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ABSTRACT

The H3PW;,040@C photocatalysts synthesized in situ from dodetungstophosphoric acid
(TPA) and soluble starch were studied and characterized by FTIR, XRD, scanning electron
microscope, and energy dispersive X-ray analysis. The degradation of rhodamine B (RhB)
wastewater with HzPW1,04@C photocatalysts and hydrogen peroxide was investigated
under ultraviolet irradiation. The effect of different factors and synergetic effect on the deg-
radation of RhB were studied and the mechanism of catalytic oxidation of RhB was dis-
cussed. The results showed that the RhB was degraded efficiently. The decoloration
efficiency of the RhB was up to 94.6% with initial pH value of 6 and RhB concentration of
100 mg/L under better reaction conditions (i.e. hydrogen peroxide concentration of 12 mM,
PW30 (represented raw materials formula according to weight ratio of TPA to soluble starch
is 30%) mass of 1.0g/L, reaction temperature of 25°C, the high pressure mercury lamp
power of 500 W, and the radiation time of 70 min). Degradation process of RhB wastewater
by ultraviolet, hydrogen peroxide, and PW30 has synergetic effect.
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1. Introduction homogeneous and heterogeneous photocatalysis are
promising technologies, which can be useful for achiev-
ing total decolorization with partial degradation of
some dyes in waters [5-7].

AOPs refer to a set of different methods leading to
the generation of highly oxidative species such as
hydroxyl radicals ("OH) which are powerful oxidizing
agents that are able to mineralize biorecalcitrant
organics in the effluents or at least convert them to
easily biodegradable compounds [8]. A UV/H,0, pro-
cess can be carried out under ambient conditions and

The textile industry wastewater is often difficult to
degrade because it contains complex organic molecules,
like dyes [1,2]. Most dyes are toxic and recalcitrant to
biodegradation, causing a decay in the efficiency of bio-
logical plants currently used for the treatment of waste-
waters containing such compounds [3,4]. To fight this
problem, advanced oxidation processes (AOPs) such as
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can lead to complete mineralization of organic carbon
to CO, and H,O [9-12]. A heterogeneous oxidation
process employing hydrogen peroxide and photocata-
lyst with UV light has been found to be a highly effi-
cient AOP in the decolorization and mineralization of
wastewaters containing various organic compounds
[13-15].

The Keggin heteropolyacids (HPAs) such as
12-tungstophosphoric acid, can catalytically activate
hydrogen peroxide and be considered soluble models
of semiconductor, which is an environmentally
friendly and inexpensive oxidant and photocatalyst
[16,17]. However, a major drawback to the HPAs sys-
tem is its high water solubility, which impedes recov-
ery and reuse of the catalyst. To conquer this
shortcoming, several studies have put efforts into the
immobilization of the HPAs on high-surface-area solid
supports, such as carbon gel, activated carbon, ZrO,,
and SiO, as heterogeneous catalysts [18-20].

The main objectives of this work were (1) to dem-
onstrate the treatment efficiency of rhodamine B (RhB)
using ultraviolet in the presence of Hz;PW;,040@C—
H,O, process; (2) to investigate the effects of several
experimental parameters including loading of
H3PW12040, pH Value, dosage of H3PW12040@C, H202
concentration, and reuse on decolorization efficency;
and (3) to explore the possible mechanism of RhB
decolorization based on the observed experimental
results.

2. Experimental
2.1. Materials

Soluble starch, H3;PW;,04y-6H,O (abbreviated as
PW12), RhB, hydrogen peroxide solution (30%), and
other compounds such as HCl, NaOH were purchased
from Sinopharm Chemical Reagent Co. Ltd (China).
Solutions were prepared by dissolving the requisite
quantity of the dye in deionized water. Chemical
structure of RhB is given in Fig. 1.
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Fig. 1. Molecular structure of RhB.
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2.2. Preparation of the H;PW;,040@C photocatalysts

The soluble starch and H3zPW;,04-6H,O were
used as received. A desired amount of soluble starch
was added to 25mL of deioned water containing a
certain amount of PW12 and then the mixture was
stirred for 2 h at 55-60°C. The dark colour
H3PW1,040@C photocatalysts were obtained (Fig. 5(a))
after calcination at 200°C for 10 h using a conventional
oven under air atmosphere and grounded into 150
mesh grains in sequence, which were denoted as
PW10, PW30, PW50 according to the weight ratio of
PW12 to soluble starch, respectively. The possible for-
mation mechanism of H;PW;,04@C photocatalysts
was figured out as Fig. 2 [21].

