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Abstract

In this study, cesium-based polyoxometalate compounds (Csg3WOs3 15/Cs3PW1,040) were successfully synthesized by a simple
thermal decomposition method. The effect of phosphoric acid within reaction solution on the phase-change from hexagonal
cesium tungstate (Csy 3 WO5 ;5) to Keggin-type polyoxometalate (Cs3PW;,040) and a novel Csg3WO3 15/Cs3PW {5,049 compos-
ite formation were investigated. The products were characterized by XRD, FTIR, FESEM, EDS, DRS, and nitrogen adsorption-
desorption isotherms. The powder samples were applied as adsorbent to remove the dye molecules from water. Results indicated
that the Csy3WO3 15/Cs3PW 1,049 composite exhibits higher adsorption capability toward cationic dyes compared with pure
Csp3WOs 15 and Cs3PW,,040. The calculated surface area of pure composite was ~ 32.079 mz/g, which is larger than that of pure
cesium tungstate (~ 17.267 m?/g). The kinetics and isotherms for RhB adsorption on Csg 30WO5 15/Csg 30WO; 1 s composite were

also studied in details.
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Introduction

In recent years, with the development of science and technol-
ogy, the release of organic dyes into water has been considered
as a serious environmental problem [1-4]. Most of the dyes
which are stable under light, heat, and other conditions can
cause skin irritation, dermatitis, and mutagenic changes in
aquatic systems [5—7]. Therefore, the removal of them from
wastewater is essential. Up to now, many physical and chem-
ical purification techniques such as photodegradation, oxida-
tion, electrolysis, membrane separation, and adsorption have
been applied to remove the contaminants from water [8—13].
Among these methods, adsorption is considered as an effi-
cient, versatile, and cost-effective method [14-16]. Many
types of materials including clay mineral, activated carbon,
and zeolite have been studied for water treatment [17-19].
Among them, the activated carbon is more widely used as
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an adsorbent for removal of water contaminations [20-22].
However, some properties of activated carbon such as high
cost, high regeneration temperature, and nonselective restrict
its desirability for practical application [1, 7]. Therefore, the
further research is needed to develop the more efficient adsor-
bent with fast adsorption rate for eliminating the organic dyes
from wastewater.

Recently, the metal oxides such as TiO,, WO3, Fe,0s3,
Zn0O, and ZrO, have been widely investigated as adsorbents
to eliminate the dyes from wastewater because of unique
physical properties, low cost, and environmentally friendly
nature [23-27]. Polyoxometalates are one of the most out-
standing metal oxides with controllable size and morphology
and highly negatively charged surface, which can be used as
an excellent adsorbent for selective removal of cationic dyes
from waste water compared to anionic dyes due to electrostat-
ic interaction between dyes and polyoxometalate surface
[28-30]. In recent years, these compounds have attracted
much research interest in many other areas such as catalysts,
electrochemistry, and sensors due to unique physical and
chemical properties [31, 32]. Among the various
polyoxometalates, cesium-based polyoxometalates,
Cs3PW 1,040, which are insoluble in water are considered as
a good candidate for catalytic reactions in liquid phase
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Fig. 1 XRD patterns of 4
synthesized samples using
different amounts of phosphoric
acid within reaction solution (S1)
0 ml, (S2) 10 ml, (S3) 15 ml, and
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because of their excellent photochemical characteristic such as
high surface area and evolved porosity [32—34]. However, the
dye adsorption properties of Cs3PW;,04-based compound
rarely have been investigated.

In this study, we report the phase-change from hexagonal
cesium tungstate (Csyg3WO3 15) to Keggin-type
polyoxometalate (Cs3PW,040) and a novel Csy3;WO;3 s/
Cs3PW 5,049 composite formation by a simple thermal de-
composition method with the assistant of phosphoric acid.
The X-ray diffraction (XRD), Fourier transform microscopy
(FTIR), scanning electron microscopy (SEM), and UV-vis
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Fig. 2 FT-IR spectra of synthesized samples using different amounts of
phosphoric acid within reaction solution (S1) 0 ml, (S2) 10 ml, (S3) 15
ml, and (S4) 20 ml
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diffuse reflectance spectroscopy (DRS) were used to charac-
terize the products. The dye adsorption capabilities of synthe-
sized samples were investigated by the adsorption of RhB
from water at room temperature. The adsorption kinetics and
the adsorption isotherms were also studied in details.

