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152.00 and 143.00 %, respectively. Noticeably, the ternary nanocomposites
© Springer Science+Business completely degraded the TH within 1.75 h under sunlight irradiation, which
Media New York 2016 paved a new way for its practical application. The matching of energy-band

structure between Ag,WO, and ZnO crystals induced an efficient photogener-
ated electron transfer from the conduction band of ZnO to the conduction band
of AgoWO,, leading to valid separation and transfer of photogenerated charge
carrier, and the subsequent promotion of photocatalytic activity. Furthermore,
the introduction of Fe;O, particle not only realized the recycling of catalyst but
also enhanced the utilization rate of visible light of Ag,WO,@ZnO@Fe;O,
ternary nanocomposites.

Introduction has been proved to be a highly effective and low-
consumptive solution to settle the issue of degrading
the TH in recent years [5, 6]. Hence, searching for an

Tetracycline hydrochloride (TH), as a highly effec-  efficient photocatalyst is of great significance.

tive, bioactive substance, is one of the most primary Silver tungstate (Ag,WO,) crystal, as a semicon-

antibiotic groups used for veterinary adhibition,  ductor photocatalyst, has been extensively studied

human therapy as well as agricultural application [1,  due to photocatalytic capability [7, 8] and high

2]. However, more than 70.00 % of TH is excreted quantum efficiency [9, 101, which is expected to be a

into the environment in active form after medication, valid photocatalyst for TH decomposition. However,

and the TH cannot be self-degraded completely in  Ag,WO, crystal still has comparatively low degra-
natural environment [3, 4]. Photocatalytic technology ~ dation efficiency, which could be mainly ascribed to

Address correspondence to E-mails: jkliu@ecust.edu.cn; yxh6110@yeah.net

DOI 10.1007 /s10853-016-0063-9 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-0063-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-0063-9&amp;domain=pdf

7794

two drawbacks: (1) the wide band gap of Ag,WO,
crystal, which leads to the limited light absorption
[11]; (2) the lower electron-hole separation, which
directly correlates to the lower energy conversion [12,
13]. In recent years, great efforts have been made to
quest an approach to overcome these defects, and lots
of new technologies have been developed such as
heterocoupling [14-19], band engineering [20, 21].
Forming heterostructure is considered to be one of
the most efficient ways to enhance the photocatalytic
activity.

ZnO crystal has attracted broad interests in scien-
tific and industrial community on account of the
merits of its high photoreactivity [22, 23], electrical
conductivity [24], and novel photosensitivity [25, 26].
More importantly, the valence band (VB) and con-
duction band (CB) of Ago,WO, crystal are located
lower than that of ZnO crystal, which are beneficial
for the separation of holes and electrons of Ag,WO,
and ZnO crystals [27-29]. Therefore, combining
Agr,WO, with ZnO crystals to form heterostructure is
regarded as an effective strategy for enhancing pho-
tocatalytic competence, while renewing nanoscale
catalyst is difficult [30-35] and magnetic fixation is a
good choice to recover catalyst. Therefore, Fe;O,
material, which has magnetism and strong absorp-
tion of visible light, is served as the curing agent of
catalysts [36-38].

In this paper, the magnetic Ag,WO,@ZnO@Fe;0,
ternary nanocomposites (simplified as AZF NCs)
with high photocatalytic activity were reported. The
matching of energy-band structure between Ag,WO,
and ZnO crystals induced an efficient separation and
transfer of photogenerated charge carrier, resulting in
the subsequent promotion of photocatalytic activity.
Compared with Ag,WO, and ZnO crystals, the
photocatalytic performance of AZF NCs was
increased to 152.00 and 143.00 %, respectively. Fur-
thermore, it took only 1.75 h for the ternary NCs to
accomplish the degradation under sunlight, which
paved a great path for its practical application.
Meanwhile, through compounding the magnetic
Fe;0, particle with AgoWO, and ZnO crystals, the
new ternary NCs could be easily recycled due to its
magnetic property. This present work offered a
composite photocatalyst for the degradation of
antibiotics, and a useful solution for catalyst recycle.
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Experimental sections
Synthesis of AZF catalyst
Synthesis of FezOy particle