2.3. Apparatus and analysis

UV-2501PC (Shimadzu, Japan) UV-vis spectrometer
was used to determine the dye concentrations (Amax =
553 nm). The percentage of dye decolorization efficien-
cies were calculated by using the following Eq. (1):

Percentage decolorization efficiency = (1 — C;/Cp) x 100

(1)

where C, is the initial dye concentration, C; is the dye
concentration at measurable time t.

The degradation of RhB dye was confirmed by
Agilent1200LC high pressure liquid chromatography
(HPLC) equipped with UV-vis diode array detector
using Agilent XDB-Cyg column (150 x4.6 mm) in the
reverse phase mode. The HPLC separation was car-
ried out using mixed eluent (CH;OH:H,O =3:1 by vol-
ume, A=550 nm) at a flow rate of 1mL/min. The
column temperature was 30°C, with an injection vol-
ume of 20 pL.

The PW30 particles as prepared and after five
cycles of uses in ultraviolet/PW30@C-H,O, system
were photographed by scanning electron microscope
(SEM) (TESCAN-Vega II, operating at a voltage of
30 kV) to demonstrate the different pore structure
characteristics. Energy dispersive X-ray spectrum
analysis was investigated by an energy dispersive X-
ray spectrometer EDX Oxford INCA X-act. XRD
measurements were performed on a Germany Bru-
ker-D8 Advance X-ray diffractometer, with graphite-
monochromatized high-intensity Cu-Ko radiation at
40 kV and 30 mA. The IR spectrum of the
H3PW1,040@C particles was recorded on FTIR spec-
trometer (M-1370, Perkin-Elmer Company, USA).
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Fig. 2. Formation mechanism of H3PW;,04,@C photocatalysts.

2.4. General procedure

In a 500 mL beaker with jacket which was sur-
rounded by circulated water to be kept at the needed
temperature, aqueous solution of dye (250 mL), hydro-
gen peroxide, and HzPW;,0,0@C or PWI2 were
added. The mixture was irradiated under the ultravio-
let irradiation at a set temperature for a period. A
500 W mercury bulb (Institute of Electrical Light
Source, Beijing, China) was used as UV irradiation
source and were positioned over RhB solution at the
height of 20 cm. After the suspension was irradiated
for a certain time, 5 mL suspension was taken out and
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Fig. 3. IR spectra of (a) PW10, (b) PW30, (c) PW50, (d)

PW30 after five cycles of uses in ultraviolet/ H3PW1,04
@C-H,0,, and (e) PW12.

centrifugalized, then the RhB concentration of clean
solution was measured.

3. Results and discussion
3.1. Characterization of H3PW;,049 @C photocatalysts
3.1.1. Infrared spectrum

The Fourier transform infrared spectrum of photo-
catalysts calcination (Fig. 3(a)—(d)) at 200°C showed
that the species present were the undegraded
[PW1,041°  anion. Corresponding to the earlier
reported data, the IR spectrum of HzPW;,040 has four
strong bands at 1,080, 981, 890, and 805 cm™ !, which
are designated to the stretching vibrations of P-O,
W=0, W-O~W, and W-O.W, respectively [18,22—
24]. The broad absorption band around 3,420 cm™!
(the v (OH) vibration) and the peak at 1,614 cm™" (v
(H,0)) indicate that the solid HPW accommodates a
large amount of water of crystallization as well as the
H". The peaks appearing at 1,720, 1,630, 592, and
515 cm™ ! are assigned to the vibration of v (C=0), v
(C=0C), 8(O-P-0), and v (W-O-W), respectively. This
indicates that PW30 (Fig. 3(d)) still kept typical Kiggen
structure after five times of uses in ultraviolet/PW30-
H,0, process.

3.1.2. X-ray diffraction patterns

X-ray diffraction patterns of Hz3PW1,04,@C photo-
catalysts (Fig. 4(a)-(c)) showed the same diffraction



C. Zhan et al. | Desalination and Water Treatment 53 (2015) 2970-2979

\'U.I‘-_J“-_\v. ullll: {

Lkt s (e)
LU NTRY IOy gy Ny 1 P A

(d)

Intensity(a.u.)

