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ABSTRACT

In this work, phosphotungstic acid-reduced graphene oxide composites (denoted as HPW-RGO) were
synthesized using phosphotungstic acid and self-made graphene oxide as starting materials via a facile
hydrothermal method. The prepared materials were characterized by scanning electron microscopy,
X-ray diffraction analysis, infrared spectroscopy, X-ray photoelectron spectroscopy and thermograv-
imetric analysis. The results showed that the phosphotungstic acid particles were loaded on reduced
graphene oxide. The optimal mass ratio of graphite oxide to HPW was 3.0 wt% in preparation process.
Under the same experimental condition (pH 3.0, 20 mg/L methyl orange (MO) and 1.0 g/L dosage), the
adsorption removal ratio of MO over HPW-3RGO was 46.34%, the photocatalytic degradation removal
ratio is about 40.00%, and the total removal ratio was 86.34%. While the adsorption removal ratio of
MO over HPW was only 2.67%, the photocatalytic degradation removal ratio is about 32.00% and the
total removal ratio was only 34.66%. The degradation rate constant of HPW-3RGO (0.00892 min™") was

3.4 times of the HPW (0.00264 min™).
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1. Introduction

Photocatalytic technique has attracted much attention
because it is considered to be a promising way to challenge
the worldwide energy shortage and environmental pollu-
tion issues. It can mineralize environmental pollutants under
solar light completely. Titanium dioxide (TiO,) is the com-
monly used photocatalyst because it has good virtues, such
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as high photocatalytic efficiency, chemical inertness, pho-
todurability, low cost and nontoxicity [1,2]. However, there
are some drawbacks including its wide band gap (3.2 eV),
fast recombination of the photo-generated electron-hole
pairs and low adsorption ability for pollutants. Such disad-
vantages restricted the large-scale industrial application of
TiO, in real wastewater treatment. Therefore, it is important
and necessary to explore new efficient photocatalyst to meet
these needs.
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Recently, polyoxometalates have attracted particular
interest in photocatalysis field due to their strong Bronsted
acidity. However, one of the major disadvantage is relative
low photocatalytic activity because of the combination of
photo-generated electron-hole pairs and small surface area.
In order to overcome this disadvantage, the heteropolyacids
have been anchored on the supporters, such as zeolites [3],
activated carbon [4], mesoporous silica [5,6] and TiO, [7].
Another method was that heteropolyacid precipitated with
K*, NH,*[8,9], La* and Ce**[10] to form salts with higher pho-
tocatalytic activity.

Graphene, a single atomic layer of sp*hybridized car-
bon arranged in a honeycomb structure, is the 2D allotrope
of carbon [11]. Since 2009, it has drawn enormous scien-
tific attention because of its high specific surface area [12],
excellent conductivity [13] and good adsorption ability for
organic pollutants [14]. Up to date, many works about the
graphene-based photocatalysts to decompose organic pollut-
ants [15,16] or split water to produce hydrogen [17,18] have
been reported.

In this work, in order to improve the adsorption and pho-
tocatalytic performance of phosphotungstic acid, RGO as a
supporter was introduced to phosphotungstic acid to obtain
HPW-RGO composites. The morphology, crystal phase struc-
ture and chemical composition of the HPW-RGO composites
were investigated in detail. The adsorption and photocata-
lytic performance of them were evaluated by removing MO
as model pollutant. Moreover, the mass ratio of graphite
oxide to HPW was optimized during the preparation process.

2. Experiments and methods
2.1. Chemicals and materials

Flake graphite powder (325 mesh) was supplied by
Qingdao Henglide Graphite Co., Ltd. (China). Potassium
permanganate (KMnO,), sodium nitrate (NaNO,), H,SO,
(98%) and hydrogen peroxide (H,0,, 25%) were purchased
from Chengdu Kelong Chemical Reagent Factory (China).
Phosphotungstic acid (H,PW O, .xH,0) and methyl orange
(MO) were bought form Sinopharm Chemical Reagent Co.,
Ltd. (China). All the reagents were analytical grade and were
used as received. Ultra-pure water (18.2 M) used throughout
the experiments was obtained from laboratory purification

system.