0.65 g iron chloride hexahydrate and 0.40 g triso-
dium citrate were dissolved in 40.00 mL of ethylene
glycol with stirring for 1h. Subsequently, 2.40 g
sodium acetate was added with stirring for 30 min.
The mixture was then sealed in hydrothermal
equipment and heated at 200 °C for 12 h. Then, the
obtained product was washed with deionized water
and ethanol several times, respectively, and then
dried under vacuum at 60 °C.

Synthesis of ZnO@Fe;04 nanocrystals (NCs)

Polyethylene glycol-2000 (20.00 mL, 0.05 M) was
added to 0.14 g Fe;O, particle (dispersed under
sonication) with stirring (15 min). Afterward, 1.10 g
zinc acetate (dispersed in deionized water) was suc-
cessively added into the above solution with stirring
(30 min). 0.50 g PVP was added to above solution
with stirring (15 min) followed by dropwise addition
of urea (10.00 mL 1.00 M) with stirring for 1 h. The
mixture was transferred into a Teflon-lined autoclave
and heated at 180 °C for 12 h. The product was
allowed to cool to room temperature naturally, fil-
tered, washed several times with distilled water and
ethanol, dried at 120 °C for 6 h, and then calcined at
600 °C for 2 h in a muffle furnace.

Synthesis of AZF NCs

The deposition of Ago,WO, onto ZnO/Fe;O, surface
was carried out by the precipitation method. 0.05 g
ZnO/Fe;0, NCs was dispersed in 20.00 mL of
deionized water; then 44.00 mL Na,WO, 2H,0O
(0.05 M) was added, and the solution was sonicated
for 1 h. Subsequently, 44.00 mL AgNO; solution
(0.10 M) was dropped into this solution. The result-
ing product was transferred into a Teflon-lined
autoclave and heated at 140 °C for 2 h. The product
was allowed to cool to room temperature naturally,
filtered, washed several times with distilled water
and ethanol, and dried at 50 °C.
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Photodegradation of organic pollutants

The photocatalytic activity of AZF NCs, AgoWOy,
and ZnO crystals were evaluated in the degradation
of TH. ZnO crystal as a contrast was prepared via
combustion method. The photocatalyst (0.10 g) was
added into the 30.00 mL of TH solution (10.00 mg/
L), completely dispersed in a quartz tube. The system
was stirred in the dark to reach the adsorption—des-
orption equilibrium. And then they were all exposed
under Xenon lamp (simulated visible light) and
sunlight irradiation, respectively. The reactions were
implemented at a room temperature of 20 °C + 3 °C
under sunlight irradiation. With the reaction time
changing, the UV-Vis absorption spectra of products
were tested by a UV-2600 (Shimadzu) spectrometer at
room temperature. The degradation rate (%) was
calculated by following expression:

Degradation (%) = C/Co x 100 % (1)

where C, is the initial concentration of TH after the
adsorption—desorption equilibrium and C is the
concentration of TH at ¢ time. To prevent UV-Vis
absorbance of the powder in solution, catalysts were
separated from the solution by centrifugation for
recycling use.

Characterizations

The microstructure and morphology were analyzed by
transmission electron microscopy (TEM, Hitachi-800).
The crystal structure was characterized by X-ray
powder diffraction (XRD, Shimadzu XD-3A diffrac-
tometer). The actual quantity of element was deter-
mined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Varian, 710 ES). The magnetic
measurement was made at room temperature with a
Lakeshore 7404 vibrating sample magnetometer
(VSM). The ultraviolet visible (UV-Vis) absorption
properties of products (solid phase) were tested by
UV-Vis spectroscopy (Shimadzu, UV-2600). The
structure and thermal property were researched by
Fourier transform infrared spectroscopy (Shimadzu,
FI-IR Prestige-21). The specific surface area (BET) was
determined by isothermal nitrogen adsorption—des-
orption analysis (Micromeritics ASAP 2400). The
photoluminescence (PL) spectrum was investigated
using the Varian Eclipse spectrophotometer equipped
with Xenon lamp in which the excitation wavelength
was 310 nm at room temperature.
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Results and discussions
Morphologies and structures

