about 20% by adsorption with TiO,
and oxidation with H,0O, alone, which was lower than that
of NSFe-TiO,. The R, was about 45% by adsorption with
NSFe-TiO, higher than adsorption with TiO, and oxidation
with H,O, alone, that of NSFe-TiO,, which indicated that
adsorption effect of NSFe-TiO, is better than TiO, and H,0,
alone had little effect on sulfadiazine oxidation. Experimen-
tal results showed that direct photolysis, UV/H,0, and UV/
TiO, system had an ideal effect on sulfadiazine degrada-
tion with removal efficiencies of nearly 80.4%, 86.9% and
81.7%, and first-order kinetics constants of 0.0125 min~’,
0.0146 min~! and 0.0140 min~". It was surprising that UV/

NSFe-TiO, showed the better processing capacity of sulfadi-
azine with the high removal efficiency of 93.2% and kinetics
constant of 0.0216 min~!, compared with UV/TiO, and UV
homogeneous advanced oxidation such as UV/H,0,. In sum-
mary, by comparing the removal efficiency and removal rate,
the comparative results of technological advantages are as
follows: UV/NSFe-TiO, > UV/H,0,>UV/TiO, > UV pho-
tolysis > NSFe-TiO, > TiO, > H,0,. Besides, the related
results comparison of various studies on sulfadiazine pho-
tocatalytic degradation using TiO, is shown in Table 1. It
can be seen that UV/NSFe-TiO, in this study has a good
effect and advantage on the removal of sulfadiazine with
low concentration.

Optimization of catalyst dosage

The degradation of sulfadiazine was slower by UV. After
adding NSFe-TiO,, the removal efficiency and rate were both

Table 1 Comparison of related studies on sulfadiazine photodegradation using TiO,

Systems Catalyst Initial con- UV-irradiation parameters Time (min) Removal (%) Reference
dosage centration
(g/L) (mg/L)
Bi,05-TiO,/ PAC 0.2 20 300 W Xenon lamp 30 72 Wang, et al 2020
TiO,/ZEO 1.0 10 20 W UV lamp (4,,,, =265 nm) 120 90 Liu, et al 2018
Degussa P25 TiO, 1.0 10 300 W Xenon lamp with the filters 60 29%, 52%, 99%, 94% Li, et al 2021
(A=475, 420, 365 and 254 nm)
C, N-TiO,@C 1.0 1.0-20 mg/L. 160 W high-pressure mercury lamp 140 99.25 Li, et al 2022
BC_TiO, MagEx 0.1 5 The lamp with 55 Wm™2 (290 240 76 Silva et al. (2021)
400 nm)
NSFe-TiO, 0.02 0.01 UV lamps ( A=365 nm) 120 93.2 This study
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Fig.4 (a) Effect of pH on sulfadiazine degradation in UV/NSFe-TiO, system. (b) Effect of HA on removal efficiencies (column) and first-order
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improved. With the increase in catalyst dosage from 5 to
20 mg/L, the degradation effect and degradation rate were
also increased. The removal of sulfadiazine onto NSFe-TiO,
was reached maximum of 93.2% with the NSFe-TiO, con-
centration of 20 mg/L. And then, the removal decreased with
NSFe-TiO, concentration increasing due to the increase in
turbidity in the reaction system which could cause scattering
and absorption of UV light and aggregation of the catalyst
particles (Koltsakidou et al. 2017).

The sulfadiazine removal by UV/NSFe-TiO, photocataly-
sis conformed to the first-order kinetics, which is shown in
Fig. 3b and Table S2. NSFe-TiO, photocatalysis followed
first-order reaction kinetics (R?>0.90). It was worth noting
that at catalyst dosages of 10-30 mg/L, the k; values were
high. At the dosage of 20 mg/L, the sulfadiazine removal
rate (0.0216 min~') was 1.6 times higher to UV system.