2.2. Synthesis of HPW-RGO composites

Graphite oxide was prepared using natural flake graphite
powder (325 mesh) through a modified Hummers method
[19,20]. In total, 2 mg/mL of graphene oxide (GO) was
obtained by ultrasonic treatment, the experiment process was
following: 0.6 g of graphite oxide was added into 300 mL of
mixture solvent [water—ethanol (2:1)], then above suspension
was sonicated for 6 h and centrifuged at 4,000 rpm for 15 min.
The supernatant (GO) was collected and kept in a refriger-
ator for latter usage. Phosphotungstic acid-reduced oxide
graphene composites (denoted as HPW-RGO) were synthe-
sized using 2 mg/mL GO solutions and phosphotungstic acid
as starting materials via simple hydrothermal method, which
was similar to Zhang et al. [15] and Zhang et al. [21] works.

The HPW-RGO composites with different RGO contents (1, 3
and 5 wt%) were prepared by adjusting the mass ratios of
graphite oxide to HPW, and products were denoted as HPW-
1RGO, HPW-3RGO and HPW-5RGO. In a typical prepara-
tion process of HPW-3RGO composite, 1 g of H.PW O,
x¥H,O was added into mixture solution containing 15.00 mL
of 2 mg/mL GO solution under stirring, further stirred for
2 h, and then the suspension was transferred into a 25-mL
teflon-sealed autoclave for hydrothermal treatment at 120°C
for 8 h. Finally, the resulting composite was dried at 50°C in
vacuum. The RGO was prepared with the same method only
without adding HPW during preparation process.

2.3. Characterization of HPW/RGO composites

SEM images were captured on an FEI QUANTA200 scan-
ning electron microscope (USA). The crystal phase structure
of prepared materials were recorded on a TTRII diffractom-
eter (Rigaku Corporation, Japan) with Cu K radiation in
the 20 range from 5° to 70°. The scanning rate was 10° min™
and a step size was 0.02° s™, the accelerating voltage and
the applied current were 40 kV and 30 mA, respectively.
Fourier-transform infrared spectra (FTIR) were conducted
on a Nicolet iS10 FTIR Spectrometer (Thermo Scientific,
Germany) using KBr pellet technique over the wave num-
ber range of 4,000-400 cm™ with a resolution of 2 cm™. X-ray
photoelectron spectrum (XPS) measurements were per-
formed on a PHI5000 Versaprobe scanning XPS microprobe
(PULVAC-PHI Inc.) using the Al Ka line. For calibration
purposes, the main Cls peak was referenced to 284.8 eV. The
thermal stability of prepared materials were also measured
on a thermal gravimetric analyzer(TGA, NETZCH, TG209FI,
Germany), the heated temperature were from room tempera-
ture to 700°C at 20°C min™ heat rate.

2.4. Evaluation of performance of materials

Photocatalytic degradation experiments were performed
in XPA-7 photochemical reactor (Xujiang Electromechanical
Plant, Nanjing, China) to investigate adsorption and photo-
catalytic degradation removal of MO. The light is 20 W UV
lamp (A = 254 nm). The reaction suspensions were cooled by
circulating water at room temperature. In a typical exper-
imental process, 0.0500 g of HPW-RGO was added into
50 mL of MO solution (C,). Prior to the light irradiation, the
suspensions were stirred in dark for 120 min to establish the
adsorption/desorption equilibrium and the MO concentration
was determined as C (adsorption/desorption equilibrium
time is about 20 min, in order to meet adsorption equilibrium,
the suspension was stirred in dark for 120 min). Then irradia-
tion started and a quartz tubes containing 50 mL of MO solu-
tion were taken out at scheduled time and its concentration
was determined as C,. The suspension solution was immedi-
ately filtered through a 0.45-um glass fiber filter to remove
the catalyst particles and subjected to ultraviolet—visible spec-
trum analysis (detection wavelength was 463 nm), the stan-
dard curve for MO was linearly best fitted (R?=0.9999) with
the concentration of MO varied from 1 to 20 mg/L.

The adsorption and photocatalytic degradation removal
ratios of MO on photocatalysts were calculated according to
Eq. (1) and Eq. (2), respectively.
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In order to further compare the photocatalytic perfor-
mance of HPW-RGO with that of pure HPW, the experimen-
tal data were fitted by pseudo-first-order model. Its equation
can be written in a linear form and shown in Eq. (3):

ln& =—«t 3)
C
q
The slope of the fitted line of In(C/C,) vs. reaction time

was the rate constant (i).

