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Abstract

A new highly efficient rGO/ZnBi,O,4 hybrid catalyst has been successfully synthesized through oxidation-reduction and co-
precipitation methods, followed by heating at 450 °C. The obtained rGO/ZnBi,0, catalyst was characterized by X-ray diffraction
(XRD), UV-vis diffuse reflectance spectroscopy (DRS), scanning electron microscopy (SEM), Fourier-transform infrared (FTIR)
spectroscopy, and X-ray photoelectron spectroscopy (XPS). The catalytic activity of rtGO/ZnBi,0,4 under visible light irradiation
was tested using 2,4-dichlorophenoxyacetic acid (2,4-D) in aqueous solution. The rGO/ZnBi,04 hybrid catalyst containing 2%
rGO (2.0rGO/ZnBi,0,4) showed the best catalytic performance. More than 90% of 2,4-D in a 30 mg/L solution was degraded
after 120 min of visible light irradiation using 2.0rGO/ZnBi,0, at 1.0 g/L concentration. Moreover, the 2.0rGO/ZnBi,O, catalyst
showed excellent stability over four consecutive cycles, with no significant changes in the photocatalytic degradation rate. This
study demonstrated that rGO/ZnBi,O4 may be a promising, low-cost, and green photocatalyst for environmental remediation
applications.
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Introduction

Water contamination by agrochemicals is a cause of growing
concern, due to potential environmental damage. Among nu-
merous agrochemicals in use today, the 2,4-
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dichlorophenoxyacetic acid (2,4-D) herbicide is widely used
to control broadleaf weeds. After application, 2,4-D is easily
transported into natural waters, due to its high solubility. The
herbicide is very toxic, persistent, and difficult to biodegrade,
and accumulates in the environment, thus posing a potential
danger to human and aquatic life.

For an efficient treatment of water contaminated with
organic pollutants, a number of advanced oxidation process-
es (AOPs), including photo-Fenton (An et al. 2013; Huy
et al. 2017a, 2019; Wang and Chu 2012), photocatalytic
(An et al. 2015; Peng et al. 2014), and electrochemical ox-
idation (Martinez-Huitle and Ferro 2006) are currently in use
or under study. Photocatalysis is a good alternative for the
degradation of organic pollutants. The pollutants can be ef-
fectively degraded by active species such as photoinduced
holes as well as hydroxyl and superoxide radicals, which are
formed in heterogeneous photocatalysts under appropriate
light irradiation. (Ponraj et al. 2017) Photocatalysts exhibit
outstanding features including non-toxicity and excellent sta-
bility for repeated use. A number of new semiconductors
based on bismuth, such as Bi,S; (Cao et al. 2012; Wang
et al. 2017), Bi,O; (Cheng and Kang 2014; Peng et al.
2014; Xu et al. 2012; Yang et al. 2014), BiOCl (Cao et al.
2012), BiFeO3 (An et al. 2013; Gadhi et al. 2018; Ponraj
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et al. 2017), BiVO,4 (Ju et al. 2014; Tokunaga et al. 2001;
Yu and Kudo 2006), and BiWOg (Ju et al. 2014; Wu et al.
2008; Zhao et al. 2012) have attracted increasing attention
and have been extensively studied as visible light-active
photocatalysts. Mixed-metal oxides derived from double-
layered hydroxides (LDHs) are currently receiving consider-
able attention in the catalysis field. LDHs are two-
dimensional (2D)-layered anionic clays, generally formulat-
ed as [M;>"M,F(OH), " (A™),,vH,O (where M** and
M3* are divalent and trivalent metals, respectively, and A™
is an interlayer anion) (Goh et al. 2008; Mishra et al. 2018,
Mohapatra and Parida 2016). As one of the simplest mixed-
metal oxides, ZnBi,O, is a promising visible light catalyst,
due to the internal electric field generated at the junction
created between ZnO and Bi,Os. Numerous studies focused
on the application of ZnBi,O, photocatalysts for the elimi-
nation of organic pollutants, using visible light as the irradi-
ation source (Goswami and Ananthakrishnan 2017; Huy
et al. 2017b, 2019; Thi Mai Tho et al. 2018; Tho et al.
2018). Graphene is one of the most studied materials. The
use of graphene as a co-catalyst continues to attract the
attention of the scientific community, due to its large specific
surface area, high electron mobility, and excellent chemical
stability (Goswami and Ananthakrishnan 2017; Kumar et al.
2015; Pei et al. 2010; Wang et al. 2014; Wu et al. 2012; Yao
et al. 2014; Yuan et al. 2015; Zhong et al. 2015). In partic-
ular, graphene acts as a good electron acceptor and trans-
porter in composite materials and thus slows down the hole-
electron recombination (Meng et al. 2014; Sun et al. 2013).
Composite materials based on graphene have been widely
reported to show enhanced photocatalytic activity for the
degradation of organic pollutants. Coupling two or more
semiconductors is known as one of the most effective
methods to improve the catalytic activity (Huy et al.
2017a; Ju et al. 2014; Martinez-Huitle and Ferro 2006;
Shekofteh-Gohari and Habibi-Yangjeh 2016). The formation
of heterojunctions between the semiconductors enhances the
separation efficiency and extends the lifetime of
photogenerated electrons (e”) and holes (4"), resulting in a
significantly increase in photocatalytic activity (Goswami
and Ananthakrishnan 2017; Yao et al. 2014; Zhong et al.
2015). However, the preparation of these compounds is still
a significant challenge. Therefore, photocatalytic studies
have focused on identifying simple compounds, as well as
improving their visible light sensitivity and
photodegradation efficiency for organic pollutants.

