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Abstract

water containing triphenylmethane.

The bifunctional photocatalytic-adsorbent AgZnO/polyoxometalates (AgZnO/POMs) nanocomposites were syn-
thesized by combining AgZnO hybrid nanoparticles and polyoxometalates [Cu(L),(H,O)]H,[Cu(L),(P,M050,5)]-4H,0
(HL=C¢HgN,0) into nanostructures via a sonochemical method. Transmission electron microscopy (TEM) indicated
that AgZnO/POMs nanocomposites were uniform with narrow particle size distribution and without agglomeration.
X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analysis confirmed the nanostructure
and composition of AgZnO/POMs nanocomposites. The ultraviolet-visible spectra (UV-Vis) and photoluminescence
spectra (PL) confirmed excellent optical properties of the AgZnO/POMs nanocomposites. 94.13% 4 0.61 of basic
magenta (BM) in aqueous solution could be removed using the AgZnO/POMs nanocomposites through adsorption
and photocatalysis. The kinetic analysis showed that both the adsorption and photocatalysis process conform to
pseudo-second-order kinetics. In addition, the removal rate of AgZnO/POMs nanocomposites was found to be almost
unchanged after 5 cycles of use. The bifunctional photocatalytic-adsorbent AgZnO/POMs nanocomposites with high
stability and cycling performance have broad application prospects in the treatment of refractory organic dye waste-
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Introduction

With the development of industry, a large amount
of toxic and harmful organic wastewater has caused
a series of environmental problems, which seriously
threaten human health [1-4]. Basic magenta (BM) is a
kind of refractory organic pollutant containing triph-
enylmethane. BM is widely used as a colorant in indus-
tries such as textile and leather and also as a colorant for
the stain of collagen, tuberculosis and muscle [5, 6]. It is
urgently needed to be removed from the aqueous solu-
tion for the reason that BM poses a great threat to water
resources due to its poor biodegradability, toxicity and
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carcinogenicity. According to the literature, the removal
method of BM in aqueous solution is mainly adsorption
[7, 8]. However, the application of BM dye adsorbents
subjects to the disadvantages of low adsorption capacity,
slow kinetic speed and low recovery potential. It is still a
challenge to explore a cleaner and more effective method
to remove BM from aqueous solution.

Polyoxometalates (POMs) are a class of promising
adsorbents and have been applied in environmental pro-
tection because of their rich compositions and structures,
high thermal stability, adjustable acidity and reversible
redox properties [9-13]. As adsorbent, POMs have been
used to synthesize a variety of materials to remove differ-
ent dyes from aqueous solutions [14—17]. Liu’s research
group has reported Fe;O,/POMs nanomaterial with good
adsorption performance for removal of cationic dyes,
and Fe;O,/Ag/POMs nanomaterial with rapid removal
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of methylthionine chloride, indicating that more effec-
tive dye removal enhancement performance could be
obtained by combining POMs and nanoparticles into a
single entity through nanoengineering [18, 19].

AgZnO hybrid nanoparticles have excellent photo-
catalytic activity and are widely used in the field of pho-
tocatalysis. The addition of Ag improves photocatalytic
capacity of AgZnO and the charge utilization efficiency
and photochemical stability of ZnO [20-24]. Photocata-
lytic activity of AgZnO nanoparticles has photocatalytic
effect on dyes in aqueous solution [25, 26]. In order to
explore an effective and environmentally friendly method
for removing BM dye in aqueous solution, in this paper,
we combined AgZnO hybrid nanoparticles and POMs
to obtain bifunctional photocatalytic-adsorbent AgZnO/
POMs nanocomposites (Scheme 1). The removal experi-
ments of BM demonstrated that photocatalytic-adsor-
bent AgZnO/POMs nanocomposites possessed both
adsorption and photocatalytic effects on BM in aqueous
solution with emerging high removal efficiency. The good
adsorption, photocatalytic activity and reusability of the
nanocomposites indicated that the bifunctional photo-
catalytic-adsorbent AgZnO/POMs nanocomposites are
beneficial to protect the environment.

Methods
The current study was aimed to improve the efficiency
removal of BM by AgZnO/POMSs nanocomposites.

Materials

Silver acetate (Agac, 99%, J&K Scientific), Zinc(II) acety-
lacetonate (Zn(acac),, 99.9%, J&K Scientific), PEO-PPO-
PEO, n-octyl ether (99%), 1,2-hexadecanediol (90%),
copper perchlorate (Cu(ClO,),-6H,O, 98%), sodium
molybdate dihydrate (Na,MoO,-2H,O, 99%), pyridine-
carboxamide (C;HN,O, 98%) and NaOH (98%) were
purchased from Aladdin company (Shanghai, China).
None of the materials were further purified.

Instruments

The structure and morphology of the photocatalytic
adsorbent AgZnO/POMs nanocomposites were ana-
lyzed by XRD (X'Pert Pro, Bruker, Germany) and TEM
(JEM-2100 JEOL Ltd., Japan) including HRTEM. The
optical properties of photocatalytic adsorbent AgZnO/
POMs nanocomposites were characterized by UV-Vis
(Hitachi U4100, Japan) and PL spectroscopy (Hitachi
F7000, Japan). The FTIR spectra of nanocomposites were
recorded using Avatar 360 FTIR spectrometer (Nicolet
Company, USA). The XPS were performed on photoelec-
tron spectrometer (Thermo Fisher Scientific ESCALAB
250X1, United States) Al Ka X-ray used as the excitation
source.
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Synthesis of Photocatalytic-Adsorbent AgZnO/POMs
Nanocomposites