3. Results and discussion
3.1. Characterization of HPW-RGO composites
3.1.1. Morphology

To observe the morphology of the as-synthesized com-
posites, the SEM images of GO, HPW and HPW-3RGO are
shown in Fig. 1. It can be seen that bare GO (Fig. 1(a)) had
a flake-like structure with wrinkles and the HPW was the
block with cracks, and HPW-3RGO composite showed that
HPW particles were well-dispersed and loaded on the RGO
sheets without obvious aggregation. This result can improve
the adsorption and photocatalytic activity of HPW.

3.1.2. Crystal phase structure

In order to investigate the crystal phase of as-synthesized
GO, RGO, HPW-1RGO, HPW-3RGO and HPW-5RGO, the
X-ray diffraction (XRD) patterns of them were recorded on a
TTRII diffractometer. Fig. 2 illustrates that GO had a sharp
and strong characteristic peak at 20 = 10.8°, the diffraction
peak of GO disappeared at 20 = 10.8° and a new characteristic
peak of RGO at 20 =24.5° appeared after hydrothermal reduc-
tion in the solvent of ethanol-water (1:2). This result implied
that the GO may be reduced to RGO when ethanol was as a
reductant in hydrothermal environment [22]. The XRD pat-
terns of HPW showed that it is well crystallized, and HPW
had peaks at 10.3°, 14.6°, 17.9°, 20.5°, 23.2, 25.3°, 29.6°, 34.4°,
37.9°, 53.4° and 60.0°, which are the characteristic peaks of
HPW [3]. Fig. 3 was the XRD patterns of HPW, HPW-IRGO,
HPW-2RGO and HPW-3RGO, the XRD patterns of them
were similar with the XRD pattern of HPW, and no obvious
RGO peaks were observed because of weak intensity of RGO
possibly. Moreover, with the increasing of RGO mass ratio
from 1 to 5 wt% in HPW-RGO composites, the intensity of
diffraction peaks of HWP at 10.3° and 25.3° became weaker,
which could be ascribed to the shielding effect of RGO on
the HWP surface. Therefore, the higher mass ratio of RGO
in composite maybe made weak absorption for ultraviolent
because of shielding effect of RGO for light, which will lead
to weak photocatalytic degradation performance for target
pollutants.

Fig. 1. SEM images of GO (a), HPW (b) and HPW-3RGO (c).

3.1.3. FTIR analysis

In order to obtain the information about functional
group of the samples as well as reduction of GO to RGO in
HPW-RGO during hydrothermal reaction. The FTIR of GO,
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Fig. 2. XRD patterns of GO, RGO, HPW and HPW-3RGO.
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Fig. 3. XRD patterns of HPW, HPW-1RGO, HPW-2RGO and
HPW-3RGO.

RGO, HPW, HPW-1RGO and HPW-3RGO materials were
measured and are shown in Fig. 4. It was clear that GO had
many absorption peaks corresponding to various contain-
ing oxygen functional groups, such water O-H bending
and C-C stretching (1,646 cm™), C-O stretching (1,084 cm™),
C-O stretching of ether group (1,113 cm™) and C-O stretch-
ing of epoxide (863 cm™). The spectra of RGO showed a
low absorption—peak intensity of the containing oxygen
functional groups at 500-1,700 cm™ compared with those
of GO, which indicated that GO had been reduced to RGO
greatly during hydrothermal process. The IR peaks of HPW
were 1,073 cm™ for vP-O,, 987 cm™ for vW = O,, 885 cm™

HPW-3RGQ
PW-1RGQ,

Transmittance, a.u

3500 3000 2500 2000 15'001' 1000 500
Wavenumber(cm")

Fig. 4. The Fourier-transform infrared spectra of GO, RGO, HPW,
HPW-1RGO and HPW-3RGO materials.

for VW-O,_-W and 798 cm™ for vW-O_-W. Moreover, weaker
peaks were present at 596 and 517 cm™ [23], which were the
characteristic of the PW ,0, *ion (Keggin ion unit). As for the
FTIR spectra of HPW-RGO composites, the infrared peaks at
987, 885, 798, 596 and 517 cm™ were ascribed to HPW, and the
peak at 1,400 cm™ of the composites can be seen obviously
from IR spectra of RGO, which indicated that the prepared

composites were composed of RGO and HPW.

