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A B S T R A C T

In this work, series of cerium zirconium oxide (CexZryO2) nanocomposites were successfully synthesized through
a facile hydrothermal method, and their photocatalytic sulfonamide performances were investigated. Scanning
electron microscopy and transmission electron microscopy measurements demonstrated that the size of the
CexZryO2 nanocomposites increased with the increasing Zr content. The Ce element in the CexZryO2 nano-
composites existed mainly in the forms of Ce3+ and Ce4+, and the Zr element in the form of Zr4+. Additionally,
UV–vis diffuse reflectance spectroscopy, transient photocurrent, electrochemical impedance spectroscopy and
electron spin resonance measurements showed that among the series, the Ce0.9Zr0.1O2 sample exhibited the
smallest band gap, the largest photoelectric response and lowest impedance. Under the illumination of artificial
solar light, the Ce0.9Zr0.1O2 composite showed the best photocatalytic performance with a degradation efficiency
of 91.33% within 30min, which was largely ascribed to the efficient production of %O2

− and %OH radicals.

1. Introduction

As antibiotics are used enormously every year in the world, the
pollution of antibiotics in water has become a serious environmental
issue [1,2]. Among these, sulfonamides-based antibiotics are persistent
and complex in structure, which can hinder bacterial growth or even
kill bacteria [3]. Thus far, a variety of techniques have been developed
to degrade sulfonamides in water, such as adsorption, advanced oxi-
dation, biodegradation, and photocatalytic degradation [1,4,5]. Of
these, photocatalytic degradation is generally considered to be the most
effective method for the removal of antibiotics [6]. With the rapid
progress of nanomaterials chemistry, nanoscale photocatalysts have
been attracting extensive attention for their low cost and high stability
[7–12].

Traditional wastewater treatment has a low removal rate of sulfo-
namides. Therefore, there is an urgent need to develop more effective
technologies to eliminate sulfonamides and other antibiotics [13]. Ad-
vanced oxidation process (AOP) is a promising strategy, which can also
be used as an alternative strategy for industrial wastewater treatment.
Among the various AOPs, heterogeneous photocatalysis driven by solar

energy has the advantages of high efficiency, low cost, and minimal
environmental impacts, and thus is a viable method to remove anti-
biotics [14–16]. In fact, photocatalysis has been widely used to convert
a wide range of refractory antibiotics to readily biodegradable com-
pounds, and eventually mineralize them to innocuous carbon dioxide
and water [17–20]. For instance, Kim et al [21] investigated the de-
gradation pathway of sulfa antibiotics in dielectric barrier discharge
plasma systems. Song et al [22] studied the degradation of sulfona-
mides by graphitic carbon nitride (g-C3N4) under visible light photo-
irradiation. Di et al [23] evaluated the visible-light degradation of
sulfonamides by Z-schemed ZnO/g-C3N4 heterojunctions with amor-
phous Fe2O3 as an electron mediator. Latha et al. observed enhanced
visible light photocatalytic activity of CeO2/alumina nanocomposites
by facile mixing-calcination method for dye degradation [24]. Hao
et al. observed enhanced photocatalytic degradation with a multilayer
open structure of dendritic crosslinked CeO2-ZrO2 composites [25]. In
fact, a large number of nanostructured materials and nanocomposites
have been employed for the remediation of a range of sulfonamide
pollutants [26].

However, to the best of our knowledge, studies have been scarce of
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the photocatalytic application of cerium-zirconium oxide composites
(CexZryO2) towards the photodegradation of sulfonamides [6,27–29]. In
this work, CexZryO2 nanocomposites were synthesized at different Ce:Zr
molar ratios by a simple hydrothermal method and exhibited apparent
photocatalytic activity towards the degradation of sulfonamides

2. Experimental

2.1. Chemicals

All chemicals were purchased from Alfa Aesar and used as received
without any further purification.