The AgZnO and polyoxometalates [Cu(L),(H,0),]
H,[Cu(L),P;M0;0,,]-4H,0 (Cu-POMs) samples were
synthesized using the method reported in the litera-
ture [19, 21]. Firstly, AgZnO hybrid nanoparticles were
synthesized by nano-microemulsion method, 10 mL of
octyl ether, Zn(acac), (0.0989 g), 1,2-hexadecanediol
(0.6468 g), Agac (0.0259 g) and PEO-PPO-PEO (0.7874 g)
were added to a three-necked flask, and the mixture was
stirred. The mixture was heated to 125 °C, then the tem-
perature was quickly raised to 280 °C, and the experi-
ment was completed. When the temperature was cooled,
the AgZnO hybrid nanoparticles were taken out and
washed, obtaining pure AgZnO hybrid nanoparticles.
Secondly, Cu-POMs was synthesized by hydrothermal
method, and copper perchlorate (0.093 g), 2-pyridinecar-
boxamide (0.061 g) and 15 mL of deionized water were
added to a beaker, stirred and mixed. When the tempera-
ture was cooled to room temperature, Na,MoO,-2H,O
(0.24 g) and deionized water (10 mL) were added to the
solution and mixed well, and pH was maintained at 3.
The blue precipitate Cu-POMs was obtained by filtration.
Thirdly, a mixture of reactants was obtained by adding
50 mg POMs powders and 5 mg AgZnO hybrid nano-
particles into beaker containing 5 mL water and 5 mL
ethanol, ultrasonically treated to obtain a uniform liquid.
This process combines the AgZnO hybrid nanoparticles
with Cu-POMs to form nanostructures. Finally, the sam-
ples were dried to obtain a bifunctional AgZnO/POMs
nanocomposite with both photocatalysis and adsorption
effects.

Dye Removal Experiment

The removal activity was researched by analyzing the
removal efficiency of BM from aqueous solution. In the
removal experimental study, a 36-W UV lamp (Philips,
Netherlands, emitting mainly 365 nm) and a 500-W
Xenon lamp were used as light source. The dye was dis-
solved in water to prepare 15 mg/L BM aqueous solu-
tion (room temperature condition, pH=6.3). The 5 mg
of nanocomposites was added to 40 mL (15 mg/L) BM
solution for experiments. The solution was magnetically
stirred at room temperature. At different time intervals,
about 5 mL solution was removed and centrifuged for
3 min. The absorption peak intensity of BM at the maxi-
mum wavelength of 545 nm was analyzed by UV-Vis
spectrophotometer.

Statistical Analysis
Statistical analysis was compiled on the means of
the results obtained from at least three independent
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experiments. All data were presented as means =+ stand-
ard deviation and statistically compared using one-way
analysis of variance (ANOVA). A p value less than 0.05
was considered statistically significant.

Results and Discussion

TEM Analysis of Photocatalytic Adsorbent AgZnO/POMs
Nanocomposites

The particle size distribution and morphology of pho-
tocatalytic-adsorbent AgZnO/POMs nanocompos-
ites were analyzed by TEM and SEM. In Fig. 1a, the
AgZnO/POMs nanocomposites are uniform particles
size without agglomeration. By measuring the TEM
micrographs of AgZnO/POMs nanocomposites, the
histogram of particle size distribution was obtained.
The average particle size of AgZnO/POMs nanocom-
posites was about 19.5 nm, which was consistent with
the Gaussian distribution. Figure 1b shows the high
resolution transmission electron microscopy (HRTEM)
image of AgZnO/POMs. Apparently, the nanocompos-
ites are distributed with highly regular lattices, in which
the spacing of 1.44 A corresponds to the Ag (220) plane,
while the spacing of 2.47 A is assigned to ZnO (101)
plane. A spacing of about 1 nm between the blue dotted
line and the green dotted line may be distributed with
POMs [27]. Element mapping (Fig. 1c—k) confirmed
the distribution of P, O, Ag, Cu, Mo, N, C and Zn in
the AgZnO/POMs nanocomposites and showed that
AgZnO and POMs existed simultaneously in AgZnO/
POMs nanocomposites. The results confirmed the for-
mation of photocatalytic adsorbent AgZnO/POMs
nanocomposites.

XRD Analysis of Photocatalytic Adsorbent AgZnO/POMs
Nanocomposites

The structure of prepared photocatalytic adsorbent
AgZnO/POMs nanocomposites was analyzed by XRD. In
Fig. 2¢c, the diffraction peaks marked by the purple col-
umn diagrams of AgZnO hybrid nanoparticles at 38.2°,
44.4°, 64.6° and 77.4° correspond to the characteristic
peaks of Ag (JCPDS No. 04-0783). The peaks marked
by the blue column diagrams at 31.7°, 34.5°, 36.5°, 47.6°,
56.7°, 62.8° and 67.7° correspond to ZnO (JCPDS No.
36-1451) characteristic diffraction peaks. The peaks at
8.7°-30.7° in Fig. 2b are the diffraction peaks of POMs
[19]. In the diffraction pattern of photocatalytic adsor-
bent AgZnO/POMs nanocomposites (Fig. 2a), the dif-
fraction peaks of POMs (Fig. 2b) and AgZnO hybrid
nanoparticles (Fig. 2c) reappear simultaneously. The
results confirmed the formation of AgZnO/POMs
nanocomposites.
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FTIR Analysis of Photocatalytic Adsorbent AgZnO/POMs
Nanocomposites

The FTIR spectra of AgZnO/POMs nanocompos-
ites, POMs, and AgZnO hybrid nanoparticles were
depicted in Fig. 3a—c. As shown in Fig. 3a, the vibra-
tion peak at 3370 cm™! is caused by the H,O hydrogen
bond. The vibration peak appearing in the interval of
1680-1133 cm™! is attributed to the ligand 2-pyridi-
necarboxamide. The stretching vibration of the P-O
bond appears in the range of 1120-1008 cm ™' [28, 29].
The vibrational peaks at 905 cm™! and 662 cm™! are
attributed to the v (Mo—Oq4ing) bond and the v (Mo-
Otermina)  Pond, respectively [29]. The characteristic
absorption peaks in POMs appear in the map of pho-
tocatalytic-adsorbent AgZnO/POMs nanocomposites.
In Fig. 3c, the strong absorption at 512 cm™! clearly
reflects the vibration of the Zn—O bond, and the cor-
responding peak also appears in Fig. 3b [30]. The above
characteristic absorption peaks also exist in the FTIR
spectra of photocatalytic-adsorbent AgZnO/POMs
nanocomposites (Fig. 3b), confirming that the nano-
composites were synthesized.