)
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Effect of pH

The solution pH played an important role in sulfadiazine
degradation in UV/NSFe-TiO, system, as illustrated in
Fig. 4a. Figure 4a clearly indicates that the studied system
possessed a different photocatalytic efficiency for sulfadia-
zine degradation within pH range of 4—10, and the sulfadia-
zine degradation was promoted along with the increase in
pH from 3 to 7 and then decreased slowly with the increase
in pH from 7 to 10. The removal efficiencies at acidic con-
ditions (pH 3-6) were lower than that at neutral or alkaline
conditions, which demonstrated that acidic condition inhib-
ited the photocatalytic reactions. The sulfadiazine removal
increased dramatically when the initial pH maintained unad-
justed (pH="7.44).
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Under acidic condition, the Fe and Ti were released,
which might lead to a reduction in photocatalysis. Moreo-
ver, research showed that-OH could be quenched quickly in
the presence of many H* ions in solution (Gao et al. 2021).
The pH of zero-point charge (pHp,-) of NSFe-TiO, was
about 7, as shown in Fig. S1. The pK,; and pK,, values of
sulfadiazine are 1.57 and 6.50, respectively. When the solu-
tion pH is 6.5-7, the surface of sulfadiazine is negatively
charged or exists as a neutral molecule, which could be eas-
ily to be adsorbed on surface of NSFe-TiO,, promoting the
degradation.

Effect of natural organic materials

Humic acid (HA) is one of the photoabsorbent substances
ubiquitous in natural water and plays an important role in
photochemistry. Therefore, the effect of HA on sulfadiazine
degradation in the study was investigated (Fig. 4b). When
the concentration of HA increased (0-20 mg-L™!), the
removal efficiency of sulfadiazine by UV/NSFe-TiO, pho-
tocatalysis was reduced by 12% and rate was decreased from
0.0216 to 0.0139 min~!. HA in water performed a certain
inhibitory effect on sulfadiazine degradation by UV/NSFe-
TiO, photocatalysis. This negative effect could be caused
by the following two factors: (i) HA could compete with
sulfadiazine for active radicals produced in UV/NSFe-TiO,
photocatalysis (Long et al. 2016); (ii) HA could block the

active sites of the catalyst NSFe-TiO, due to the strong n—n
stacking (Chen et al. 2018).

Effect of natural inorganic materials

Studies have suggested that metal ions and some inorganic
anions can affect the photolysis of the antibiotics (Mohler
et al. 2017; Efthimiadou et al. 2007). The effects of inorganic
anions were investigated, such as chloride, sulfate, bicarbo-
nate and metals with varying concentrations (Table S3 for
details).

To investigate the effect of metal ions on the photoly-
sis of sulfadiazine, Ca®*, Cu®** and Zn>* were chosen in
our research. For all investigated concentrations of Ca’,
Cu?* C and Zn?*, sulfadiazine removal was inhibited. As
shown in Fig. 5 (a, b, ¢), with the increase in Ca**, Cu** and
Zn* concentration, there was a concurrent decrease in the
sulfadiazine removal efficiencies and rate. When the con-
centrations were 100 mg/L, 150 mg/L, 200 mg/L of Ca?t,
0.5 mg/L,1.0 mg/L 1.5 mg/L of Cu?* and Zn>*, the removal
efficiencies decreased by about 5-7% of Ca**, 9-36% of
Cu* and 5-8% of Zn>* in 160 min reaction time compared
with no metal in pure. For the rate constants, they are also
lower than that of no metal in pure (Table S4 for details).

Chloride (CI7), sulfate (SO42_) and bicarbonate (HCO;™)
were considered with different concentrations based on the
amount in actual water (Fig. 5d, e, f). Sulfadiazine removal