Fig. 4. XRD patterns of (a) PW10, (b) PW30, (c) PW50, (d)
PW30 after five cycles of wuses in ultraviolet/
H3PW]2040@C—H202, and (e) PW12.

patterns, possibly owing to a high dispersion of
non-crystalline species. In the above H3zPW;,04@C
composites, acid-base interaction but not physical
adsorption existed between PW12 molecule and the
carbon support [25,26]. That is, chemically active sur-
face hydroxyl groups(-C-OH) of soluble starch were
protonated in an acidic medium to form -C-OHj
groups, the process is described in Eq. (2):

—~C—-OH +H" = ~C—OH; @)

The -C-OH; group should act as a counter ion for
H,PW,0,, ion and yielded (-C-OH;)(H,PW1,0;,)
composite by acid-base reaction. On the other hand,
hydrogen bondings such as W=0O,.--HO-C, W-
O. --HO-C, W-O.---HO-C also existed in the
composites. The above two kinds of the interactions
ensure little leakage of the PW30 from the carbon
support during subsequent photocatalysis tests.
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In addition, the sharp reflection peak at 26=25.6"
appears in PW30 (Fig. 4(d)) after five cycles of uses in
ultraviolet/ PW30-H,O,, which suggests that the car-
bon crystallinity of PW30 is promoted further by cata-
lytic oxidation reaction compared with PW30
(Fig. 4(b)) [27].

3.1.3. SEM and EDX

SEM analysis showed that all the samples con-
sisted of agglomerates of particles with the diameters
from about 10-100 pm. The SEM image of PW12
(Fig. 5(a)) shows spherical particles with an average
size of approximately 10 pm. SEM surfaces of PW30
particles after five cycles of uses in ultraviolet/PW30-
H,O, (Fig. 5(c)) reveals that very few surfaces of
PW30 with ultraviolet irradiation show patterns of cre-
vice-like pores and become rough compared with the
fresh PW30 photocatalysts (Fig. 5(b)).

Quantitative elemental EDX analyses of a group of
the samples were carried out with spatially resolved
EDX spectrum (see to Fig. 6). EDX analysis of PW30
after five cycles of uses reveal that tungsten content
has slightly decreased compared with PW30, which is
consisted with EDX data of PW30 and PW30 after five
cycles of uses. EDX results show that the main compo-
sition elements in all photocatalysts supported on car-
bon are C, O, P, and W (Table 1).

3.2. Effect of PWI12 loading dosage on decolorization
efficiency of RhB

The effect of PW12 loading dosage on decoloriza-
tion efficiency of RhB was investigated with photocat-
alyst concentration of 0.4gL™. Photocatalysts of
PW10, PW30, and PW50 represented the synthesis
raw materials weight ratio of PW12 to soluble starch
is 10, 30, and 50%, respectively. The results are shown
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Fig. 5. SEM micrographs of photocatalysts: (a) PW12, (b) PW30, and (c) PW30 after five cycles of uses in ultraviolet/

H3PW12O40@C-H202.
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Fig. 6. The EDX spectra of (a) PW12, (b) PW30, and (c)
PW30 after five cycles of uses.

Table 1
Data of EDX for PW12, PW10, PW30, PW50, and PW30
after five cycles of uses

Content (Wt %)

PW12 PW30 PW30 used after
Elements (a) PW10 (b) five times (c) PW50
C Blank 7242 40.57 46.32 19.72
O 1847 1621 33.34 3045 44.26
W 79.87 1126 25.83 22.99 35.61
P 1.66 0.11 0.26 0.24 0.41
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Fig. 7. Effect of PW12 loading dosage on RhB decoloriza-
tion efficiency.

Conditions: initial pH = 6, [RhB] =100 mg L7, [H0,] = 2
mM, temperature = 25°C, time = 70 min, photocatalyst con-
centration = 0.4 gL ™",
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in Fig. 7. The decolorization efficiency increases when
the PW12 loading dosage ranging from 10% to 30%
and decolorization efficiency have little decrease when
the PW12 loading dosage is 50%. Furthermore, decol-
orization efficiency was 27.5% with the same mass of
PW12 as neat photocatalyst at 70 min, which indicates
that the PW12 supported on a suitable carbon carrier
can obtain higher photocatalytic activity. The increas-
ing of decolorization efficiency is originated from sur-
face structure of the H3PW;,040@C, which coupled
photogenerated carrier’s ability of PW12 with disper-
sion and adsorption of carbon with larger specific sur-
face area. However, excessive loading dosage resulted
in decrease of photocatalytic activity due to accumula-
tion of PW12 on the surface of carbon supports.