This work focused on combining ZnBi,O, with reduced
graphene oxide (rGO) to produce highly efficient rGO/
ZnBi,0, hybrid catalysts. The photocatalytic behavior of the
rGO/ZnBi,0, catalysts was studied by examining the degra-
dation of 2,4-D under visible light irradiation. In addition, we
proposed a possible mechanism for the enhanced photocata-
Iytic activity of the rGO/ZnBi,O,4 hybrid.
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Experimental
Materials

All chemicals used were analytical grade. Graphite, sulfuric
acid (H,SOy), nitric acid (HNO;), hydrogen peroxide (H,0,),
potassium permanganate (KMnO,), NaBHy, zinc (II) nitrate
hexahydrate (Zn(NO3),.6H,0), and 2,4-
dichlorophenoxyacetic acid (2,4-D) used for this study were
purchased from Sigma-Aldrich. Bismuth (III) nitrate
pentahydrate (Bi(NO3)3.5H,0) and sodium hydroxide
(NaOH) were obtained from Junsei Chemical Co., Japan.

Equipment

The crystalline phases of samples were investigated using a
Rigaku Ultima IV X-ray diffractometer (Japan). The measure-
ments were carried out at room temperature with Cu Ko radi-
ation (A =1.54051 A) at 40 kV and 40 mA were recorded in
the region of 20 from 10° to 50°. Scanning electron micros-
copy (SEM) micrographs were examined using a Tescan
MIRA 3 LM scanning electron microscope (USA) with an
accelerating voltage of 20 kV. The UV-vis diffuse reflectance
spectra (DRS) were recorded on a Jasco V 550 UV-vis spec-
trophotometer (Japan). Fourier-transform infrared spectrosco-
py was recorded by Perkin Elmer FTIR spectrophotometer
RXI. Liquid total organic carbon (TOC) of samples was de-
termined with a Shimadzu TOC-VCPH analyzer (Japan). The
concentration of inorganic chloride was quantified using a
Metrohm 940 Professional Vario ion chromatography
(Switzerland). The concentration of 2,4-D was determined
with a Thermo Evolution 201 UV-visible spectrophotometer
(USA) over the range of 800 to 200 nm using quartz cuvettes.

Synthesis
Preparation of rGO

First, graphene oxide (GO) was prepared by a chemical oxi-
dation method (Akhavan and Ghaderi 2009; Goswami and
Ananthakrishnan 2017; Hummers and Offeman 1958). A
mixture of graphite and NaNO; was slowly added to a
500 mL beaker containing 98% H,SO, placed in an ice bath,
stirring continuously for 3 h. Then, KMnO,4 was carefully
added to the suspension, ensuring that the reaction tempera-
ture remained below 20 °C. The mixture was then heated to
35 °C and stirred for 2 h to form a thick paste. After that,
distilled water was slowly added to the thick paste and stirred
continuously for 2 h at 98 °C. Then, more distilled water was
added to stop the oxidation reaction. Next, 30% H,O, was
added to the above mixture and a yellow color appeared.
The obtained graphite oxide was washed with 5% HCI and
then with distilled water until pH 7 was reached. Then,
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graphite oxide was dispersed in distilled water and exfoliated
to produce GO sheets via ultrasonic treatment for 4 h. The GO
sheets were collected by centrifugation for 20 min at 4000 rpm
and dried in a vacuum oven at 80 °C for 24 h. To obtain rGO,
after thoroughly dispersing GO into distilled water, NaBH,
was added to reduce the carboxyl and oxygen functional
groups. Next, the mixture was refluxed for 24 h at 100 °C.
The rGO sample was obtained by washing with distilled water
to pH 7 and drying in a vacuum oven at 80 °C for 24 h.