XPS Analysis of Photocatalytic Adsorbent AgZnO/POMs
Nanocomposites

In Fig. 4, the XPS spectrum was calibrated using Cls
(284.8 eV). The peaks of C, O, N, P, Zn, Mo, Cu and
Ag can be observed from the full spectrum of XPS
(Fig. 4a). In Fig. 4b, the AgZnO/POMs nanocom-
posites show two peaks of binding energy at approxi-
mately 1022 eV and 1045 eV, corresponding to the main
regions of Zn 2p;,, and Zn 2p,, [31]. The first peak is
attributed to the Zn?* ion in the anoxic zinc oxide [32].
The peaks at 367.2 eV and 373.2 eV (Fig. 4c) correspond
to Ag 3d;,, and 3dj), states of metal Ag. Compared with
bulk silver (about 368.2 eV and 374.2 eV, respectively),
the peaks of the Ag 3d state is significantly transferred
to the lower value of AgZnO hybrid nanoparticles,
which is attributed to contact between Ag and ZnO
[33]. Figure 4d shows peaks at 934.9 eV and 954.7 eV,
which are in the energy region of Cu 2p;;, and Cu 2p;,,
attributed to Cu*", indicating that Cu is mainly present
in the form of Cu®" [34, 35]. Figure 4e shows peaks at
133.2 and 134.1 eV, corresponding to the P-O peaks of
P 2ps;, and P 2p,,, respectively [36]. In Fig. 4f, shows
peaks at 235.8 and 232.3 eV, corresponding to the main
regions of Mo 3d;, and Mo 3d;,,, respectively, indi-
cating that the valence of Mo is mainly Mo®" [37]. The
analysis shows that AgZnO/POMs nanocomposites
contain AgZnO and POMs.
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Fig. 1 a TEM micrographs and illustration show particle size histogram of AgZnO/POMs nanocomposites, b HRTEM of single AgZnO/POMs, ¢ STEM
micrographs and d-k corresponding elemental mappings of AgZnO/POMs nanocomposites
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UV-Vis Analysis of Photocatalytic Adsorbent AgZnO/POMs
Nanocomposites

UV-Vis absorption spectrum of photocatalytic-
adsorbent AgZnO/POMs nanocomposites in aqueous
solution is shown in Fig. 5. The AgZnO/POMs nano-
composites have four absorption bands at 209 nm,
260 nm, 365 nm and 380-420 nm, respectively. The
absorption band at 365 nm is the characteristic
absorption band of ZnO [21]. The absorption at 380—
420 nm reveals the hybridization of ZnO with Ag and
the interfacial electron interaction between Ag and
ZnO [38]. The absorption bands at 209 nm and 260 nm
are attributed to POMs because of electron transfer of
Oterminal = Mo and Oyigging = Mo in POMs [19]. The
results show that the AgZnO/POMs nanocomposites
have excellent optical properties.
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PL Analysis of Photocatalytic Adsorbent AgZnO/POMs
Nanocomposites

The solid fluorescence emission spectra of photocata-
lytic-adsorbent AgZnO/POMs nanocomposites were
detected under the excitation wavelength of 241 nm
(Fig. 6a) and 380 nm (Fig. 6b), respectively. As shown in
Fig. 6a, AgZnO/POMs nanocomposites have an emis-
sion peak at 393 nm, corresponding to the solid-state
fluorescence emission peaks at 393 nm of POMs [39].
Figure 6b AgZnO/POMs nanocomposites shows three
emission peaks at 465 nm, 489 nm and 596 nm corre-
sponding to the emission peaks of AgZnO hybrid nano-
particles, respectively. The blue light emission peaks at
465 nm and 489 nm are usually caused by photo-gener-
ated holes of ZnO and the oxygen vacancies occupied by
the nanocomposites [40]. The emission at about 596 nm
is generally thought to be caused by the recombination of
electrons and valence band holes in the deep defect layer
of ZnO [41]. The results show that the AgZnO/POMs
nanocomposites have excellent optical properties.

Removal of BM

The adsorption and photocatalytic activities of AgZnO/
POMs nanocomposites were studied by removing BM
from aqueous solution. In the BM removal experiment,
the dosage of AgZnO/POMs and concentration of BM
are very significant parameter. Through a series of optimi-
zation experiments, the most suitable of AgZnO/POMs
dosage and BM concentration are 5 mg and 15 mg/L,
respectively (Additional file 1: Fig. S1). Figure 7a is the
UV-Vis absorption spectra of BM solution containing
the AgZnO/POMs nanocomposites at different intervals.
Figure 7b shows a comparative study for removing BM in
the presence of (1) POMs, (2) AgZnO and (3) AgZnO/
POMs nanocomposites, in which, the ordinate is C/C,,
where C is the corresponding concentration of BM at dif-
ferent time intervals and C,, is the original concentration
of BM. It can be observed in combination with Fig. 7a
and b that the absorption peak strength of BM gradually
decreases in 0—30 min, remains unchanged in 30-50 min
for reaching adsorption equilibrium under stirring in the
dark, and then after 50 min decreases with the increase
in UV-light irradiation, indicating the adsorption and
photocatalysis activities of AgZnO/POMs nanocompos-
ites. For verifying the photocatalytic-adsorption synergis-
tic effect, the removal experiment of BM from aqueous
solution was investigated using AgZnO/POMs, POMs
and AgZnO with amount of 5 mg. The removal rate was
94.13% +0.61, 55.27% +0.83 and 73.77% £ 1.17, respec-
tively. The removal rate of BM decreased significantly
using only POMs adsorbent or only AgZnO photocata-
lyst compared with photocatalytic-adsorbent AgZnO/
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POMs (Fig. 7b). This is mainly due to the synergistic
effect of AgZnO and POMs, and the synergistic effect can
be divided into two aspects: (1) In AgZnO/POMs core—
shell structure, the shell layer (POMs) can adsorb BM
molecules extremely easily. Adsorbed BM molecules are
confined around the core (AgZnO), which is beneficial
for the next photocatalytic degradation; (2) the oxygen-
rich structures of POMs can prevent the recombina-
tion of photogenerated e~ and 4" and further improve