Experimental

Tungstic acid (H,WO,), cesium carbonate (Cs,COj3) and
polyvinylpyrrolidone (PVP, Mw = 1,300,000), thodamine B
(RhB), malachite green (MG), methyl orange (MO), and
methylene blue (MB) were purchased from Sigma-Aldrich
corporation. All reagents were of analytical grade and used
as received without further purification. In this study, the prod-
ucts were synthesized by using a simple and scale able thermal
decomposition method. As a typical, 0.751 g of H,WO, was
dissolved in 5 ml of hydrogen peroxide (H,0O,) at 50 °C. After
magnetic stirring for 1 h, 2.5 ml ammoniac (NH3), 2 g citric
acid, and different amounts of phosphoric acid (H;PO,, 10
mM) were added into the above solution to form a transparent
solution under magnetic stirring for 30 min. The amount of
phosphoric acid was set to be 0, 10 ml, 15 ml, and 20 ml.
Then, 0.153 g cesium carbonate was added into the solution
with continuous stirring for 30 min. After that, certain amount
of PVP (27% molar weight of solution) was added into the
mixed solution and the solution was stirred for 8 h at room
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Fig.3 SEM images ofa S1,b S2,
and c—d S4 samples

temperature. The obtain sol was thermal decomposed at 500
°C for 2 h with heating rate of 1 °C min™'. The as-prepared
powder was washed with deionized water for three times and
finally dried at 70 °C for 6 h. The synthesized samples with
the adding of 0, 10 ml, 15 ml, and 20 ml phosphoric acid into
reaction solution are labeled as S1, S2, S3, and S4,
respectively.

The morphology of synthesized powder samples were
specified by field emission scanning electron microscopy
(FESEM) using a TESCAN-Mirri 111, equipped with an ener-
gy dispersive x-ray spectroscopy (EDS). The crystal structure
of products was determined by x-ray diffraction pattern
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Fig. 4 EDS analysis of S2 sample

(XRD, PHILIPS- PW1730) with a Cu K« radiation (A =
1.54056 A) operated at 40 kV and 30 mA. To confirm the
Keggin structure formation, Fourier transform infrared
(FTIR) spectra of the samples were recorded at room temper-
ature using a Thermo-Avatar in the range 4000—400 cm .
UV-vis diffuse reflectance spectroscopy (DRS) was recorded
on an Avaspec-2048-TEC spectrometer using BaSO, as a ref-
erence in the wavelength range of 200-800 nm. The specific
surface area values were calculated from nitrogen adsorption-
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Fig.5 UV-vis DRS spectra and corresponding band gap energy ofa S1, b
S2, ¢ S3, d S4 samples
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Fig. 6 N, adsorption/desorption of a S1, b S2, and ¢ S4 samples

desorption isotherms obtained at 77 K using a BELSORP
MINI II analyzer.

To do the adsorption experiment, 40 mg of the powder
samples was added into 40 ml RhB (10 mg/l) aqueous solution
under stirring in dark. Then, the powder samples were re-
moved by centrifugation and the remaining concentration of
RhB was measured using UV-vis spectrophotometer. The per-
cent removal of dyes from aqueous solution was determined
by the following equation:

Co—C.
0

%Removal = x 100 (1)
where Cy and C, are the initial and final concentration (mg/L)
of the dyes, respectively. Furthermore, the adsorption amount
(mg/g) at different times was calculated as below:

g = 7Y )

m

where Cy and C, are the concentration of dye (mg/L) at initial
time and at different times, respectively, V (L) is the volume of
dye solution and m (g) is the amount of adsorbent.