2.2. Preparation of CexZryO2 nanocomposites

CexZryO2 nanocomposites were synthesized via a facile hydro-
thermal method at the Ce:Zr molar feed ratio of 9:1, 7:1, 5:1, 3:1, and
1:1. Experimentally, a calculated amount of cerium nitrate (Ce
(NO3)3·6H2O) and zirconium nitrate (Zr(NO3)4·5H2O) were mixed in a
200mL beaker, into which was then added 70mL of deionized water to
fully dissolve the reagents under magnetic stirring. The total amount of
Ce(NO3)3·6H2O and Zr(NO3)4·5H2O was kept at 5mmol among the
samples. 200mmol of urea was then added to each solution under
magnetic stirring for 1 h to facilitate the reaction. The resulting sus-
pension was then transferred to a 100mL Teflon-lined autoclave, which
was sealed and heated at 373 K for 10 h. After the autoclaves were
cooled down to room temperature, the resulting light yellow pre-
cipitates were collected and washed several times with distilled water
and absolute ethanol, and dried at 333 K for 4 h. The dried samples
were then calcined in a muffle furnace at 673 K for 5 h, affording the
CexZryO2 nanocomposites [30].

2.3. Characterizations

The morphology of the obtained samples was measured by scanning
electron microscopy (SEM, Hitachi S4800) and high-resolution trans-
mission electron microscopy (HRTEM, JEOL 2010 F), where the lattice
fringes and the corresponding selected-area electron diffraction (SAED)
patterns were obtained. Powder X-ray diffraction (XRD) patterns were
acquired with a Bruker D8 diffractometer with Cu Kα radiation (λ
=1.5418 Å). X-ray photoelectron spectroscopy (XPS) measurements
were performed with an ESCALAB 250 with Al Kα radiation. Binding
energies were calibrated against carbon (C 1s, 284.8 eV).
Semiquantitative analysis of atomic ratio was obtained by using the
integrated peak areas in energy dispersive X-ray spectroscopy (EDS)
measurements. Generation of superoxide and hydroxyl radicals was
analyzed under visible light irradiation via electron spin resonance
(ESR, ER200-SRC-10/12) measurements. Electrochemical impedance
spectra (EIS) and transient photocurrents were acquired with a
CHI760E electrochemical workstation. Specific surface areas of the
prepared samples were determined by a multipoint Brunauer-Emmett-
Teller (BET) analysis of the nitrogen adsorption and desorption iso-
therms at liquid nitrogen temperature recorded on an Autosorb-1 ap-
paratus. Prior to analysis, the samples were heated at 120 ºC in vacuum
for 6 h. Optical absorbance and UV–vis diffuse reflectance spectra
(DRS) were measured with a UV–vis Spectrophotometer (UV-2600,
Thermo, Japan). The average intensity of the light source was de-
termined by an optical power meter (PM100D, THORLARBS).
Fluorescence measurements were carried out with an Edinburgh
FLS900 instrument. Mass spectrometry measurements were performed
with a Thermo Scientific Q Exactive/Focus LC–MS/MS /Ultimate 3000
UPLC instrument.

2.4. Photocatalysis

Sulfonamide was used as an illustrating example to evaluate the

photocatalytic performance of CexZryO2 nanocomposites towards anti-
biotics. A customized artificial solar light photo-reactor equipped with a
300W xenon lamp (FX300, PerfectLight) was employed as the light
source. In a typical experiment, 5 mg of the CexZryO2 nanocomposites
prepared above was added into a quartz tube containing 50mL of a
sulfonamide (10mg L−1) solution [16], and stirred for 60min in the
dark to reach an adsorption-desorption equilibrium. The photocatalytic
activity of CeO2 and ZrO2 alone was studied as well. The xenon lamp
was switched on to initiate the photocatalytic reaction for 30min. At
regular time intervals, 1 mL aliquots were withdrawn and filtered by
high-speed centrifugation immediately to remove the CexZryO2 nano-
composites. The concentration of sulfonamide in the test samples was
analyzed using an UV–vis spectrophotometer by monitoring its max-
imum absorption at 257 nm [31]. The effect of initial pH (3, 6, 7 and
10) was studied and the pH was carefully adjusted with 0.1 M HCl and
0.2M NaOH. The formation of radicals in the photocatalytic process
was investigated using isopropanol (IPA), ethylenediamine tetraacetic
acid disodium salt (EDTA-2Na) and benzoquinone (BQ) as scavengers
(0.5 mM).