Preparation of rGO/ZnBi,0, hybrid

For the preparation of rGO/ZnBi,0,4 hybrid powders, the rGO
obtained as described above was dispersed in distilled water in
different percentages (x=0, 1, 2, and 3%) and sonicated for
30 min at 75 £ 5 °C. Then, a solution of Zn(NO3),-6H,0 and
Bi(NO3)5-5H,0 in nitric acid (5%) with a molar ratio of 3:1
and an alkaline solution of 1 M NaOH were added dropwise,
at a flow rate of 2 mL/min. The pH of the mixture was main-
tained at 10, and the mixture was stirred for 24 h at 75+ 5 °C.
The precipitate was then obtained by centrifugation and wash-
ing with distilled water, followed by drying at 70 °C for 10 h
and annealing at 450 °C for 3 h to obtain the rtGO/ZnBi,O,
hybrid powders. The as-prepared powders obtained in this
way, containing 0, 1, 2, and 3% of rGO, were labeled
ZnBi,04, 1.0rGO/ZnBi,04, 2.0rGO/ZnBi,04, and 3.0rGO/
ZnBi,0y4, respectively.

Photocatalytic experiment

The photocatalytic properties of the as-prepared samples were
evaluated by monitoring the degradation of 2,4-D under visi-
ble light irradiation. The photoreactor was equipped with a
300 W halogen lamp (Osram, Germany). A continuous cold
water supply was circulated though the jacket to control a
constant temperature of the reaction mixture. Prior to visible
light irradiation, the catalyst and 2,4-D solution were allowed
to stir in the darkroom for 60 min to establish the adsorption/
desorption equilibrium between 2,4-D and the catalyst sur-
face. The reactions were carried out in triplicate, and 5 mL
aliquots of the solution were collected at different time inter-
vals for a total of 120 min. The quantity of 2,4-D in solution
was traced by measuring the UV-vis absorption (Thermo,
USA).

Results and discussion
Characterization of materials
The XRD patterns of rGO, pristine ZnBi,0,4, and rGO/

ZnBi,0, are shown in Fig. la. The XRD pattern of rGO
showed a weak and broad diffraction peak centered at 260 =

24.6°, which can be attributed to the very thin rGO layers due
to the high degree of exfoliation. (Pei et al. 2010). As shown in
Fig. 1a, all peaks of pristine ZnBi,O4 matched well with the
characteristic reflections of ZnO (260 =31.9, 34.7, and 36.5°)
corresponding to the powder diffraction files (PDFs) no. 00-
079-0207 and Bi,03 (20 =25.0, 25.9, 27.8, 30.4, 33.2, 37.2,
and 39.7°), corresponding to the standard JCPDS data (No.
00-076-1730 and 00-071-0467). In the case of rGO/ZnBi,04,
the peaks appeared at 20 =27.1 and 28.1° are well matched
with the standard JCPDS data (No. 00-076-1730). Most dif-
fraction peaks of rGO/ZnBi,O, were similar to those of pris-
tine ZnBi,O,4, however, with a very slight shift from the pris-
tine ZnBi,O,4 possibly due to the formation of a heterojunction
between rGO and ZnBi,O4. All diffraction peaks were rela-
tively sharp and symmetrical, indicating the high crystallinity
of the sample.

Figure 1b shows the FTIR spectra of the rGO, pristine
ZnBi,04, and rGO/ZnBi,0,4 samples. The rGO sample exhib-
ited characteristic vibrational peaks at 1721 and 1230 cm ',
corresponding to the stretching modes of C=0 and C-O
groups, respectively (Kumar et al. 2015; Wu et al. 2012).
The peak at 1574 cm™" in the rGO spectrum can be assigned
to the ring skeletal vibration (Yuan et al. 2015). The bands at
1391 and 843 cm ' in the pristine ZnBi,O4 and rGO/ZnBi,O,
samples are typically attributed to Bi—O and Bi—-O-Bi
stretching modes, respectively (Liu et al. 2011a).