Results and discussion

The phase structure of products was characterized by x-ray
diffraction (XRD) analysis. Figure 1 shows the XRD patterns

of synthesized samples by simple thermal decomposition
method using different amounts of phosphoric acid within
reaction solution. It is observed that all the diffraction peaks
of synthesized sample in the absence of phosphoric acid can
well be assigned to hexagonal phase of cesium tungstate
(Csp30WO3.15, JCPDS no. 81-1245) with the crystal lattice
parameters of a = 7.4012 A, b=74012 A, and ¢ = 7.6728
A, indicating single phase of Csq 30WO; 15 was formed. When
small amount of phosphoric acid was added into reaction so-
lution, the XRD pattern of sample displays the coexistence of
cesium tungstate and cesium polyoxometalates (Cs3PW 1,04y,
JCPDS no. 50-1857) phases, which suggests the
Csp30W0O3.15/Cs030WOs3.15 composite formation. As shown
in Fig. 1, the intensity of diffraction peaks corresponding to
Cs3PW 049 increases with increasing phosphoric acid con-
tent, while the intensity of Csg30WOs3 15 peaks has decreased.
However, it is observed when 20 ml of phosphoric acid was
added into reaction solution, all the diffraction peaks nearly
can be indexed to the Cs3PW 5,049, indicating that pure
Cs3PW 5,040 has been formed.

The FT-IR spectra of S1, S2, S3, and S4 samples are pre-
sented in Fig. 2. The S1 sample displays a broad absorption
band in the range of 540-950 cm ', which can be attribute to
the oxygen-tungsten bonds [35, 36]. When small amount of
phosphoric acid was added into reaction solution, the absorp-
tion bands at 1078, 990, 880, 798, and 520 cm” ! have been
appeared. As previously reported, the characteristic bands of
Kegging type polyoxometalates observed at 1078, 983, 887,
793, and 524 cm™! belong to the vibration of the P—O bonds of
PO, units, W=0 bonds, corner-sharing and edge-sharing vi-
bration of W—O-W bonds, and symmetric vibration of O—P—
O, respectively [37, 38]. These results confirm the Keggin-
type structure formation in the presence of phosphoric acid
within reaction solution. Moreover, the intensity of character-
istic peaks of Cs3PW,049 has increased with increasing
phosphoric acid content.

The morphology and particle size distribution of the prod-
ucts were characterized by FESEM analysis. Figure 3 displays
the FESEM images of synthesized samples in the presence of
different contents of phosphoric acid within reaction solution.
It is observed the pure Csy3WO;3 ;5 (S1 sample) is composed
of nearly uniform nanoparticles with the average size of ~ 70
nm. As shown in Fig. 3b, in the presence of small amount of
phosphoric acid, in addition to Csy 3 WO5 ;s nanoparticles, mi-
crospheres with the diameter of around 1 wm are also ob-
served. Based on XRD analysis which indicated that this

Table 1 BET surface area, total

Total pore volume (cm® g ") Mean pore diameter (r,-nm)

pore volume, and mean pore Sample Surface area (m” g ')
diameter of S1, S2, and S4
samples (a) 17.267

(b) 32.079

(c) 37.943

0.0813 18.836
0.1164 14.519
0.1034 10.904
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Fig. 7 (A) The removal efficiency of synthesized samples using different
amounts of phosphoric acid for removal of RhB from water: (a) S1, (b)
S2, (c) S3, and (d) S4, and (B) Removal efficiency of MB onto S2 in three
successive cycles.

sample is composed of a two-phase structure, the observed
microspheres can be attributed to the Cs;PW1,04¢ compound.
Moreover, the size and the number of the microspheres in-
crease with increasing phosphoric acid content. It can be seen
the synthesized sample with 20 ml H;PO, content (Fig. 3c—d)
is composed of nearly uniform microspheres with the average
diameter size of ~ 2 um, which confirms that nearly all of the
Csy.3WO3 15 nanoparticles have transformed into
Cs3PW,04. Interestingly, the microspheres are composed
of nanoparticles with the size of ~ 90 nm. The chemical com-
position of the products was determined by energy dispersive
x-ray spectroscopy (EDS) analysis. As a typical, Fig. 4 dis-
plays the EDS spectrum of S2 composite sample. It is ob-
served this sample is composed of O, Cs, W, and P elements,
which confirm the purity of products.