3.1.4. XPS analysis

In order to further investigate the chemical composition
and element chemical states of HPW-RGO, XPS measure-
ments for GO and HPW-3RGO materials were performed
and the results are shown in Fig. 5. According to the XPS sur-
vey spectra (Fig. 5(a)), the HPW-3RGO material contained W,
O, P and C elements corresponding to the binding energies of
Wip, W4d, Ols, P2s, P2p and Cls. Fig. 5(b) is the Cls spectra
comparison of GO and HPW-3RGO, the main Cls peaks for
GO located at 286.7 and 284.8 eV, the peak located at 286.7 eV
implied that the GO contained large amount of oxygen-con-
taining groups, HPW-RGO had much weaker obviously at
286.7 eV, which indicated that the GO was transformed to
graphene greatly via hydrothermal treatment. The character-
istic peaks of GO in the deconvoluted Cls region appeared
at 284.7, 286.7 and 289.0 eV, which were assigned to the C-C/
C=C/C-H, C=0 and C(O)O functional groups, respectively
[24]. Compared with Cls deconvolution spectra of GO, Cls
deconvolution spectra peaks of HPW-3RGO existed at 284.71
and 287.12 eV (Fig. 6(d)), which were ascribed to C-C/C=C/
C-H and C=0. Moreover, the peak intensity of C=O of HPW-
3RGO was much weaker than that of GO. The above XPS
analysis results showed that the HPW-RGO material was
successfully prepared and the GO had been reduced to RGO
by ethanol in the hydrothermal environment largely.
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Fig. 5. (a) XPS survey spectra of HPW-3RGO; (b) C1s spectra comparison of GO and HPW-3RGO; (c) peak deconvolution of the Cls

XPS core-level spectra from GO and (d) HPW-3RGO.

3.1.5. Thermogravimetric analysis

In order to investigate the thermal stability of HPW-
3RGO, thermogravimetric analysis was done. Fig. 6 shows
the TGA, differential scanning calorimetry (DSC) and deriv-
ative thermogravimetry (DTG) curves of HPW and HPW-
3RGO hybrid composite heated in a thermal gravimetric
analyzer to 700°C at a heating rate 20°C min™ under N, envi-
ronment.The weight loss of HPW at 20°C-60°C, 60°C-210°C
and 210°C-520°C were ascribed to the adsorbed water and
crystal water in HPW, and the weight loss ratios were 2.74,
2.92 and 2.65 wt%, respectively. As for HPW-3RGO, the
weight loss of HPW at 20°C-250°C and 260°C-600°C was
also ascribed to the adsorbed water and crystal water in
HPW-3RGO composite. The weight loss ratios were 5.14
and 3.17 wt%, respectively. Comparing weight loss ratios of
HPW and HPW-3RGO, HPW-3RGO had much more weight
loss ratio because oxygen-containing groups of RGO may
be reduced under thermal environment (over 250°C) [25].
Moreover, from the DSC curves of them, crystal phase
change of both HPW and HPW-3RGO occurred over 600°C.

3.2. Adsorption and photocatalytic performance

3.2.1. The optimization of RGO amount in HPW-RGO
nanocomposites

To investigate the effect of RGO amount in HPW-RGO
composites on the removal ratios of MO, the adsorption
and photocatalytic degradation of MO over HPW-IRGO,
HPW-3RGO, HPW-5RGO composites was carried out and
is shown in Fig. 7(a). Fig. 7(a) shows that the adsorption
removal ratios of MO on the HPW-1RGO, HPW-3RGO and
HPW-5RGO were 27.81%, 30.86% and 35.20%, respectively.
The adsorption removal ratio of MO over HPW-RGO com-
posites increased from 27.81% to 35.20% with the increas-
ing weight ratio of RGO from 1 to 5 wt% in the composites.
The enhanced adsorption ability could be attributed to the
m—7 interaction strong and hydrogen bonds between RGO
and pollutants containing phenyl group, which was in con-
sistent with the result of Xu et al. [14]. The introduction of
RGO to HPW via hydrothermal reaction exhibited a signif-
icant influence on the adsorption ability for MO. After light
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Fig. 6. TGA, DSC and DTG curves of HPW (a) and HPW-3RGO (b).