To quantify the apparent quantum efficiency (AQE) during the
sulfonamide photodegradation, several bandpass filters (fwhm
=15 nm) were used to produce incident light at different wavelengths
with a 300W xenon lamp (Fx300, Perfect Light). For full spectrum
measurements, the xenon lamp with a standard AM 1.5 g filter was used
as the radiation source, and the output optical density was 100MW
cm−2. In addition, the fluorescence intensity of %OH concentration
during photocatalytic degradation of sulfonamide was measured.
Intermediates were further analyzed using a Thermo Scientific Q
Exactive/Focus LC–MS/MS coupled to an Ultimate 3000 UPLC instru-
ment quadruple mass spectrometry, which was equipped with an
Electrospray ionization (ESI) source. Separation was carried out with a
100m ×2.1 mm Kinetex 2.6 μm C18 column. The flow rate was set at
0.2 mL min-1, injection volume 5mL, test temperature 30 °C, wave-
length 270/230/255 nm, solution A: 0.1% formic acid in ethanol, and
solution B: 0.1% formic acid in water. Gradient elution: initial 5% A,
15min, 50% B; 20min, 50% B; 20.1min, 50% B, 5.9min, 26 min back
to 5%, 2min to balance the column. Mass spectrometric (MS) mea-
surements were carried out in electrospray ionization (ESI) mode with
jet positive and negative ionization: atomizer gas 15 L min-1, sheath gas
40 L min-1, capillary voltage 3200 V at 300 °C, and S lens RF level 50 V
[16].

2.5. Density functional theory calculations

Density functional theory (DFT) calculations were performed by
using the Vienna Ab-initio Simulation Package (VASP) [32]. The
Perdew-Burke-Ernzerhof (PBE) functional [33,34] was employed to
describe the exchange and correlation effect. The cutoff energy was set
to 450 eV.

3. Results and discussion

3.1. Characterization and analysis

The morphology and size distribution of the CexZryO2 nanocompo-
sites were first examined by SEM measurements. From Fig. 1, it can be
seen that the change of the Ce:Zr molar ratio from 9:1 to 1:1 did not
lead to a significant morphological variation of the CexZryO2 nano-
composites, which all consisted of clusters of nanoparticles (Fig. 1a-e).
Yet, from Fig. 1f-j, the average size of the CexZryO2 nanoparticles can be
seen to increase with increasing Zr loading, from 80 nm at Ce:Zr= 9:1
to 140 nm at Ce:Zr= 1:1. In fact, the percentage of nanoparticles larger
than 100 nm increased from 20% at Ce:Zr= 9:1 to 90% at Ce:Zr= 1:1,
and clustering of nanoparticles became increasingly apparent [35].

Fig. 2 shows representative TEM and HRTEM images of the as-
prepared CexZryO2 nanocomposites at varied Ce:Zr molar ratios. It can
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be found that the morphologies and sizes of the CexZryO2 nano-
composites (Fig. 2a-e) were in good agreement with those from SEM
characterizations (Fig. 1). The internal void space in the CexZryO2

nanocomposites indicated large specific surface areas, which might be
beneficial to increase accessibility of the CexZryO2 nanocomposites to
sulfonamide molecules and facilitate their photocatalytic degradation

Fig. 1. (a–e) SEM images and (f–j) the corresponding size histograms of CexZryO2 nanocomposites prepared at different Ce/Zr molar ratios: (a) 9:1, (b) 7:1, (c) 5:1,
(d) 3:1 and (e) 1:1. The scale bars in (a–e) are all 500 nm.
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Fig. 2. (a–e) TEM images and (f–j) HRETM images and (k–o) EDS scans of CexZryO2 nanocomposites with the Ce:Zr molar ratios varied from 9:1 to 1:1. The
corresponding SAED patterns are depicted in the insets to the respective HRETM images in (f–j).
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in solution. In Fig. 2f-j, one can see that all CexZryO2 samples exhibit
clearly defined (110) and (111) crystalline facets with interplanar
spacings of 0.19 nm and 0.31 nm, respectively. Furthermore, EDS
measurements in Fig. 2k-o show that the elemental percentage of Zr
increased from 10% to 50% while the elemental percentage of Ce de-
creased from 90% to 50%.