Figure 1c shows the UV-vis diffuse reflectance spectrosco-
py (DRS) data of pristine rGO, ZnBi,0,4, and rGO/ZnBi,0y,.
All materials could absorb in the visible region; however, the
spectrum of tGO/ZnBi,0,4 showed a red shift compared to that
of pristine ZnBi,0,. This change is due to the hybridization of
rGO with ZnBi,0,, which results in the formation of chemical
bonds between rGO and ZnBi,Oy, e.g., Zn—C and Bi-C
bonds, in the rGO/ZnBi,O,4 photocatalyst (Liu et al. 2011b;
Wang et al. 2014). The band gap energy (E,,) of the samples
was estimated using the Tauc plot (Fig. lc, inset). Pristine
ZnBi,0,4 showed two band gap values of 2.90 and 2.25 eV,
corresponding to wurtzite ZnO and Bi,03, respectively; on the
other hand, the rGO/ZnBi,0, sample exhibited a single band
gap value, located at 2.90 eV for 2.0rGO/ZnBi,0O4 and at
3.00 eV for 1.0rGO/ZnBi,0,4 and 3.0rGO/ZnBi,0,.

In order to further investigate the structural characteristics
and interfacial features of the as-prepared samples, field-
emission SEM (FE-SEM) measurements were carried out;
the results are presented in Fig. 2.

The FE-SEM micrographs reveal that the pristine rGO sam-
ple exhibited a sheet-like morphology, while pristine ZnBi,O,4
was composed of uneven particles stacked on top of each other.
The images of the rGO/ZnBi,0,4 samples show that ZnBi,O,
was grown on the rGO sheet. This indicates that ZnBi,O4 was
successfully loaded onto the surface of rGO. The energy dis-
persive spectroscopy (EDS) results confirm that the rGO/
ZnBi,0,4 sample consisted of Zn, Bi, C, and O elements.

@ Springer



11130 Environ Sci Pollut Res (2020) 27:11127-11137
(a) .
4Bi,0, X¥ZnO S
& —
SSH § T s .
o - ‘«’0 3 Y L;, 3.0rGO/ZnBi,0,

3

8 “» ¢ 4 2.0rGO/ZnBi,0,

Pl

‘»

8 s  10rGO/ZnBi,0O,

£

*
¢ *|| * ZnBi,0,
\“.._ =
(002)
v - rGO
L} L L} L 1 L L L 1
5 10 15 20 25 30 35 40 45 50
2 theta (°)
(b) 3.0rGO/ZnBi20 (c) 1.0- B0,
60

1.0rGO/ZnBi,0,

Transmittance (%)

1721
1574

1500
Wavenumber (cm™)

1230

4000 3500 3000 2500 2000 1000 500

o
®

3 40
o 0.64
O
c
3
5 0.4 4 GO | : : ' '
8 ZnBi,0, 20 24 28 32 36
< .24—1.01GO/ZnBI,0)
—— 2.0rGO/ZnBi,0,
0.0 —3.0:'GO/ZnBi'204 ' : :
200 300 400 500 600 700

Wavelength (nm)

Fig. 1 a XRD pattern; b FTIR spectra, and ¢ UV-Vis DRS spectra of as-prepared samples

Raman spectroscopy was used to further study the carbon
structure of the rGO-ZnBi,04. As shown in Fig. 3a, there were
two characteristic peaks at 1331.9 and 1590.6 cm ™', corre-
sponding to the D and G bands, respectively. The D band
was attributed to defects and edges of the rGO sheets, whereas
the G band originated from the conjugated domains of sp*-
hybridized carbons. The 2D band of rGO-ZnBi,0, also re-
corded around 2676 cm ', which corresponded to the single-
layer characteristic of the rGO sheets (Akhavan et al. 2012).

The surface elemental composition and chemical states of
Zn, Bi, O, and C in rGO/ZnBi,0, were investigated by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. 3. As
seen in Fig. 3¢, the Cls XPS spectra of 2.0rGO/ZnBi,O,4 show
that the number of deconvoluted peaks were found at the
binding energies 0f 284.6, 286.2, and 288.3 eV, corresponding
to C—C/C=C, C-OH, and C=0 bonds, respectively (Akhavan
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2015; Akhavan et al. 2012; Cheng et al. 2019; Ma et al. 2019).
This confirms the effective reduction of organic carbon in the
2.0rGO/ZnBi,04 hybrid during the preparation process (Wu
etal. 2012).

The Zn2p XPS spectrum of the ZnBi,O, sample exhibited
a peak at 1021.4 eV, denoting the presence of the main ZnO
phase. However, a 0.4 eV shift to a lower binding energy of
1021.0 eV was observed for the 2.0rGO/ZnBi,O,4 sample
(Fig. 3d).