The TEM images of AZF NCs and ZnO@Fe;O4 NCs
are shown in Fig. 1. The results showed that they are
sphere-like shaped with little aggregation. As can be
seen, the diameter of AZF NCs (about 100 nm) was
larger than that of ZnO@Fe;O, NCs (about 80 nm).
And obviously, the morphologies did not change
after loading Ago,WO, crystal on the surface of
ZnO@Fe;0, NCs, which indicated the new ternary
NCs were successfully prepared.

To investigate the actual element content in AZF
NCs, the ICP-AEC was determined. The theoretical
and actual contents of Ag, W, Fe, and Zn are shown
in Table 1. Remarkably, the actual content of four
elements approximated to the theoretical content.
The content of Ag, W, Zn, and Fe diminished grad-
ually, which matched the position of Ag,WQOy,, ZnO,
and Fe;Oy crystals in ternary AZF NCs.

FT-IR spectra elucidated the difference in chemical
structure among AZF NCs, ZnO@Fe;O4 NCs, Ag,
WO,, Fe;0,, and ZnO crystals (Fig. S1, Supporting
Information). The FT-IR spectra testified that the
structure of ZnO@Fe;0, NCs and AZF NCs did not
vary during the heterojunction process, which tallied
with the analysis of TEM.

All diffraction peaks were in close agreement with
the inorganic crystal structure of Ag,WO, (JCPDS,
No. 34-0061), ZnO (JCPDS, No. 36-1451), and Fe;O,
(JCPDS, No. 19-0629). The Fe;O4 crystal revealed
broad peaks, owning to the Fe;O, particle. The half
widths of peaks were relatively large, most likely due
to the small size of Fe;O, particle [36]. The corre-
sponded diffraction peaks of Ago,WO,, ZnO, and
Fe;0O, crystals were explored in both of AZF NCs and
ZnO@Fe;0, NCs. (The XRD patterns of AZF NCs,
ZnO@Fe;04 NCs, Ago,WO,, ZnO, and Fe;O, crystals
are shown in Fig. 52, Supporting Information.)

It was noted that along with the formation of AZF
NCs, the diffraction peaks of AgoWO, ZnO, and
Fe;O, crystals broadened and the crystallinity of
intermediate ZnO@Fe;0O4, NCs decreased. It is known
that the crystallinity will be debased in the process of
generating composite [35], which may lead to the
above results. In addition, the amorphous Ag,WO,
crystal coating on the surface of ZnO@Fe;O4 NCs led
to the crystallinity of AZF NCs further decrease.

@ Springer
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(b)

Figure 1 TEM images of products: a AZF NCs and b ZnO@Fe;0, NCs.

Table 1 The contents of elements in AZF NCs

Sample Ag w Fe Zn
Theoretical content (/wt%) 44.20 38.00 1.27 2.60
Actual content (/wt%) 46.00 36.00 0.84 2.70

Figure 2 displays the magnetic hysteresis loops of
AZF NCs and Ag,WO, crystal, and all were recorded
at 300 K. The hysteresis loop of AZF NCs was normal
S-shape, and the “thickness” of the loop reflected the
coercivity of AZF NCs. The magnetization saturation
(M) value of AZF NCs was 0.023 emu/mg. The
small M, could be attributed to the lower content of
Fe;O, crystal, which was only 0.84 % (shown in
Table 1) in AZF NCs. The inset shows the coercivity
(Ho) of AZF NCs which is about 20.00 Oe. The mag-
netization of Ag,WO, crystal showed in Fig. 2, con-
firms the absence of magnetic property of Ag,WO,
crystal. The resulting AZF NCs could be easily
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Figure 2 Magnetic hysteresis loops of AZF NCs and Ag,WO,
crystal. Inset expanding region at the field of —200 to 200 Oe.