The phase structures of the CexZryO2 nanocomposites were then
characterized by XRD measurements. Fig. 3a depicts the XRD patterns
of CeO2, ZrO2, and CexZryO2 prepared at different Ce:Zr molar ratios. A
series of well-defined diffraction peaks can be identified at 28.6°, 33.2°,
47.6°, and 56.4°, corresponding to the (111), (200), (220), and (311)
diffractions of CeO2, consistent with a typical cubic fluorite structure
(JCPDS card no. 34-0394) [35,36]. From Fig. 3a, it can be seen that
there is no obvious ZrOx diffraction peak, which might be due to the
low crystallinity of ZrOx [31,35]. At increasing Zr loading, one can
observe that the (111) peak became gradually broadened and the full
width at half-maximum increased from 0.950 at Ce:Zr= 9:1 to 1.013 at
Ce:Zr= 1:1. The incorporation of ZrO2 into CeO2 lattices and the for-
mation of a solid solution led to shrinkage of the lattices due to the
replacement of cerium with smaller zirconium [31,37].

Further investigations of the CexZryO2 nanocomposites were con-
ducted by XPS analysis. Fig. 3b shows the XPS spectra of the series.
From Fig. 3c, the s0, s, s’, s”, and s’’’ peaks were attributed to the Ce 3d5/
2 electrons, and u0, u, u’, u”, and u’’’ to the Ce 3d3/2 electrons. Of these,
the s, s’’, s’’’, u, u’’, and u’’’ peaks were due to Ce4+, and the s0, s’, u0,
and u’ ones to Ce3+ [38–40]. Based on the integrated peak areas, it can
be found that Ce3+ and Ce4+ accounted for 4/7 and 3/7 of the total Ce
concentration, respectively. The Zr 3d5/2 and Zr 3d3/2 electrons can be
identified at 184.8 eV and 182.2 eV (Fig. 3d), indicating that zirconium
was mostly in the Zr4+ valence state [41,42].

Transient photocurrent analysis was an effective method to evaluate
the separation efficiency of photogenerated electrons and holes. As
shown in Fig. 4a, rapid and stable photocurrent responses were pro-
duced for all samples under four intermittent on-off cycles of photo-
irradiation at λ>420 nm. Among the series, the Ce0.9Zr0.1O2 sample
exhibited the highest photocurrent, suggesting the best efficiency in the
separation of photogenerated electron-hole pairs under visible light
irradiation [43].

EIS is another effective method to examine the efficient separation
of photogenerated charges [23]. As can be seen from Fig. 4b, the
Ce0.9Zr0.1O2 sample showed the smallest diameter of the semicircle,
indicating that the charge-transfer resistance (Rct) was the lowest
among the series of catalysts. It can be seen from Fig. 4c that the in-
ternal resistance (Rs) of all catalysts was very close, wherein the
Ce0.9Zr0.1O2 sample showed a slightly smaller Rs than others [43]. This
suggests a somewhat enhanced efficiency in the separation of electrons
and holes, due to faster electron transition from the valence band to the
conduction band, in good agreement with the photocurrent results in
Fig. 4a.