s (©)
7 0mgL.  ® OmgL —w 100mg/L (b) D2 0mgl. = Omgl e 05mglL 5 P 5
100 S 100mg/L 150mg/L - m 200mg/L 1001 nz.gng/L Imgl v 15mg/L 1004 325&@ . ?:i;t . ?;:Zt
B 150mg/L 7 4 B 4
200mg/L N 4 -~
3 sof EEOEL N\ —_ 3 80 X 80 -
R N > X - < =
~ ¢§ ) N 3 0 = 39
= 60 N ~ — 604 -~ < 604 ~
N d « = > =)
z A O > 2 9 2 RS
e N ~ =) ~ ~
g 4 N = 40 = £ 40
N —_— £ —_— 5} =
I g§ ) 1 m 1 -
& 201 g gs & 20 204
\ A 0 0
0 ANE AR ANEIN o] ol
0 20 40 60 80 100 120 140 160 0
¢ (min)
d s (e) 5 ®
2 omg/L ® Omg/L = 50 mg/L 0 T O me/L 150 mg/L S _
( )100’ 50 mg/L 100mg/L @ 150 mg/ 100 ls"n‘%g/l. . 200 mg. . 250 ma/t, o = L aameL s
B3 100 me/L 4 200 mg/L. 100 ;;]:::g;ll: mg/L
P EHEE 150 mo/L 7 — EEEEE 250 mg/L. NN # 4
e 807 i 2 80 A _ D 250 maL. ;
= o ;e = AN~ = A =
= . s = BNt = v <
= 601 A S S 60 LN = = 6 N A =
83 S > NN 60 INSEIN
2 : Sz | | BOE N -
40 N = £ w0l 7 NN = 2 N -
g = 5" NALE ™ g =
] N 1 G NSEIN AN _—
N % INSEION < INSEION: 1
ik A % 7 | & A
N 0 N INSEION: IONSEION:
N N INSEION: INSEION
ol A oA ] O Y N 0
0 20 40 60 80 100 120 140 160 80 100 120 140 160 0’0 20 40 60 80
t (min i .
( ) ¢t (min) ¢ (min)
. : : : el " : oo COa2F e Cp2te e 72
Fig.5 Effect of inorganic materials on removal efficiencies and kinetic rate constants on degradation of sulfadiazine (a: Ca**; b: Cu**; ¢: Zn**;

d: Cl7; e: SO,27; f: HCO,.")

@ Springer



International Journal of Environmental Science and Technology (2023) 20:11865-11876

11872
(a)
100
80
X 60
: 60 —&— Pure water
§ —e— Surface water
g 40 —e— Treated water
)
=7 20
0

0 20 40 60 80 100 120 140 160 180
t (min)

(b)

Il Surface water
B2 Treated water

1.0 1

0.8

0.6

0.4 -

TOC / TOC,

0.2 A

0.0 -

180 240

0 40 80 120 300

t (min)

Fig.6 Photocatalytic degradation of sulfadiazine in real water. (Experimental conditions: ¢,=10 pg/L, NSFe-TiO,: 10 pmol/L)

slightly decreased from 97.2% to about 92% with the con-
centrations of CI~, SO,?~ and HCO,~ increasing. The pH
of zero-point charge (pHp,) of NSFe-TiO, was about 7, as
shown in Fig. S1. When the solution pH is <7, the surface
of NSFe-TiO, is positively charged. It could easily adsorb
inorganic anions, which might affect the size of catalyst and
change the reactivity of NSFe-TiO, suspension.

Photocatalytic oxidation in actual water

In order to evaluate the application effect of NSFe-TiO,
photocatalysis on the elimination of sulfadiazine in actual
water body, experiments were carried out with surface
water and treated water (drinking water produced by sur-
face water treatment) in Jinan of China. The photocatalytic

Pathway 3

Sulfadiazine m/z 251

E
Crir A

Fig.7 Proposed degradation
pathway of sulfadiazine

* @ Springer

degradation of sulfadiazine is shown in Fig. 6a. The appli-
cations of photocatalysis on elimination of sulfadiazine
in surface water and treated water led to lower removal
efficiencies, which were reduced by 14% in surface water
and 9.5% in treated water compared with achieved in pure
water. This decrease in the photodegradation efficiency
may be ascribed to the following two factors: (i) the pres-
ence of organic matter in surface water and treated water
could form complexes with sulfadiazine as well as com-
pete with sulfadiazine, resulting in an overall (Xiao et al.
2016; Candido et al. 2016) and (ii) the presence of inor-
ganic ions acted as scavengers of hydroxyl radicals (Evge-
nidou et al. 2021).