@ Springer

recovered from a dispersed medium due to their
magnetic property which suggests a potential appli-
cation for separation.

Photocatalytic performance

The photocatalyses of AZF NCs, Ag,WQO,, and ZnO
crystals are shown in Fig. 3. As we all know, the
adsorption property of photocatalyst toward the
degradation contaminants is one of the crucial factors
to evaluate the photodegradation activity [3]. The
adsorption properties of AZF NCs, Ag,WO,, and
ZnO crystals are measured and presented in Fig. 3a.
The adsorption-desorption balance have been
achieved between catalyst and antibiotics within
15 min in darkness. Figure 3b shows the pho-
todegradation curves of TH by AZF NCs, Ago,WOy,,
and ZnO crystals under Xenon lamp irradiation. The
blank test proved that the TH was only slightly
degraded in the absence of catalysts, indicating that
the self-photolysis of TH can be ignored. The results
manifested that compared with pure Ag,WO, and
ZnO crystals, the photocatalytic activity of AZF NCs
increased to 152.00 and 143.00 % (calculated by
Eq. 1), respectively.

In order to verify the practical application of the
new NCs catalyst, the photodegradation of TH was
investigated under sunlight irradiation. As shown in
Fig. 3c, the AZF NCs also exhibited the strongest
photodegradation capability, which could complete
the degradation within just 1.75 h, while Ag,WO,
and ZnO crystals degraded less. From the above,
Fig. 3b, c demonstrates that combining Ag,WO, with
ZnO and Fe;04 crystals to form ternary nanostruc-
ture could remarkably enhance the degradation effi-
ciency. And the degradation rate of TH by AZF NCs
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under sunlight was much faster than Xenon lamp
irradiation. The results further demonstrated that
AZF NCs had the capability to meet the demand of
practical applications.

Fig. 3d shows that the reaction belonged to pseudo
first-order kinetics, called Langmuir-Hinshelwood
(L-H) [2]. The relevant equations are listed as
follows:

r = —dC/dt = kK,C/(1 + K,C) (2)

where r is the reaction rate, k. is the reaction rate
constant, K, is the adsorption coefficient, and C is the

Irradiation time (h)

reactant concentration. If the concentration of pollu-
tants is low, Eq. 3 can be obtained.

In(Co/C) = kt (3)

Cy is the initial dye concentration, C is the dye con-
centration at ¢ irradiation time, and k is the apparent
first-order rate constant. Obviously, AZF NCs had
the best photodegradation performance. The rate
constants (k) of AZF NCs, Ag,WO,, and ZnO crystals
were calculated, which were 0.27, 0.12, and
0.14 min~!, respectively. The results showed great
agreement with the data discussed above.

@ Springer
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Furthermore, the stability of a photocatalyst
determines its service lifetime and practical applica-
tion value. Figure 3e shows the stability of AZF NCs
by photodegrading TH for three cycles. No signifi-
cant variation in photodegradation activity can be
observed after 15 h irradiation. Results shown in
Fig. 3 demonstrate that the introduction of ZnO
crystal can remarkably increase both the pho-
todegradation performance and the stability of Ag,
WOy crystal.

Photodegradation mechanism
Band-gap features and BET

To explore the photocatalytic mechanism, the energy-
band and band-edge features were investigated via
UV-Vis absorption spectra, photoluminescence
spectra, and N, adsorption-desorption isotherm.

Figure 4a shows that AZF NCs exhibit an absorp-
tion enhancement in band edge of 400-700 nm com-
pared with AgoWO, and ZnO crystals, which was
ascribed to their matching energy-band. Meanwhile,
the composite of Fe;O, crystal could also improve the
performance of utilizing visible light, which enhances
the excited energy for photodegradation. It should be
pointed out that the superior optical property of AZF
NCs with wide absorption band made it suitable in
both sunny and cloudy conditions.