the separation efficiency. Figure 7c shows a comparative
histogram of the removal of BM by POMs, AgZnO and
AgZnO/POMs nanocomposites under UV-light and Vis
irradiation, respectively. No matter under UV or visible
light irradiation, the photocatalytic-adsorbent AgZnO/
POMs have higher removal efficiency than the adsor-
bent POMs and photocatalyst AgZnO. The removal rate
of AgZnO/POMs for removing BM is 94.13%+0.61,
which is much higher than that of POMs (55.27% =+ 0.83)
and AgZnO (73.77%=+1.17) under UV-light irradiation.
Compared to the recently reported works about removal
of BM, the AgZnO/POMs demonstrate a better perfor-
mance than the other cases (Additional file 1: Table S1).
In addition, except for BM, AgZnO/POMs can also effec-
tively remove gentian violet (removal rate: 90.30% £ 0.58)
and methylene blue (removal rate: 89.00% £ 1.00) from
aqueous solution (Additional file 1: Fig. S2).

The N, adsorption—desorption isotherms of AgZnO
nanoparticles and photocatalytic-adsorbent AgZnO/
POMs nanocomposites were determined using the auto-
matic physical/chemical adsorption apparatus. In Fig. 8,
both samples showed typical type IV isotherms, indicat-
ing the presence of mesoporous structures [42]. Accord-
ing to the analysis results of relative position and height
of hysteresis loops (Fig. 8), the specific surface area (BET)
of AgZnO nanoparticles (Fig. 8a) is 28.682 m?/g and
the BET of AgZnO/POMs nanocomposites (Fig. 8b) is
33.535 m?/g. The results indicate that the AgZnO/POMs
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nanocomposites obtained by the combination of the two
have a higher specific surface area, which correspond to
the enhanced adsorption performance of the composite
under dark conditions.

The pseudo-first-order and pseudo-second-order
kinetic models were used to fit the experimental data of
AgZnO/POMs nanocomposites.

In(ge — q¢) = Ing, — kit (1)

t 1 n t
-_ = —_ 2
@ k)’ 4 @
In (1) and (2), ¢q, is adsorption amount at =0, ¢, is
equilibrium adsorption amount, ¢, is adsorption amount
at time ¢, k; and k, are the pseudo-first-order and pseudo-
second-order kinetic rate constants, respectively.
The kinetic plots of removing BM by AgZnO/POMs
nanocomposites are shown in Fig. 9, and the results
are shown in Table 1. The correlation coefficient (R?) of

Page 8 of 12

Table 1 Kinetic correlation coefficients (R?) fitting parameters

Pseudo-first-order Pseudo-second-order

R? SSR R? SSR
Dark 0.3471 0.62 0.9997 0.0004
UV light 0.9380 0.21 09736 0.20

pseudo-second-order model (0.9997 and 0.9736) was
higher than that of pseudo-first-order model (0.3471
and 0.9380) under dark and UV light, respectively. Fur-
thermore, another parameter called the residual sum of
squares (SSR) which shows the error value is smaller in
the pseudo-second-order kinetic model. Therefore, it
can be indicated that both the adsorption process and
the photocatalysis process of removing BM by AgZnO/
POMs nanocomposites followed the pseudo-second-
order kinetics. The results demonstrate that the removal
rate of AgZnO/POMs nanocomposites is mainly due to
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Fig. 9 The kinetic plots for removing BM by AgZnO/POMs nanocomposites, a and b pseudo-first-order kinetics, c and d pseudo-second-order
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the chemical adsorption and electron transfer ability of
the composites [27, 43].

The removal of BM can be attributed to two factors:
first, POMs as adsorbent to adsorb BM from aque-
ous solution; second, adsorbed BM molecules can be
degraded via AgZnO photocatalyst. As shown in Fig. 10,
when BM molecules are adsorbed and confined around
the AgZnO via POMs, AgZnO nanoparticles are excited
by UV light, the photogenerated e~ and hole (h™) will
be produced by ZnO (Ag acts as an electron acceptor).
In addition, the oxygen-rich structures of POMs are also
beneficial for preventing the recombination of photogen-
erated e~ and 4" and thus further improve the separation
efficiency. The photogenerated e~ can react with chem-
isorbed oxygen molecular to form superoxide radicals
("O,7). At the same time, the 4" in the valence band
of ZnO reacts with hydroxyl groups to form hydroxyl
radicals ('OH). The #*, "'OH and 'O, produced in the
process of photocatalysis are crucial substances for deg-
radation of BM [19, 27, 44]. These created intermediates
possess highly reactive (namely strong oxidation) and
have the ability to oxidize the BM dye into CO,, H,O and
some corresponding simple compounds. As a result, the
removal rate of AgZnO/POMs nanocomposites is greatly
improved by the combination of AgZnO and POM:s into
a whole nanoengineering. The photocatalytic-adsorbent
AgZnO/POMs nanocomposites are expected to be a new
type of dye remover, which can remove efficiently aro-
matic organic dyes from water pollution, especially for
BM. In addition, to further prove the generation of free
radical, reactive oxygen species (ROS) scavenger was uti-
lized to eliminate ROS during the photocatalytic process.
1, 4-Benzoquinone (BQ) and isopropanol (IPA) are free
radical scavenger. The BQ and IPA can rapidly scavenge
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O, radical and "OH radical, respectively [45, 46]. When
free radical scavenger (BQ and IPA) was added into a
removal experiment of BM, removal rate of BM sig-
nificantly decreases. For BQ+ AgZnO/POMs, removal
rate of BM from 94.13%+£0.61 drops to 52.17%=+0.76.
For IPA+ AgZnO/POMs, removal rate of BM from
94.13% £ 0.61 drops to 57.70% =+ 0.70. Such results imply
the key active substances ('OH and 'O,") can be gener-
ated in the process of removing BM from AgZnO/POMs
nanocomposites (Additional file 1: Fig. S3).