3.3. Effect of pH on decolorization efficiency of RhB

The ultraviolet decolorization efficiency of RhB in
the presence of PW30-H,O, was investigated at pH =
2-10. The results are shown in Fig. 8. When the reac-
tion time was 70 min, the decolorization effciencies are
69.3% (pH=2), 62.6% (pH=4), 62.3% (pH=6), 39.3%
(pH=38), and 54.3% (pH =10), respectively. From the
results, we can find that RhB readily decomposed by
the ultraviolet/PW30-H,O, process in the range of ini-
tial pH between 2 and 6. The decolorization efficiency
of RhB at low pH is better than that at higher pH. It is
possible that the change in the solution pH results in
the change of hydrophobic property of the dye and
impact on generation rules of hydroxyl radicals, which
affects the ultraviolet decolorization. In addition, the
presence of large quantities of OH ions in the

704
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Fig. 8. Effect of solution pH on RhB decolorization effi-
ciency.

Conditions: initial pH = 2-10, [RhB] = 100mg LY
[HyO,5] = 2mM, temperature = 25°C, time = 70 min, PW30
concentration = 0.4gL™".
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Fig. 9. Effect of PW30 dosage on RhB decolorization
efficiency.

Conditions: initial pH=6, [RhB]=100mg L7}, [H,0,]=2
mM, PW30 concentration =0-1.6 gL_l, temperature = 25°C,
time = 70 min.

reaction medium favors the formation of OH® radical,
which is widely accepted as principal oxidizing spe-
cies responsible for decolorization process at neutral
or high pH levels and results in higher decolorization
efficiency at pH =10 than that of at pH =8 [28].

3.4. Effect of PW30@C dosage on decolorization efficiency
of RhB

The effect of PW30 dosage ranging from 0.0 to 1.6
gL™" on the ultraviolet decolorization efficiency of
RhB was investigated. The results are shown in Fig. 9.
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Fig. 10. Effect of hydrogen peroxide dosage on RhB
decolorization efficiency.

Conditions: initial pH = 6, [RhB] = 100 mgLfl, [H,O,] =
020mM, temperature=25°C, time=70min, PW30
concentration=1gL™".
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Fig. 11. The decolorization efficiency of RhB in different
reaction systems.

Conditions: initial pH = 6, [RhB] =100 mg L7}, [HyO,] = 12
mM, temperature = 25°C, time = 70 min, PW30 concentra-
tion=1gL™"

From this we can see that keeping H,O, concentration
constant (2mM), the decolorization effciencies of dye
solutions increased with the PW30 dosage, but as the
PW30 dosage exceeds 1.0g/L, the decolorization effi-
ciency increased very slowly. With a consequent
increase in dosage of PW30 ultraviolet light transmis-
sion rate should decrease, which is unfavorable to cat-
alyze the holysis of H,O,. This would be suffcient to
explain decolorization effciencies of RhB aqueous solu-
tions kept at constant level.

3.5. Effect of hydrogen peroxide concentration on
decolorization efficiency of RhB

The effect of the initial concentration of H,O, on
ultraviolet decolorization of RhB was investigated. The
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Fig. 12. UV-vis spectra of RhB under better reaction condi-
tions.
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Fig. 13. HPLC chromatogram of degraded samples at different time intervals (a) 0 min, (b) 30 min, and (c) 70 min.

results are shown in Fig. 10. By increasing the H,O,
initial concentration, the oxidative ability of the system
was promoted. The decolorization effiencies of dye
solutions were increased. When hydrogen peroxide
concentration exceeds 12 mM, the decolorization effi-
ciency increased very slowly with further increase of
the hydrogen peroxide concentration. It is because that
at high concentrations, the solution undergoes self
quenching of *OH radicals by added amounts of H,O,
to produce HO; radicals [29].

H,O, +*OH — H,O + HOE 3)

The peroxy radicals produced as a result of the follow
reaction can also enter in other reaction pathways.

HOj +*OH — H,0 + O, 4)

It is suggest that H,O, is ineffectively decomposed so
that decoloration effciencies of dye was not propor-
tional to HO, dosage in this case.

3.6. Effect of ultraviolet coupled with PW30-H,0,

The decolorization of RhB aqueous solution in
PW30/H,0,/ultraviolet, PW30/ultraviolet, PW30/
H,0,, ultraviolet/H,0,, PW30, H,O,, ultraviolet was
compared in Fig. 11. According to the Fig. 11, no
decolorization almost occurred in ultraviolet or H,O,
systems. In PW30, ultraviolet/PW30, PW30-H,O,,
ultraviolet-H,O, and ultraviolet/PW30-H,O, systems,
the decolorization efficiency was 18.5, 22.5, 44.8,
729, and 94.6%, respectively. It is obvious that
the ultraviolet treatment in combination with
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PW30-H,O, showed a synergistic effect for RhB
decolorization.