For a semiconductor, the optical absorption near
the band edge follows:

aho = A(ho — Eg)"* 4)

where «, v, A, E;, and n are absorption coefficient,
light frequency, proportionality constant, band gap,
and an integer, respectively. After calculation, the Eg
values of AZF NCs, Ag,WO,, and ZnO crystals were

J Mater Sci (2016) 51:7793-7802

3.13, 3.14, and 3.08 eV, respectively, as shown in
Fig. 4b. It testifies that the interfacial structure
between AgoWO, and ZnO crystals diminished the
energy-band, which can enhance visible light
absorption of AZF NCs, and facilitate the
photodegradation.

Photoluminescence (PL) spectrum is a well-known
technique to investigate both transfer of the interface
charge carrier and recombination of the electron-hole
pairs [39]. The weaker intensity represents lower
recombinative rate of charge carrier, leading to a
higher photocatalytic activity [40]. The excellent
electrical conductivity of ZnO crystal could facilitate
the delivering of the photo-induced charge carriers to
the active sites, resulting in a reduction in charge
combination for the composite photocatalyst con-
taining ZnO crystal [41]. The ZnO crystal paved a
path for efficient transfer of photo-excited electrons
from ZnO to Ag,WO, crystals and effectively con-
sumed photo-induced interfacial charge transfer,
thus suppressing the recombination of photo-in-
duced electron-hole pairs [42]. Compared with PL
emission peaks of Ago,WO, crystal and AZF NCs, the
PL intensity of AZF NCs at the range of 400466 nm
receded apparently, revealing that the charge com-
bination was further reduced in ternary NCs. This
quenching effect attributes to well distribution, small
size, and large surface area in the ternary composite,
by the synergistic effect between ZnO and Ag,WO,
crystals.

Figure 5b shows N, adsorption-desorption iso-
therm of AZF NCs. The surface area of Ag,WO,
crystal was 1.08 m*/g [8]. The surface area of AZF
NCs was 13.0 m?/ g. Hence, the introduction of ZnO
crystal increased the surface area of Ag,WQO, crystal,
which can provide more active sites for reaction with

Figure 4 UV-Vis spectra of
AZF NCs, Ag,WO,, ZnO, and
Fe;0,4 crystals.
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Figure 5 a Photoluminescence spectra of AZF NCs and Ag,WO, crystal. b N, adsorption—desorption isotherm of AZF NCs.

TH molecules, thus favoring the enhancement in
photodegradation.

Photocatalytic mechanism

The enhanced catalytic activity of AZF catalyst attri-
butes to the synergistic-compound effect of Ag,WO,
and ZnO crystals due to their matching energy-band
structure. To demonstrate efficient separation of the
charge carrier, the VB and CB potentials of AgoWO,
and ZnO crystals were calculated according to Egs. 5
and 6.

Evg =X —E.+0.50E, (5)
ECB = EVB — Eg (6)

where X is the geometric mean of Mulliken elec-
tronegativity of the constituent atoms in the semi-
conductor, E. is the energy of free electrons on the
hydrogen scale (4.50 eV) [43], Eyg and Ecp are the
edge potential value of VB and CB, respectively. Eg
represents the band gap of sample. On the basis of
the Mott-Schottky equation (Eq. 4), the E,; values of
AgoWO,4, ZnO crystals were 3.14 and 3.08 eV,
respectively  (shown in  Fig. 4b). X (Ag
WO, = 6.00 eV, X (ZnO) = 5.79 eV. After calcula-
tion, Evp (AgpgWO,) =3.07eV, Ecg (Ago.
WO, = —-011eV, Eyg (ZnO)=290eV, Ecp
(ZnO) = —0.18 eV. Therefore, the formation of the
ternary NCs not only narrows the band gap but also
effects the position of band edge. The results indi-
cated that the interfacial charge-transfer interaction
between Ag,WO, and ZnO crystals was of great
benefit to the degradation activity and stability of
photocatalyst. The above-mentioned results well

matched with the photodegradation analysis (as
shown in Fig. 3).