The XPS spectrum of Bi4f showed a peak at a binding
energy of 159.1 eV for pristine ZnBi,O4 and 158.3 eV for
the 2.0rGO/ZnBi,0,4 sample. The Bi4fpeak in the XPS spec-
trum of the 2.0rGO/ZnBi,O,4 sample exhibited a 0.8 eV shift
to lower binding energies, compared with that of pristine
ZnBi,04 (Fig. 3e). The Ols spectrum of the ZnBi,O, sample
displayed a peak at 530.3 eV, often found for metal-oxygen
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2.0rGO/ZnBi,0,

Fig. 2 SEM image and EDS of as-prepared samples

bonds. In the case of the 2.0rGO/ZnBi,0,4 sample, the peak
appeared at 529.9 eV, with a downshift of about 0.4 eV com-
pared with the corresponding binding energy of pristine
ZnBi,04 (Fig. 3f). The reduction in binding energy for
2.0rGO/ZnBi,0,4 confirms the charge transfer at the junction
between rGO and ZnBi,Oj,.

Photocatalytic activity

The photocatalytic activity of the rGO/ZnBi,O4 hybrid sam-
ples was assessed by monitoring the degradation of 2,4-D,
which is a hazardous herbicide extensively used for the con-
trol of broadleaf weeds. The experiments were carried out
with an initial 2,4-D concentration of 30 mg/L, at pH 2.45,
and using different catalysts with a concentration of 1.0 g/L.
Figure 4a shows the photodegradation of 2,4-D under visible
light irradiation on the pristine rGO and ZnBi,O, samples, as
well as on rGO/ZnBi,0,4 hybrid catalysts with different rGO
content. The photodegradation process followed a typical
first-order kinetics, which can be expressed as In(Cy/C,) = kt,
where ¢ is the reaction time (min), & is the degradation rate
constant (min_ ), and Cy and C, are the concentrations of 2,4-
D (mg/L) at t=0 and ¢, respectively. As shown in Fig. 4b, the
rate constant k corresponds to the slope of the linear fit of the
In(Cy/C)) vs. t plot. A control experiment was performed un-
der the same photocatalytic conditions; obviously, no self-
degradation of 2,4-D was observed under visible light irradi-
ation for 120 min. By introducing pristine rGO and ZnBi,0,,
the 2,4-D degradation rate increased to 24.1 and 65.7%, re-
spectively. However, the rGO/ZnBi,0,4 hybrid catalysts
showed superior photocatalytic activities to those of single-

3.0rGO/ZnBi,0,

1.0rGO/ZnBI,0,

component pristine rGO and ZnBi,0y, although the photocat-
alytic activity of 3.0rGO/ZnBi,O, was significantly lower
than that of pristine ZnBi,O,4. The photocatalytic activity of
the rGO/ZnBi,0,4 sample increased with increasing rGO con-
tent; however, the rate of photodegradation decreased when
the content of rGO was further increased. This change in the
photocatalytic activity of the rtGO/ZnBi,O,4 hybrid catalysts
under visible light irradiation may be attributed to the follow-
ing causes: first, a higher rGO content creates a higher number
of photoinduced electron-hole pairs; second, an excessive
rGO content may generate recombination centers for the pho-
toinduced electron-hole pairs, or reduce the efficiency of the
heterogeneous interfaces in the rGO/ZnBi,O, sample, hinder-
ing charge transfer at these interfaces. Due to the charge trans-
fer, the photocatalytic activity of rGO/ZnBi,O,4 hybrid first
increased and then decreased with increasing rGO content.
The 2.0rGO/ZnBi,04 exhibited the highest photocatalytic ac-
tivity: about 90.0% of the 2,4-D content was degraded after
120 min of visible light irradiation. On the other hand, the
photocatalytic activities of 1.0rGO/ZnBi,O4 and 3.0rGO/
ZnBi,0,4 samples were about 74.0 and 51.2%, respectively.
The k value of the 2.0rGO/ZnBi,0,4 sample was
0.0147 min~', which is higher than those of pristine rGO
(6.7-fold increase), pristine ZnBi,O4 (1.8-fold), 1.0rGO/
ZnBi,0y4 (1.4-fold), and 3.0rGO/ZnBi,0,4 (2.7-fold). The
rGO component clearly enhanced the photocatalytic activity
of ZnBi,0y; the interaction between rGO and ZnBi,Oy, is a
prerequisite for the synergistic effects that improve the effi-
ciency of their heterogeneous interfaces, which play a major
role in increasing the photocatalytic activity of the
heterojunctions.