To clarify the energy band structure and interfacial charge transfer,
UV–vis diffuse reflectance spectroscopic (DRS) analysis was conducted
and the results were presented in Fig. 4d. It can be seen that all catalysts
showed a rather well-defined photo absorption edge at approximately
550 nm for the Ce0.9Zr0.1O2 sample and between 350–400 nm for the
others. With the addition of a small amount of Zr, the absorbance of the
catalysts was significantly enhanced. However, as the Zr content con-
tinued to increase, the absorption edge of the catalyst blue-shifted. This
indicates that the addition of Zr played an important role in regulating
light absorption of the catalyst. In addition, from the Tauc plots in the
inset to Fig. 4d, the band gap energy of the catalysts can be estimated

Fig. 3. (a) XRD patterns of CeO2, ZrO2 and CexZryO2 nanocomposites. (b) XPS spectra of CexZryO2 nanocomposites, CeO2 and ZrO2. High-resolution XPS spectra of
the (c) Ce and (d) Zr region of the CexZryO2 nanocomposites.
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by extrapolating the tangent to the x-axis, which was 2.40 eV for CeO2,
2.27 eV for Ce:Zr= 9:1, 2.35 eV for Ce:Zr= 7:1, 2.42 eV for Ce:Zr=
5:1, 2.46 eV for Ce:Zr= 3:1, 2.54 eV for Ce:Zr= 1:1, and 2.69 eV for
ZrO2. That was, the Ce0.9Zr0.1O2 sample exhibited the lowest band gap
among the series [23,44]. A smaller band gap energy generally corre-
sponds to a more efficient electron transition from the valence band to
the conduction band. Consistent results were obtained from DFT cal-
culations, where the band gap energies were estimated to be 2.171 eV
for CeO2, 1.882 eV for Ce:Zr= 9:1, 2.068 eV for Ce:Zr= 7:1, 2.236 eV
for Ce:Zr= 5:1, 2.259 eV for Ce:Zr= 3:1, 2.461 eV for Ce:Zr= 1:1, and
4.619 eV for ZrO2. The Ce:Zr= 9:1 sample stood out with the lowest
band gap, consistent with the experimental results.

As is well known, free radicals such as %O2
− and %OH are the active

species responsible for the photocatalytic degradation of organic pol-
lutants in wastewater [23]. ESR measurements were then conducted to
analyze the generation of %O2

− and %OH radicals by the nanocomposite
catalysts. %O2

− reacts with water easily, but does not react with me-
thanol, and %O2

− has a longer half-life in methanol, so the signal of
%O2

− can be captured by DMOP in methanol. As %OH reacts readily with
alcohol, the signal of %OH can be captured in water. From Fig. 5, no ESR
signal was observed in the dark with the samples at Ce:Zr= 9:1, 7:1,
and 1:1. After visible light photoirradiation (λ > 400 nm), the signals
of DMPO-%O2

− and DMPO-%OH became well-defined in all three cata-
lysts, and were the strongest with the 9:1 sample. This suggests that the
Ce0.9Zr0.1O2 sample is the optimal catalyst for the photocatalytic de-
gradation of sulfonamides among the series [16,23,45].

3.2. Photocatalytic performance

The degradation efficiency of sulfonamides by CexZryO2 nano-
composites was evaluated by UV–vis diffuse reflectance spectroscopy.

The nanocomposites were dispersed in a sulfonamide solution. Before
photoirradiation, the dispersion was allowed for adsorption-desorption
equilibrium in the dark for 60min. Fig. 6a showed the variation of C/C0

with photoirradiation time for the CexZryO2 nanocomposite samples,
where C0 and C were the sulfonamide concentration before and after
photoirradiation, respectively [46]. It can be found that the Ce:Zr molar
ratio in the preparation of the nanocomposites played an important role
in controlling the photocatalytic performance. From Fig. 6a, one could
see that the photocatalytic performance of the CexZryO2 nanocompo-
sites decreased as the content of Zr increased.