illumination, photocatalytic degradation removal ratios of
MO on HPW-1RGO, HPW-3RGO and HPW-5RGO were
33.90%, 38.68% and 38.24%, respectively. The HPW-3RGO
had highest degradation removal ratio. The total removal
ratio of MO over HPW-1RGO, HPW-3RGO and HPW-5RGO
were 61.71%, 69.54% and 73.44%, respectively. In order to
assess the photocatalytic activities of them, the pseudo-first-
order degradation kinetic constants for MO over the HPW-
1RGO, HPW-3RGO and HPW-5RGO were 0.00416, 0.00583
and 0.0064 min™, respectively (Fig. 7(b)). It was evident
that the degradation rate constant of MO enhanced greatly
ranging from 0.00416 to 0.00583 min™ with increasing mass
ratio of RGO from 1 to 3 wt%. Further increasing the RGO
amount from 3 to 5.0 wt%, the degradation rate constant
only increased slightly from 0.00583 to 0.0064 min™. This
demonstrated that much more RGO did not help to improve
photocatalytic activity of HPW greatly because higher RGO
content will make the light absorption weak. Therefore, from
the both view of photocatalytical degradation removal ratio
and economical point, the optimal content of RGO in com-
posite was selected 3.0 wt%.
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Fig. 7. (a) Adsorption and photocatalytic decomposition time
courses of MO (initial concentration 20 mg/L) on HPW-1RGO,
HPW-3RGO and HPW-5RGO nancomposites (catalyst dosage
0.6 g/L) and (b) the corresponding first-order plots. The arrow
indicates the beginning of UV light irradiation.

3.2.3. The photocatalytic performance evaluation
of HPW-3RGO

In order to contribution of RGO in composites to MO
removal ratio, the adsorption and decomposition time courses
of MO over HPW-3RGO, HPW and photolysis of MO were
performed and are shown in Fig. 8. The experiment condition
was 20 mg/L MO, 1.0 g/L photocatalyst and pH 3.0 of solution.
From Fig. 8(a) we can see the adsorption removal ratio of MO
over HPW-RGO was 46.34%, the photocatalytic degradation
removal ratio was about 40.00%, and the total removal ratio was
86.34%. The adsorption removal ratio of MO over HPW was
2.67%, the photocatalytic degradation removal ratio was about
32.00% and the total removal ratio was only 34.66%. The intro-
duced RGO made a great contribution to the RGO removal.
The degradation rate constant of HPW-RGO (0.00892 min™)
was 3.4 times of the HPW (0.00264 min ™), and the rate constant
of photolysis was only 0.000792 min™ (Fig. 8(b)).
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Fig. 8. (a) Direct photolysis (20 W UV light, main wavelength
254 nm) and adsorption and photocatalytic decomposition time
courses of MO (initial concentration 20 mg/L) on HPW-3RGO
and HPW (catalyst dosages 1.0 g/L) and (b) the corresponding
first-order plots. The arrow indicates the beginning of UV light
irradiation.

Based on the above experimental data analysis, we can
know that HPW-3RGO had much better adsorption ability
for MO and better photocatalytic activity compared with
pure HPW because RGO can absorb MO from water to
the surface of HPW-3RGO through strong m-m interaction
between RGO and two phenyl groups of MO, then adsorbed
MO can be decomposed. In addition, improvement of photo-
catalytic degradation rate of MO over HPW-3RGO was that
RGO in composites maybe suppress the combination of pho-
togenerated electron-hole pairs due to its excellent electron
conductivity [26].

4. Conclusions

In summary, HPW-RGO composites were synthe-
sized by hydrothermal method. The morphology and

crystal phase structure, chemical composition of prepared
HPW-RGO were investigated in detail. The RGO mass ratios
in HPW-RGO composites were optimized by removing MO.
The results indicated that the HPW was dispersed on RGO
sheet, and the optimal RGO mass ratio in composites was
3.0 wt%. Under experiment condition (1.0 g/L dosage, pH 3.0
and 20 mg/L MO solution), the adsorption removal ratio of
MO over HPW-RGO was 46.34%, the photocatalytic degra-
dation removal ratio is about 40.00%, and the total removal
ratio was 86.34%. The adsorption removal ratio of MO over
HPW was 2.67%, the photocatalytic degradation removal
ratio is about 32.00%, and the total removal ratio was
only 34.66%. The degradation rate constant of HPW-RGO
(0.00892 min™) was 3.4 times of the HPW (0.00264 min!).
The results showed that RGO played a dominant role in
enhancing the adsorption ability and photocatalytic activ-
ity of the HPW-RGO for the MO removal. It is feasible and
efficient to remove MO and other organic pollutants over
the prepared HPW-RGO composites by adsorption and
photocatalysis.
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