To investigate the reproducibility of the nanocom-
posites for removing BM, we collected and washed the
AgZnO/POMs nanocomposites. The collected nanocom-
posites were used to remove BM via five repeated experi-
ments under the same reaction conditions. As shown in
Fig. 11a, the removal rate of BM in AgZnO/POMs nano-
composites decreased by only 7.33% (from 94.13%+0.61
to 86.80%+1.58) after five cycles, the slight reduction
might correspond to the loss of AgZnO/POMs nano-
composites during washing (average recovery rate of
AgZnO/POMs is 96.3%). Figure 11b shows that the FTIR
spectrum of the AgZnO/POMs nanocomposites before
and after BM removal is similar. It could be proved that
the nanocomposites have good stability and light corro-
sion of resistance (Scheme 1).

Conclusions

In conclusion, the photocatalytic-adsorbent AgZnO/
POMs nanocomposites were synthesized by combin-
ing AgZnO hybrid nanoparticles and POMs. The TEM
and HRTEM showed that AgZnO/POMSs nanocompos-
ites were uniform with narrow particle size distribution
and without agglomeration. The bifunctional photocat-
alytic-adsorbent AgZnO/POMSs nanocomposites could
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Fig. 10 Schematic illustration of removal of BM by AgZnO/POMs nanocomposites
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Scheme 1. Diagram of synthesis of the AgZnO/POMs nanocomposites

effectively remove refractory BM from aqueous solution
with removal efficiency of 94.13%+0.61 by adsorption
and photocatalysis. The adsorption process and the pho-
tocatalytic process of AgZnO/POMs nanocomposites for
removing BM followed the pseudo-second-order kinet-
ics. The removal efficiency of AgZnO/POMs nanocom-
posites was found to be almost unchanged after 5 cycles
of use, demonstrating that the nanocomposites have
well stability in BM in aqueous solution. The FTIR spec-
tra of AgZnO/POMs nanocomposites before and after
BM removal are almost no change, further indicating
the stability of nanocomposites. The bifunctional pho-
tocatalytic-adsorbent AgZnO/POMs nanocomposites
have potential applications in the treatment of refractory
organic dye wastewater containing triphenylmethane.

Abbreviations
AgZnO/POM: AgZnO/polyoxometalates; POMs: Polyoxometalates; HL:
CeHgN,O; M: Basic magenta; Agac: Silver acetate; Zn(acac),: Zinc(ll)

acetylacetonate; PEO-PPO-PEQ: Triblock copolymer poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol); Cu-POMs:
[Cu(L),(H,0),]H,[Cu(L),P,M050,5]-4H,0; TEM: Transmission electron
microscopy; HRTEM: High-resolution transmission electron microscopy; SEM:
Scanning electron microscope; XRD: X-ray powder diffraction; FTIR: Fourier
transform infrared; XPS: X-ray photoelectron spectra; UV-vis: Ultraviolet-vis-
ible spectra; PL: Photoluminescence spectra; BET: Specific surface area; R
Correlation coefficient; SSR: Residual sum of squares; BQ: 1, 4-Benzoquinone;
IPA: Isopropanol.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/511671-021-03620-0.

Additional file 1. Synergistic photocatalytic-adsorption removal of basic
magenta effect of AgZnO/polyoxometalates nanocomposites.

Acknowledgements

This work was supported in part by the National Natural Science Foundation
of China (No. 51172064).


https://doi.org/10.1186/s11671-021-03620-0
https://doi.org/10.1186/s11671-021-03620-0

Tian et al. Nanoscale Res Lett (2021) 16:163

Authors’ contributions

HT, JL and CM designed the concept and conducted the experiments. HT and
JL wrote the main manuscript. HT, CM, KZ, YQ and SZ conducted data process-
ing and analysis. HT, JL, HL, XL and ML modified the paper. All authors read
and approved the final manuscript.

Funding
This work was supported in part by the National Natural Science Foundation
of China (No. 51172064).

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or
analyzed during the current study.

Declarations

Competing interests
The authors declare no conflict of interest.

Received: 11 May 2021 Accepted: 27 October 2021
Published online: 10 November 2021

References

1. Bulgariu L, Escudero LB, Bello OS, Igbal M, Nisar J, Adegoke KA, Alakhras
F, Kornaros M, Anastopoulos | (2019) The utilization of leaf-based adsor-
bents for dyes removal: a review. J Mol Liq 276:728-747. https://doi.org/
10.1016/j.molliq.2018.12.001

2. LinY,CaoY, Yao Q Chai OJH, Xie J (2020) Engineering noble metal nano-
materials for pollutant decomposition. Ind Eng Chem Res 59:20561-
20581. https://doi.org/10.1021/acs.iecr.0c04258

3. Mohammed BB, Hsini A, AbdellaouiY, Oualid HA, Laabd M, Ouard ME,
Addi AA, Yamni K, Tijani N (2020) Fe-ZSM-5 zeolite for efficient removal
of basic Fuchsin dye from aqueous solutions: Synthesis, characterization
and adsorption process optimization using BBD-RSM modeling. J Environ
Chem Eng 8:104419. https://doi.org/10.1016/j jece.2020.104419

4. Yaseen DA, Scholz M (2019) Textile dye wastewater characteristics and
constituents of synthetic effluents: a critical review. Int J Environ Sci
Technol 16:1193-1226. https://doi.org/10.1007/513762-018-2130-z

5. Yang X, LiY,Du Q, SunJ,Chen L, Hu S,Wang Z, Xia Y, Xia L (2015) Highly
effective removal of basic fuchsin from aqueous solutions by ani-
onic polyacrylamide/graphene oxide aerogels. J Colloid Interface Sci
453:107-114. https://doi.org/10.1016/jjcis.2015.04.042