It can be seen from Fig. 6a that in the absence of catalysts, there was
virtually no degradation of sulfonamide under visible light illumina-
tion. In fact, even after photoirradiation for 30min, the sulfonamide
concentration decreased by only 1.8%. In the presence of CexZryO2

nanocomposites, the photocatalytic degradation rates were markedly
enhanced, 84.38% for CeO2, 91.33% for Ce:Zr= 9:1, 86.93% for
Ce:Zr= 7:1, 69% for Ce:Zr= 5:1, 64.37% for Ce:Zr= 3:1, 62.84% for
Ce:Zr= 1:1, and 51.17% for ZrO2. Obviously, the Ce0.9Zr0.1O2 sample
exhibited the best photocatalytic performance within the present ex-
perimental context [47]. This coincides with the largest specific surface
area determined by nitrogen adsorption/desorption analysis (Fig. S1).

Fig. 6b depicts the photocatalytic degradation of sulfonamide at
different pH, where the degradation rate can be seen to reach the
maximum at neural pH condition. In the acidic solution, protons con-
sumed %O2

−, thereby reducing the degradation of sulfonamide. In al-
kaline solutions (pH=10), electrostatic repulsion between the nega-
tively charged sulfonamide and negatively charged surface of CexZryO2

hindered their contact, leading to a drop in the photodegradation rate
[23].

The loading of the nanocomposites was also found to impact the
degradation rate of sulfonamide. At the sulfonamide concentration of

Fig. 4. (a) Photocurrent response of the CexZryO2 nanocomposites, CeO2 and ZrO2 under visible light irradiation (λ > 420 nm). (b) and (c) Nyquist plots of the
various CexZryO2 nanocomposites, CeO2 and ZrO2. (d) UV–vis diffuse reflectance spectra and (αhν)2 versus hν curves for the various CexZryO2 nanocomposites, CeO2

and ZrO2.
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0.01 g L−1, four sets of experiments were conducted for comparison.
Fig. 6c shows the degradation of sulfonamide during 30min of photo
illumination in the presence of the Ce0.9Zr0.1O2 sample at different
loadings. It can be seen that as the amount of the added catalyst in-
creased, the degradation of sulfonamide was initially improved, but
diminished with a further increase of the catalyst loading, with the
optimal loading of 0.1 g L−1. This was likely due to reduced light
permeation by the excessive amount of the catalyst [16].

In order to study the role of free radicals in photocatalytic process,
isopropanol (IPA), ethylenediamine tetraacetic acid disodium salt
(EDTA-2Na) and benzoquinone (BQ) were added to the solution as they
are well-known scavengers for %OH, h+, and %O2

−. From Fig. 7a, it can
be seen that after 30min of visible light irradiation, the addition of IPA
and BQ significantly inhibited sulfonamide degradation, while no ap-
parent impact was observed with EDTA-2Na. This indicates that under
visible light irradiation, Ce0.9Zr0.1O2 primarily produced %OH, h+, and
%O2

− free radicals for the photocatalytic degradation of sulfonamide,
while h+ played a minor role. Among them, %OH was the most im-
portant active substance involved in the reaction [16].

The corresponding apparent quantum efficiency (AQE) at various
wavelengths was shown in Fig. 7b, which decreased with increasing
incident light wavelength, and exhibited a variation trend consistent
with the optical absorption profile. This suggests that the degradation
of sulfonamide was indeed driven by light-induced carriers [48–50].
This can also be manifested in the action spectrum of the photocatalytic

test in the upper right inset to Fig. 7b.
In order to study the stability of the CexZryO2 samples, the

Ce0.9Zr0.1O2 nanocomposite was examined by XRD measurements be-
fore and after the photocatalytic tests. From Fig. 7c, one can see that the
diffraction patterns remained well-defined and virtually unchanged,
indicating high structural integrity of the sample [51]. The nano-
composite stability was further tested by comparing the photocatalytic
performance after repeated uses. From Fig. 7d, the Ce0.9Zr0.1O2 sample
can be seen to exhibit only less than 5% change of the activity after 5
repeated uses. Taken together, these results showed high structural
stability of the CexZryO2 nanocomposite in the photocatalytic de-
gradation of sulfonamide [50].