In order to assess the overall efficiency of the process,
the mineralization of the real water with 10 pg/L sulfadia-
zine was also investigated. The change of total organic
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carbon (TOC) concentration was used to reflect the degree
of mineralization, and the results are presented in Fig. 6b.
Obviously, the reduction in TOC was not more than 20%
within 80 min treatment and provoked a satisfactory reduc-
tion in the TOC (—80%) after 5 h treatment. Prolonged
treatment time could lead to complete mineralization of
sulfadiazine. Overall, the following conclusions could
be drawn that the photocatalytic process was effectively
applied for the elimination of sulfadiazine in actual water.

SDM degradation mechanisms

The samples collected in UV/NSFe-TiO, photocatalysis on
the elimination of sulfadiazine were analyzed by HPLC-
TOFMS. The fragmentation ions with intensity greater
than 1x 10* were selected for subsequent study. The pos-
sible sulfadiazine degradation pathways were deduced based
on mass-to-charge ratio (m/z) values of intermediate com-
pounds. The possible sulfadiazine degradation pathways are
depicted in Fig. 7.

In Pathway 1, the breakdown of S—N bond of sulfadia-
zine due to hydroxyl radical attack resulted in the for-
mation of P1 (m/z 177) and P2 (m/z 95), which was also
identified in Calza’s study (Calza et al. 2004). In Pathway
2, since the carbon—nitrogen bond was unstable and vul-
nerable to negative charges (Rong et al. 2014), the pyrimi-
dine ring broke to form PS5 (m/z 217). P5 was attacked
by hydroxyl radicals, cleaving the potential site of S-N
bond and forming P1. P4 (m/z 233) in Pathway 3 was a
product of dissociation of amine group from the benzene
ring. When hydroxyl radicals attack compound P4, it can
be cleaved into fragments P2 or P3. There were two pos-
sible reaction pathways and products P3 (m/z 158) and
P6 (m/z 109) for degradation of P1: (1) amino group on
the benzene ring was cleaved to form P3; the SO, on the
benzene ring was extruded by hydroxyl radicals attack in
the formation of hydroxylated P6. Moreover, P7 (Phenol,
m/z 94) was emerged due to the detachment of SO, from
P3 and NH, from P6. P8 (Aniline, m/z 93) was possible
products by dihydroxylation of P6.

Reusability and stability of NSFe-TiO2

The stability and reusability are key factors for long-run
applications of the NSFe-TiO,. The reusability was exam-
ined for five successive runs.

The NSFe-TiO, was recovered from the solution by fil-
tration after each experiment. Then, the NSFe-TiO, was
wash by pure water and dried in an oven at 120 °C, and the

photocatalytic degradation experiment was repeated. As
seen in Fig. S2, the decline in sulfadiazine removal was not
significant and the sulfadiazine removal reduced by 6.5,
8.2, 10.3, 12.1% for NSFe-TiO,, respectively. This veri-
fied the excellent stability of NSFe-TiO, heterostructures
throughout the photocatalytic process.

Conclusion

In summary, NSFe-TiO, were designed and synthesized
by an immersion method. Characterization results showed
that N, S and Fe species have been attached to the sur-
face of the catalysts. NSFe-TiO, has the great efficiency
on photodegradation of sulfadiazine. The photocatalytic
process of sulfadiazine fitted first-order reaction kinetics
model. Compared to neutral and weakly alkaline medium,
acidic condition was not conducive to the photocatalysis.
HA, Ca®*, Cu®* and Zn** in the actual water body per-
formed a certain inhibitory effect on sulfadiazine degra-
dation by UV/NSFe-TiO,. The sulfadiazine degradation
products were screened, and possible pathways of sulfadia-
zine degradation were proposed. The possible pathways
include bond cleavage, hydroxylation, as well as interac-
tion of the byproducts. In conclusion, UV/NSFe-TiO, pho-
tocatalysis is efficient in the removal of sulfadiazine and
other pollutants with similar structure.
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