The UV-vis diffuse reflectance spectroscopy (DRS) was
used to investigate the optical properties of products. Based
on DRS spectra, the band gap (£,) of samples is determined

by extrapolating and intersecting the linear part of (a/hv)'’? to
hv-axis. Where, « is the optical absorption coefficient and Av
is photon energy. As shown in Fig. 5, the band gap of S1, S2,
S3, and S4 samples is estimated to be nearly 2.60 eV, 2.52 eV,
2.25 eV, and 2.20 eV, respectively. Thus, the band gap of
samples exhibits a red-shift with increasing phosphor content,
which confirms the phase changes from hexagonal cesium
tungstate (Csg3WOs3 15) to Keggin-type polyoxometalate
(Cs3PW 504).

It is well known that the adsorption capacity of an adsor-
bent can be controlled by its specific surface area. A larger
specific surface area can provide more active sites for surface
adsorption of dye molecules [39]. The N, adsorption-
desorption isotherms were applied to determine the surface
area, total pore volume, and mean pore diameter of S1, S2,
and S4 samples. As shown in Fig. 6, all samples display type
IVisotherms with a H; hysteresis loop, indicating the presence
of mesoporous structure [40]. The pore structural properties of
the samples are represented in Table 1. It is observed the
specific surface areas calculated by BET method are 17.26
m?/g, 32.07 m*/g, and 37.94 m*/g for S1, S2, and S4 samples,
respectively.

The adsorption capability of samples was studied by
the adsorption of RhB in water under dark condition. In
each experiment, 40 mg of powder samples was added
into 40 ml RhB aqueous solution (10 ppm). Figure 7A
shows the adsorption performance of S1, S2, S3, and S4
samples for adsorption removal of RhB from water as a
function of contact times. It is observed all the samples
display a rapid adsorption process in the first 1 min,
which exhibits the availability of active surface sites
[20]. The adsorption percentage of S1, S2, S3, and S4
samples toward RhB in aqueous solution was 46%,
95%, 85%, and 61%, respectively, demonstrating that
the adsorption capacity of composite is larger than other
samples.

Furthermore, the reusability of an adsorbent is important
for practical applications. In each experiment, after RhB ad-
sorption, the powder was separated by centrifugation and
washed with distilled water and ethanol, and then dried in an
oven at 80 °C for the next test. Figure 7B shows the stability of
S2 toward the removal of RhB from aqueous solution for three
consecutive cycles. It is observed the adsorption performance
slightly decreased from 95 to 91% after three cycles, indicat-
ing the good stability.

Furthermore, the selective adsorption performance of
S2 sample toward MB, MG, and RhB as cationic dyes
and MO as an anionic dye was evaluated. Figure 8 dis-
plays the changes of UV-vis absorption spectra of dye
solution (40 ml, 10 mg/L) before and after addition of
composite sample (40 mg) as adsorbent under dark con-
dition for 20 min. It is observed, the dye adsorption to-
ward MB, MG, and RhB as cationic dyes is > 95%,
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Fig. 8 UV-vis absorption spectra of dye solution (40 ml, 10 mg/L) before and after addition of S2 samples (40 mg) under dark condition for 20 min

whereas the amount of adsorbed MO as an anionic dye
onto the sample is negligible. These results imply that the
composite sample has an excellent adsorption capability
toward cationic dyes, whereas displays no adsorption to-
ward MO as an anionic dye.