Fig. 5. (a) ESR spectra of DMPO-%O2
− and (b) DMPO-%OH adducted over the

various CexZryO2 nanocomposites after visible light irradiation for 5min. The
insets are a comparison of DMPO-%O2

− and DMPO-%OH from each catalyst
under light and dark conditions.

Fig. 6. (a) Photocatalytic degradation of sulfonamide by CeO2, ZrO2 and
CexZryO2 nanocomposites. (b) Photocatalytic degradation of sulfonamide at
pH=3, 6, 7, and 10. Catalyst concentration 0.1 g L−1, and sulfonamide con-
centration 0.01 g L−1. (c) Degradation of sulfonamide under visible light at
different catalyst loadings at pH=6.5. Sulfonamide concentration 0.01 g L−1.
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The impacts of %OH radicals on the photodegradation efficiency are
further examined by fluorescence measurements (at 315 nm excitation).
Fig. 8 depicts the corresponding emission spectra in the (a) presence
and (b) absence of the Ce0.9Zr0.1O2 nanocomposite under UV photo-
irradiation, in comparison to those acquired in the dark but in the
presence of the catalyst (Fig. 8c). Samples were taken every 5min for
fluorescence analysis. From Fig. 8a, an emission peak can be seen to
emerge at 425 nm and the intensity increases markedly with prolonging
irradiation time, which indicates that the formation of %OH radicals was
favored under photoirradiation. For comparison, the fluorescence
emission intensity was markedly reduced without the nanocomposite
(Fig. 8b), and no obvious fluorescence emission was seen in the dark
even in the presence of the catalyst (Fig. 8c). This indicates that the
production of %OH radicals can be significantly enhanced upon the
addition of the Ce0.9Zr0.1O2 nanocomposite. In fact, as illustrated in
Fig. 8d, the concentration of %OH radicals produced increased linearly
with the reaction time [51].

3.3. Degradation pathway

Mass spectrometric measurements were then carried out to evaluate
the reaction intermediates and pathway of sulfonamide photo-
degradation. A series of peaks were detected within the m/z range of
210 to 110. The peak at m/z 174.02 (C1, MW 174.02, Fig. S2) can be
ascribed to protonated sulfonamide (MW 173.04, Fig. S3), or to the
substitution of the amino group (-NH2) by hydroxyl (-OH) as a result of
the ·OH attack (C2, MW 174.02, Fig. S4). The peak at m/z 110.06 is
likely due to -OH attack of the CeS bond to further hydroxylate the
reactant (C3, MW 110.06, Fig. S5). The -NH2 in the C3 and -OH in the

para position were further oxidized to form the nitro group (-NO2) (C4,
MW 138.02, Fig. S6). The peak at 201.00 arose from oxidation of the
-NH2 group attached to the benzene ring in sulfonamide to form a nitro
group (-NO2) (C5, MW 201.00, Fig. S7), where the -OH group attacked
the SeN bond to form a sulfonic acid group (C6, MW 201.98, Fig. S8),
and the hydroxyl group (-OH) further replaced the sulfonic acid group
to form C4 (MW 138.02, Fig. S6). The peak at 189.03 was detected by
combining a hydroxyl group (-OH) above the benzene ring to form C7

(MW 189.03, Fig. S9), which was detected by both the positive and
negative modes of mass spectrometry. The C8 peak (MW 188.00, Fig.
S10) had a dominant response in positive-mode mass spectrometry, and
thus was most likely a sulfonic acid-based hydroxyl group forming an
intramolecular hydrogen bond. By contrast, the C9 peak (MW 190.02,
Fig. S11) had a dominant response in negative-mode mass spectro-
metry, most likely due to an amino-terminated hydroxyl group which
formed an intramolecular hydrogen bond. Finally, the benzene ring was
opened by radical attack, and all the organic intermediates were further
mineralized to CO2, H2O and mineral acids under visible photo-
irradiation. On the basis of the detected reaction intermediates, a de-
gradation pathway of sulfonamide was proposed in Fig. 9 which in-
volves four major steps: (1) hydroxylation; (2) breaking of SeN bond;
(3) breaking of CeN bond; (4) oxidation and mineralization of organic
intermediates [16,52–56].