The UV-vis spectra are also useful to monitor the
photodegradation process of organic pollutant. There-
fore, the decolorization efficiency of RhB is character-
ized by UV-vis and the result is shown in Fig. 12. As
can be seen from this figure, RhB shows two main
strong absorption band at 553 and 350 nm, which
should be attributed to the n—r electron transition
and benzene ring structure of RhB, respectively. The
absorbing peak of RhB at 553 nm became weaker and
nearly disappeared after 70 min, which indicated that
the chromophore and conjugated = systems were
destroyed. The results are in good agreement with lit-
erature reported previously [30].

Photodegradation of RhB was further confirmed by
the HPLC analysis of degraded samples. HPLC chro-
matogram of 0, 30, and 70min are shown in
Fig. 13(a)—-(c). It was observed that the intensity of
RhB peak decreases but the intensity of intermediate
peaks at the retention time of 2.28, 1.74, and 1.27 min
increase after 70 min photocatalytic degradation reac-
tion. These results were similar to previous literatures
reported [31,32].

3.7. Discussion of possible mechanism of RhB
decolorization efficiency

The decoloration efficiency of the dye solution is
mainly due to the reaction of hydroxyl radicals which
generated from main two pathways (1) hydrogen
peroxide in solution upon irradiation by ultraviolet
[9-12].

H,O, +hv — 2 *OH 5)

H3PW 1,04 >

(0% —» w*6 CT) H,0,

H,0
H+
hv
-OH
H3PW 1,040

H3PW 504"
(reducing state)

Fig. 14. Proposed reaction mechanism of photoexcited
H3PW12040@C.
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(2) It is clear that H3PW1,04@C has a positive effect
on catalytic decomposition of H,O, when compared to
decolorization efficiency of H3PW1,040@C/H,0, and
H,0O, system in Fig. 11. So, reaction mechanism of
photoexcited H3PW1,04 in Fig. 14 has been suggested
to take place during the reaction.

Excitation of PW12O% leads to an oxygen to metal
[0 -W*'] charge transfer excited state HsPW;,0}, in
analogy to the photoinduced charge separation pro-
cesses that occur in TiO, under ultraviolet (1<
400 nm). Then, H;PW;,0j, can abstract an electron
from reductants (e.g. H,O, H>O,) and hold the elec-
tron to form *OH and H3;PW;,0;, (reducing state). At
last stage, O, can regenerate the starting HzPW1,04
with parallel formation of “O, [16,33,34].

Since hydroxyl radicals and superoxygen anion are
very strong oxidizing reagents, they can react with the
dye molecules to produce intermediates which can
cause the decoloration of the original solution:

‘OH + RH — P (6)

*O; +RH — P @)

3.8. Reuse of PW30 photocatalyst

The stability of the photocatalyst is very important
for its application in environmental manipulation.
Therefore, the reuse of PW30 was examined for the
degradation of RhB, during five cycle experiments.
Each experiment was carried out under better reaction
conditions.

The PW30 photocatalyst can be recycled with little
leaching and loss in photoactivity (Fig. 15), which is
consistent with infrared spectrum and EDX spectrum
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Fig. 15. The effect of reuse on decolorization efficiency of
RhB by ultraviolet/ PW30-H,O..
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of PW30 photocatalysts (Fig. 6(b) and (c)). PW30
showed good endurance of five cycles for 100 mg/L
RhB solution degradation under UV irradiation in
which decolorization efficiency also reached 89.3%
without any deal.

4. Conclusion

The UV/PW30-H,O, process seems to be a power-
ful method for decolorization of RhB, in which the car-
bon support provides a microenvironment for PW12,
H,O, that greatly enhances the photoreactivity of
PW12. The decolorization efficiency was sensitive to
operational parameters. The better process conditions
involved in pH 6.0, PW (1.0 g/L), RhB concentration of
100 mg/L, hydrogen peroxide concentration of 12 mM,
ultraviolet irradiation with 500 W power, temperature
of 25°C, and reaction time for 70min. Under better
reaction conditions, the decolorization efficiency was
94.6%. Based on the proposed competitive mechanism
for the H,O, reactions in the presence of PW30, it can
be concluded that the ultraviolet treatment in combina-
tion with PW30-H,O, showed a synergistic effect for
RhB decolorization, the photoinduced charge separa-
tion processes that occur in H3PW1,0,40@C under ultra-
violet can also promote the decomposition of H,O».
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