To describe the adsorption process onto composite samples
two kinetic models, pseudo-first order (Eq. 3) and pseudo-
second order (Eq. 4), were fitted to experimental data. These
models can be expressed as below [40—42]:

In(g.—q,) = Inq.—k:? 3)

t 1 t

(4)

=——+
g kq: g,

where ¢, (mg/g) is the amount of RhB adsorbed at equi-
librium and ¢; (mg/g) is the amount of RhB adsorbed at
various time; ¢ is the adsorption time and k; and k, are the
first-order and second-order rate constants for RhB ad-
sorption, respectively. These values are determined by
linear plots to the experimental data (Fig. 9a, b) and sum-
marized in Table 2. It is observed the correlation coeffi-
cient of pseudo second-order model (R? = 0.999) is much
higher than that from pseudo first-order model (R* =
0.664). Thus, the kinetic of RhB adsorption onto S2 sam-
ple was better fitted by pseudo second-order model

@ Springer

compared with pseudo first-order model, indicating the
chemical adsorption process is the rate-limiting step [43,
44].

To further determine the adsorption mechanism, the
experimental data were fitted by the Langmuir and the
Freundlich adsorption isotherm models. The Langmuir
and the Freundlich isotherm models describe the mono-
layer adsorption and multilayer adsorption onto the ad-
sorbent surface, respectively [41, 42]. The linearized
form of Langmuir model and the logarithmic form of
Freundlich model can be expressed as Eq. 5 and Eq. 6,
respectively [41, 42]:
C.

9m

Ce 1

qe B quL

(5)

Log (g.) = Log (Kr) + 1 Log(Co) (©)
where ¢g. (mg/g) is the amount of RhB adsorbed at equilibri-
um, ¢, is the maximum adsorption capacity, C. (mg/L) is the
concentration of RhB at equilibrium, K is the Langmuir con-
stant, K¢ is the Freundlich constant and 1/# is the intensity of
adsorption. The fitting of both isotherm models to experimen-
tal data (Fig. 9c, d), and also corresponding parameters and
correlation coefficients for the more are presented in Table 2.
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Fig. 9 Fitting adsorption kinetics and isotherms data for RhB on S2 composite sample with a pseudo first-order kinetic model, b pseudo second-order
kinetic model, ¢ Langmuir adsorption isotherm (inset: adsorption isotherm of RhB adsorption on composite), and d Freundlich adsorption isotherm

It is observed the deviation between the experimental data and
fitting curve of the Freundlich model (R* = 0.920) is larger
than that of the Langmuir model (R?> = 0.993). In addition,
based on the Langmuir model, the value of ¢, is ~ 23.041
mg/g, which is in good agreement to the experimental data
displayed in the inset of Fig. 9c. Therefore, the adsorption of
RhB on the S2 surface obeys the Langmuir adsorption model.

Conclusion
In summary, a simple thermal decomposition method

was used to synthesize pure Csy3WO;3 15, Csg3WO;3 15/
Cs3PW 5,049 composite, and Cs3;PW;,049. The results

revealed that the phosphoric acid into reaction solution
plays crucial role in the crystal structure and morphol-
ogy of synthesized samples. It was observed a phase-
change from hexagonal cesium tungstate (Csg3WO; 5)
to Keggin-type polyoxometalate (Cs3PW;,049) with the
assistance of phosphoric acid. The adsorption experi-
ment indicated that composite sample exhibits a fast
and high adsorption performance toward anionic dye
(RhB, MB, and MG) compared to pure Csy3WO; 5
and Cs3;PW,,040 phases, whereas its ability to adsorb
MO as an anionic dye is negligible. The maximum ad-
sorption capacity of composite sample toward RhB was
23.041 mg/g. The fitting of isotherms and kinetics
models to experimental data revealed that the adsorption

Table 2 Kinetic and isotherm parameters for RhB adsorption on S2 sample

Kinetic Isotherm

First-order Second-order Langmuir Freundlich
Parameter k e R? ks e Gm Ky R? Kg 1/n R?
Value 0.709 2.769 0.664 7.115 9.372 0.999 23.041 2.066 0.993 15.743 0.223 0.920
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of RhB on the composite sample was better fitted by
Langmuir adsorption model and pseudo second-order
model.
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