6. Tokalioglu S, Yavuz E, Aslantas A, Sahan H, Taskin F, Patat $ (2015) Spectro-
photometric determination of basic fuchsin from various water samples
after vortex assisted solid phase extraction using reduced graphene
oxide as an adsorbent. Spectrochim Acta A 149:378-384. https://doi.org/
10.1016/j.5aa.2015.04.089

7. Mohammadine EH (2016) Removal of basic fuchsin dye from water using
mussel shell biomass waste as an adsorbent: equilibrium, kinetics, and
thermodynamics. J Taibah Univ Sci 10:664-674. https://doi.org/10.1016/j.
jtusci2015.08.007

8. Kalita S, Pathak M, Devi G, Sarma HP, Bhattacharyya KG, Sarma A, Devi A
(2017) Utilization of Euryale ferox Salisbury seed shell for removal of basic
fuchsin dye from water: equilibrium and kinetics investigation. RSC Adv
7:27248-27259. https://doi.org/10.1039/c7ra03014b

9. Buchecker T, Schmid P, Renaudineau S, Diat O, Proust A, Pfitzner A, Bau-
duin P (2018) Polyoxometalates in the Hofmeister series. Chem Commun
54:1833-1836. https://doi.org/10.1039/C7CC09113C

10. Heravi MM, Sadjadi S (2016) Recent advances in applications of POMs
and their hybrids in catalysis. Curr Organ Chem 20:1404-1444. https://
doi.org/10.2174/1385272820666160216225330

11. Mizuno N, Misono M (1998) Heterogeneous catalysis. Chem Rev
98:199-218. https://doi.org/10.1021/cr960401q

12. Misra A, Kozma K, Streb C, Nyman M (2020) Beyond charge balance:
counter-cations in polyoxometalate chemistry. Angew Chem Int Ed
59:596-612. https://doi.org/10.1002/anie.201905600

13. Lydon C, Busche C, Miras HN, Delf A, Long DL, Yellowlees L, Cronin L
(2012) Nanoscale growth of molecular oxides: assembly of a V6 double

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 11 of 12

cubane between two lacunary P2W15 polyoxometalates. Angew
Chem Int Ed 51:2115-2118. https://doi.org/10.1002/ange.201105829

. Zhang S, Wang X, Zhang HX, Zhao ZH, Wang XL (2018) Solvent-tuned

polyoxometalate-based supramolecular hybrids constructed from
different metal-organic motifs: various structures and adsorption prop-
erties for dyes. Chin Chem Lett 29:309-312. https://doi.org/10.1016/j.
cclet.2017.08.044

. Zeng L, Xiao L, Long Y, Shi X (2018) Trichloroacetic acid-modulated syn-

thesis of polyoxometalate@UiO-66 for selective adsorption of cationic
dyes. J Colloid Interface Sci 516:274-283. https://doi.org/10.1016/j jcis.
2018.01.070

. YiFY, Zhu W, Dang S, Li JP,Wu D, Li YH, Sun ZM (2015) Polyoxometa-

lates-based heterometallic organic-inorganic hybrid materials for rapid
adsorption and selective separation of methylene blue from aqueous
solutions. Chem Commun 51:3336-3339. https://doi.org/10.1039/
C4CC09569C

. LiuX, Gong W, Luo J, Zou C, Yang Y, Yang S (2016) Selective adsorption

of cationic dyes from aqueous solution by polyoxometalate-based
metal-organic framework composite. Appl Surf Sci 362:517-524.
https://doi.org/10.1016/j.apsusc.2015.11.151

. Fang N, JiYM, Li CY, Wu YY, Ma CG, Liu HL, Li MX (2017) Synthesis and

adsorption properties of [Cu(L),(H,0)1H,[Cu(L),(P,M050,3)]-4H,0/
Fe;0, nanocomposites. RSC Adv 7:25325-25333. https://doi.org/10.
1039/c7ra02133]

. Zhan SX, Li CY, Tian HY, Ma CG, Liu HL, Luo J, Li MX (2019) Synthesis,

characterization and dye removal behavior of core—shell-shell Fe;0,/
Ag/polyoxometalates ternary nanocomposites. Nanomaterials 9:1255.
https://doi.org/10.3390/nan09091255

Yang F, LiY, Hou H, Hu F, Zhang JX, Wang Y (2016) Facile synthesis of
Zn0/Ag nanocomposites with enhanced photocatalytic properties
under visible light. Mater Lett 180:97-100. https://doi.org/10.1016/].
matlet.2016.05.117

Wang XH, Liu HL, Zhang WX, Cheng WZ, Liu X, Li XM, Wu JH (2014)
Synthesis and characterization of polymer-coated AgZnO nanoparti-
cles with enhanced photocatalytic activity. RSC Adv 4:44011-44017.
https://doi.org/10.1039/c4ra09382h

Alharthi FA, Alghamdi AA, Al-Zaqri N, Alanazi HS, Alsyahi AA, Marghany
AE, Ahmad N (2020) Facile one-pot green synthesis of Ag-ZnO nano-
composites using potato peeland their Ag concentration dependent
photocatalytic properties. Sci Rep 10:1-14. https://doi.org/10.1038/
s41598-020-77426-y

LiuY, Wei S, Gao W (2015) Ag/ZnO heterostructures and their photocat-
alytic activity under visible light: effect of reducing medium. J Hazard
Mater 287:59-68. https://doi.org/10.1016/jjhazmat.2014.12.045
Yousefi HR, Hashemi B (2019) Photocatalytic properties of Ag@Ag-
doped ZnO core-shell nanocomposite. J Photochem Photobiol A
375:71-76. https://doi.org/10.1016/j.jphotochem.2019.02.008

Liu HR, Shao GX, Zhao JF, Zhang ZX, Zhang Y, Liang J, Xu BS (2012)
Worm-like Ag/ZnO core-shell heterostructural composites: fabrication,
characterization and photocatalysis. J Phys Chem C 116:16182-16190.
https://doi.org/10.1021/jp2115143