3.4. Mechanism for sulfonamide photodegradtion

The results presented above show that CexZryO2 nanocomposites
possessed apparent photocatalytic activity in degrading sulfonamide
under visible light irradiation, because (i) the incorporation of Zr into

Fig. 7. (a) Comparison of photocatalytic degradation of sulfonamide in the absence and presence of various radical scavengers at pH=6.5 after visible light
photoirradiation for 30min. (b) Apparent quantum efficiency (AQE, left y axis) of sulfonamide photodegradation by Ce0.9Zr0.1O2 at different wavelengths, along with
the absorption spectrum (right y axis). The insets in the upper right corner is the action spectrum of the photocatalytic test, the insets in the lower left corner is a
three-dimensional model of molecular structure of Ce0.9Zr0.1O2. (c) XRD diffraction patterns of Ce0.9Zr0.1O2 before and after photocatalytic degradation of sulfo-
namide. (d) Repeated photocatalytic tests of Ce0.9Zr0.1O2.
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CeO2 led to narrowing of the metal oxide band gap which extended the
light absorption to the visible range, as manifested in UV–vis DRS
spectroscopic measurements; and (ii) the specific surface area of
CexZryO2 nanocomposites increased markedly (Fig. S1), as compared to

that of CeO2, which facilitated the access to adsorption sites as well as
catalytic sites during the photocatalytic reaction [16].

The possible mechanism of sulfonamide degradation by CexZryO2

nanocomposites was illustrated in Fig. 10. Under visible light

Fig. 8. Fluorescence emission spectra of sulfonamide degradation in the (a) presence and (b) absence of Ce0.9Zr0.1O2 under 315 nm excitation. Catalyst concentration
0.1 g L−1 and solution pH 6. (b) Fluorescence emission spectra acquired in the presence of Ce0.9Zr0.1O2 but acquired in the dark. (d) Variation of fluorescence
intensity with light irradiation time in the presence of Ce0.9Zr0.1O2. Symbols are data obtained from panel (a) and line is linear regression.

Fig. 9. Proposed reaction pathway for photocatalytic degradation of sulfonamide by CexZryO2 nanocomposites.
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photoirradiation, CexZryO2 absorbs photons generating electron-hole
pairs. The photogenerated electrons are then scavenged by dissolved
oxygen (O2) in water, resulting in effective electron-hole separation and
production of %O2

− radicals. These %O2
− radicals can be converted to

HOO%, and combine with trapped electrons to generate H2O2, leading to
the generation of %OH radicals. Concurrently, the holes left on the va-
lence band of the CexZryO2 nanocomposites react with water and/or
surface hydroxyl (–OH) to form hydroxyl radicals (%OH). These radicals
attack sulfonamide in the close vicinity, resulting in the degradation
and mineralization of sulfonamide [16,23,45,57–60].

4. Conclusion

A serious of CexZryO2 nanocomposites were successfully synthesized
through a convenient hydrothermal method with the Ce:Zr molar feed
ratio varied from 9:1 to 1:1. Whereas the morphological characteristics
of the resulting nanocomposites did not vary significantly, the
Ce0.9Zr0.1O2 sample was found to exhibit the largest specific surface
area, smallest bandgap, highest photocurrents, and lowest impedance
among the series. The photocatalytic activity towards the photo-
degradation of sulfonamide was then evaluated and compared, and the
Ce0.9Zr0.1O2 sample was found to demonstrate the best performance
with a degradation rate of 91.33% for sulfonamide under visible light
illumination for 30min, where photogenerated %OH radicals were
found to play a dominant role. On the basis of the result obtained from
mass spectrometric measurements of the reaction intermediates, a re-
action pathway and mechanism were proposed to account for sulfo-
namide degradation. In all, the results from this study suggest that
CexZryO2 nanocomposites can be exploited as effective catalysts for the
photodegradation of sulfonamide antibiotics.
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