Herein, the mechanism of the enhancing photocat-
alytic activity and stability of AZF NCs is proposed
(Fig. 6). When Ag,WO, and ZnO crystals were irra-
diated by light, the electrons can be excited from VB to
CB, leaving the holes on the VB. Due to the interfacial
electron transfer effect and the matching energy-band,
these photogenerated electrons on the CB of ZnO
crystal tend to transfer to Ag, WO, crystal, resulting in
efficient electron-hole pair separation, enhancing
photocatalytic activity [44]. The electrons on the CB of
AgoWO, crystal further reacted with oxygen mole-
cules to form superoxide ions (O7). Meanwhile, the
leaving photogenerated holes in Ag,WO, crystal
transferred to the VB of ZnO crystal, and further
reacted with absorbed H,O molecules to produce

o
-0.11

0.5

E (vs. NHE)/ V

(

Figure 6 The photocatalytic mechanism of AZF catalyst.
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active oxidants such as hydroxyl radicals (OH). The
generated ‘O~, ‘OH, and holes had intense oxidation
ability to oxidize antibiotic in photodegradation pro-
cess, leading to dramatic photocatalytic performance
[45]. Hence, the synergistic effect of the matching
energy-band and the interfacial electron transfer effect
between ZnO and Ag,WO, crystals can effectively
promote photo-induced charge carriers separation
and enhance the photocatalytic activity of catalyst. The
major routes photodegrading the TH are proposed as
shown in Scheme S1 (Supporting Information).

To further reveal the roles of the active species on the
photocatalytic process, isopropanol (IPA), p-benzo-
quinone (BZQ), and ethylene diamine tetraacetic acid
(EDTA) were employed as scavengers for hydroxyl
radicals (OH), superoxide anion radicals (O;,"), and
photogenerated holes (h™), respectively. Figure 7 shows
that the addition of BZQ into the photocatalytic system
caused fast deactivation of AZF NCs, indicating ‘O, is
the predominant active species. Moreover, the intro-
duction of IPA and EDTA into the photocatalytic system
could also decrease the photocatalytic degradation of
TH, suggesting ‘OH and h™ also played an important
role in the photocatalytic process. The result coincided
with the photocatalytic mechanism shown in Fig. 6.

Application of AZF NCs

Figure 8 presents the process of degrading antibiotic
wastewater and recovering AZF catalyst. The whole
process constitutes three steps: Step 1, the simulate
effluent of TH solution was degraded by AZF NCs
under sunlight; Step 2, after photodegradation pro-
cess, the AZF catalyst was recovered through

@ Springer
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Figure 8 Water purification system under sunlight by AZF NCs.

magnetic separation (shown in Inset); Step 3, the cat-
alyst could be reused after it was filtered, washed
several times with distilled water and ethanol. The
application of the reported water purification system
would realize the catalyst recycling, as well as reduce
the cost. More importantly, it could be flexibly used to
degrade different antibiotics by the effective catalyst.

Conclusions

In summary, AZF NCs with wide absorption band
and highly efficient photocatalytic activity were pre-
pared and they could be easily recycled due to their
magnetic property. The matching of energy-band
structure between Ag,WO, and ZnO crystals
enhanced an efficient separation and transfer of
photogenerated charge carrier, leading to the suc-
ceeding elevation of photocatalytic activity. Com-
pared with AgoWO, crystal, AZF NCs improved the
degradation rate to 152.00 %. In addition, the ternary-
nanocomposite could completely degrade the TH
within 1.75 h under sunlight irradiation, which cer-
tified that the new ternary NCs gratified the demand
of practical application, which was desirable to the
value in engineering application. The general thought
of designing the ternary NCs is of great referential
significance for preparing other functional materials.
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