Xie W, LiY, Sun W, Huang J, Xie H, Zhao X (2010) Surface modification
of ZnO with Ag improves its photocatalytic efficiency and photostabil-
ity. ] Photochem Photobiol A 216:149-155. https://doi.org/10.1016/j.
jphotochem.2010.06.032

Li J, Zhao H, Ma CG, Han QX, Li MX, Liu HL (2019) Preparation of Fe;0,@
polyoxometalates nanocomposites and their efficient adsorption of
cationic dyes from aqueous solution. Nanomaterials 9:649. https://doi.
0rg/10.3390/nano9040649

D'Cruz B, Samuel J, George L (2014) Characterization, non-isothermal
decomposition kinetics and photocatalytic water splitting of green
chemically synthesized polyoxoanions of molybdenum containing
phosphorus as hetero atom. Thermochim Acta 596:29-36. https://doi.
0rg/10.1016/j.tca.2014.09.010

Li ZL, Wang Y, Zhang LC, Wang JP, You WS, Zhu ZM (2014) Three molyb-
dophosphates based on Strandberg-type anions and Zn(ll)-H,biim/
H,O subunits: syntheses, structures and catalytic properties. Dalton T
43:5840-5846. https://doi.org/10.1039/c3dt53023]

Liu H, Wu J, Min JH, Zhang X, Kim YK (2013) Tunable synthesis and mul-
tifunctionalities of Fe;0,~-Zn0O hybrid core-shell nanocrystals. Mater Res
Bull 48:551-558. https://doi.org/10.1016/j.materresbull.2012.11.051


https://doi.org/10.1016/j.molliq.2018.12.001
https://doi.org/10.1016/j.molliq.2018.12.001
https://doi.org/10.1021/acs.iecr.0c04258
https://doi.org/10.1016/j.jece.2020.104419
https://doi.org/10.1007/s13762-018-2130-z
https://doi.org/10.1016/j.jcis.2015.04.042
https://doi.org/10.1016/j.saa.2015.04.089
https://doi.org/10.1016/j.saa.2015.04.089
https://doi.org/10.1016/j.jtusci.2015.08.007
https://doi.org/10.1016/j.jtusci.2015.08.007
https://doi.org/10.1039/c7ra03014b
https://doi.org/10.1039/C7CC09113C
https://doi.org/10.2174/1385272820666160216225330
https://doi.org/10.2174/1385272820666160216225330
https://doi.org/10.1021/cr960401q
https://doi.org/10.1002/anie.201905600
https://doi.org/10.1002/ange.201105829
https://doi.org/10.1016/j.cclet.2017.08.044
https://doi.org/10.1016/j.cclet.2017.08.044
https://doi.org/10.1016/j.jcis.2018.01.070
https://doi.org/10.1016/j.jcis.2018.01.070
https://doi.org/10.1039/C4CC09569C
https://doi.org/10.1039/C4CC09569C
https://doi.org/10.1016/j.apsusc.2015.11.151
https://doi.org/10.1039/c7ra02133j
https://doi.org/10.1039/c7ra02133j
https://doi.org/10.3390/nano9091255
https://doi.org/10.1016/j.matlet.2016.05.117
https://doi.org/10.1016/j.matlet.2016.05.117
https://doi.org/10.1039/c4ra09382h
https://doi.org/10.1038/s41598-020-77426-y
https://doi.org/10.1038/s41598-020-77426-y
https://doi.org/10.1016/j.jhazmat.2014.12.045
https://doi.org/10.1016/j.jphotochem.2019.02.008
https://doi.org/10.1021/jp2115143
https://doi.org/10.1016/j.jphotochem.2010.06.032
https://doi.org/10.1016/j.jphotochem.2010.06.032
https://doi.org/10.3390/nano9040649
https://doi.org/10.3390/nano9040649
https://doi.org/10.1016/j.tca.2014.09.010
https://doi.org/10.1016/j.tca.2014.09.010
https://doi.org/10.1039/c3dt53023j
https://doi.org/10.1016/j.materresbull.2012.11.051

Tian et al. Nanoscale Res Lett

31.

32.

33.

34

35.

36.

37.

38.

39.

(2021) 16:163

Lupan O, Emelchenko GA, Ursaki VV, Chai G, Redkin AN, Gruzintsev AN,
Heinrich H (2010) Synthesis and characterization of ZnO nanowires for
nanosensor applications. Mater Res Bull 45:1026-1032. https://doi.org/10.
1016/j.materresbull.2010.03.027

Morozov |G, Belousova OV, Ortega D, Mafina MK, Kuznetcov MV (2015)
Structural, optical, XPS and magnetic properties of Zn particles capped
by ZnO nanoparticles. J Alloys Compd 633:237-245. https://doi.org/10.
1016/} jallcom.2015.01.285

Trang TNQ, Phan TB, Nam ND, Thu VTH (202) In situ charge transfer at the
Ag@ZnO photoelectrochemical interface toward the high photocatalytic
performance of H, evolution and RhB degradation. ACS Appl Mater
Interfaces 12:12195-12206. https://pubs.acs.org/doi/abs/10.1021/acsami.
9b15578

Ramu AG, Kumari MLA, Elshikh MS, Alkhamis HH, Alrefaei AF, Choi D
(2021) A facile and green synthesis of CuO/NiO nanoparticles and their
removal activity of toxic nitro compounds in aqueous mediu. Chemos-
phere 271:129475. https://doi.org/10.1016/j.chemosphere.2020.129475
Moradi M, Hasanvandian F, Isari AA, Hayati F, Kakavandi B, Setayesh SR
(2021) CuO and ZnO co-anchored on g-C3N, nanosheets as an affordable
double Z-scheme nanocomposite for photocatalytic decontamination

of amoxicillin. Appl Catal B 285:119838. https://doi.org/10.1016/j.apcatb.
2020.119838

LiuT, Ali S, Lian Z, Si C, Su DS, Li B (2018) Phosphorus-doped onion-

like carbon for CO, electrochemical reduction: the decisive role of the
bonding configuration of phosphorus. J Mater Chem A 6:19998-20004.
https://doi.org/10.1039/c8ta06649¢

Xiao D, Hou Y, Wang E, Wang S, LiY, De G, Hu C (2003) Hydrothermal
synthesis and crystal structure of a novel polyoxomolybdate with the
hydroxylated N-heterocycle ligand: Mo,Os(ophen), (Hophen=2-hydroxy-
1,10-phenanthroline). J Mol Struct 659:13-21. https://doi.org/10.1016/
50022-2860(03)00363-6

Elemike EE, Onwudiwe DC, Wei L, Lou CG, Zhao WZ (2019) Synthesis of
nanostructured ZnO, AgZnO and the composites with reduced graphene
oxide (rGO-AgZnO) using leaf extract of stigmaphyllon ovatum. J Environ
Chem Eng. https://doi.org/10.1016/jjece.2019.103190

ShiH,YuY, Zhang Y, Feng X, Zhao X, Tan HQ, Khan SU, Li YG, Wang EB
(2018) Polyoxometalate/TiO,/Ag composite nanofibers with enhanced

Page 12 of 12

photocatalytic performance under visible light. Appl Catal B Environ
221:280-289. https://doi.org/10.1016/j.apcath.2017.09.027

40. Taunk PB, Das R, Bisen DP, Tamrakar RK (2015) Synthesis, structural charac-
terization and study of blue shift in optical properties of zinc oxide nano
particles prepared by chemical route method. Superlattices Microstruct
88:417-425. https://doi.org/10.1016/j.spmi.2015.09.039

41. Tong YH, Liu YC, Lu SX, Dong L, Chen SJ, Xiao ZY (2004) The optical prop-
erties of ZnO nanoparticles capped with polyvinyl butyral. J Sol-Gel Sci
Technol 30:157-161. https://doi.org/10.1023/B:JSST.0000039500.48283.5a

42. Khudhair EM, Ammar SH, Khadim HJ (2021) Phosphotungstic acid
immobilized onto ZnO coated zerovalent iron (Fe@ZnO/PW) core/shell
magnetic nanocomposite for enhanced photocatalytic bacterial inactiva-
tion under visible light. J Photochem Photobiol A Chem 404:112907.
https://doi.org/10.1016/j jphotochem.2020.112907

43. He JC, LiJ, DuW, Han QX, Wang Z, Li MX (2018) A mesoporous metal-
organic framework: potential advances in selective dye adsorption. J
Alloys Compd 750:360-367. https://doi.org/10.1016/jjallcom.2018.03.393

44, LiuJ, LiJ,WeiF, Zhao X, Su'Y, Han X (2019) Ag—ZnO sub-micron rod arrays
for high efficiency photocatalytic degradation of congo red and disinfec-
tion. ACS Sustain Chem Eng 7:11258-11266. https://doi.org/10.1021/
acssuschemeng.9b00610

45. Korpanty J, Parent LR, Gianneschi NC (2021) Enhancing and mitigating
radiolytic damage to soft matter in aqueous phase liquid-cell transmis-
sion electron microscopy in the presence of gold nanoparticle sensitizers
or isopropanol scavengers. Nano Lett 21:1141-1149. https://doi.org/10.
1021/acs.nanolett.0c04636

46. Fonagy O, Szabo-Bardos E, Horvéath O (2021) 1, 4-Benzoquinone and 1,
4-hydroquinone based determination of electron and superoxide radical
formed in heterogeneous photocatalytic systems. J Photochem Photo-
biol A 407:113057. https://doi.org/10.1016/jjphotochem.2020.113057

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.materresbull.2010.03.027
https://doi.org/10.1016/j.materresbull.2010.03.027
https://doi.org/10.1016/j.jallcom.2015.01.285
https://doi.org/10.1016/j.jallcom.2015.01.285
https://pubs.acs.org/doi/abs/10.1021/acsami.9b15578
https://pubs.acs.org/doi/abs/10.1021/acsami.9b15578
https://doi.org/10.1016/j.chemosphere.2020.129475
https://doi.org/10.1016/j.apcatb.2020.119838
https://doi.org/10.1016/j.apcatb.2020.119838
https://doi.org/10.1039/c8ta06649c
https://doi.org/10.1016/S0022-2860(03)00363-6
https://doi.org/10.1016/S0022-2860(03)00363-6
https://doi.org/10.1016/j.jece.2019.103190
https://doi.org/10.1016/j.apcatb.2017.09.027
https://doi.org/10.1016/j.spmi.2015.09.039
https://doi.org/10.1023/B:JSST.0000039500.48283.5a
https://doi.org/10.1016/j.jphotochem.2020.112907
https://doi.org/10.1016/j.jallcom.2018.03.393
https://doi.org/10.1021/acssuschemeng.9b00610
https://doi.org/10.1021/acssuschemeng.9b00610
https://doi.org/10.1021/acs.nanolett.0c04636
https://doi.org/10.1021/acs.nanolett.0c04636
https://doi.org/10.1016/j.jphotochem.2020.113057

	Synergistic Photocatalytic-Adsorption Removal of Basic Magenta Effect of AgZnOPolyoxometalates Nanocomposites
	Abstract 
	Introduction
	Methods
	Materials
	Instruments
	Synthesis of Photocatalytic-Adsorbent AgZnOPOMs Nanocomposites
	Dye Removal Experiment
	Statistical Analysis

	Results and Discussion
	TEM Analysis of Photocatalytic Adsorbent AgZnOPOMs Nanocomposites
	XRD Analysis of Photocatalytic Adsorbent AgZnOPOMs Nanocomposites
	FTIR Analysis of Photocatalytic Adsorbent AgZnOPOMs Nanocomposites
	XPS Analysis of Photocatalytic Adsorbent AgZnOPOMs Nanocomposites
	UV–Vis Analysis of Photocatalytic Adsorbent AgZnOPOMs Nanocomposites
	PL Analysis of Photocatalytic Adsorbent AgZnOPOMs Nanocomposites

	Removal of BM
	Conclusions
	Acknowledgements
	References