@ Springer
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2.0rGO/ZnBi,0,4 samples

Few studies have investigated the 2,4-D degradation activ-
ity of different catalysts. For instance, it has been reported that
complete photodegradation of a 0.9 mmol/L solution of 2,4-D
took place in 5 h with 1 wt.% TiO, supported on HY zeolite,
using 2 g of catalyst per liter of solution (Shankar et al. 2006).
Hexagonal mesoporous silica modified with copper phthalo-
cyanines was able to degrade 90% of 0.05 mmol/L 2,4-D in

@ Springer

60 min, by adding 1.2 wt.% H,0, and 0.5 g/L of catalyst
(DeOliveira et al. 2008). The ferric sulfate/H,0, system under
UV irradiation has also been tested for the degradation of 2,4-
D. The results showed that almost 100% of a 100 mg/L aque-
ous solution of 2,4-D was degraded using a Fe>* concentration
of 3 mg/L after 180 min of visible light irradiation (Conte et al.
2014). Furthermore, 83% of a 100 mg/L 2,4-D solution was
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successfully degraded using a TiO, @ MgFe,0, core-shell cat-
alyst after 240 min of visible light irradiation in the presence
of 7.20 mmol/L H,O, (Huy et al. 2017a).

The effect of the 2.0rGO/ZnBi,O, amount on the degrada-
tion of 2,4-D under visible light irradiation was investigated
by varying the 2.0rGO/ZnBi,O4 concentration from 0.5 to
2.0 g/L, keeping the concentration of 2,4-D at 30 mg/L at
pH 2.45; the results are shown in Fig. 5a. The
photodegradation rate of 2,4-D increased from 0.0101 to
0.0147 min ' when the 2.0rGO/ZnBi,O, amount increased
from 0.5 to 1.0 g/L. However, upon further increasing the
amount of 2.0rGO/ZnBi,0,, the k value slightly decreased
to 0.0143 min ! for 1.5 g/L and 0.0142 min ' for 2.0 g/L.
This may be due to excessive amounts of 2.0rGO/ZnBi,O4
causing turbidity of the solution, which would prevent light
transmission and hinder the degradation of 2,4-D.

The effect of the initial 2,4-D concentration on the degra-
dation kinetics was investigated in the 2,4-D concentration
range from 10 to 50 mg/L, with 1.0 g/L of 2.0rGO/ZnBi,0,
at pH 2.45. As shown in Fig. 5b, the 2,4-D degradation con-
stant sharply decreased from 0.0516 to 0.0041 min~' when the
initial 2,4-D concentration increased from 10 to 50 mg/L. This
can be explained by the fact that, at high concentrations of 2,4-
D, a given amount of 2.0rGO/ZnBi,04 cannot produce
enough active species to oxidize 2,4-D, leading to a reduced
photodegradation efficiency. The highest degradation of 2,4-
D was observed at an initial 2,4-D concentration of 30 mg/L,
when approximately 90% of 2,4-D was degraded after
120 min of visible light irradiation.

The effect of the pH on the photodegradation activity of the
catalysts was investigated by varying the pH of the 2,4-D
solution in the 1.0-7.0 range, keeping the initial 2,4-D con-
centration at 30 mg/L and the 2.0rGO/ZnBi,O,4 concentration
at 1.0 g/L; the results are shown in Fig. Sc. After 120 min of
irradiation, the percentages of 2,4-D degradation at pH 1.0,
2.45,4.0, and 7.0 were 64, 90, 56, and 24%, respectively. It is
well known that the carboxyl group of 2,4-D is protonated in
solution, and the surface of ZnBi,O, contains a large number
of positively charged sites. Moreover, the interaction between
2,4-D and the surface of 2.0rGO/ZnBi,0, is mainly controlled

by the electrostatic attraction or repulsion between the 2,4-D
form in solution and the surface. The reduced degradation of
2,4-D at pH values lower or higher than 2.45 could be ex-
plained as follows: at pH 1.0, because high H concentration
in solution inhibited the protonation of 2,4-D, while at pH 4.0
and 7.0 the higher concentrations of OH species in solution
competed with the 2,4-D anion, preventing its contact with
2.0rGO/ZnBi,0y, thus hindering the degradation of 2,4-D.

In order to investigate the stability of the photocatalytic
performance under visible light irradiation, a 2,4-D
photodegradation test was repeated for four consecutive cy-
cles. The experiments were carried out with an initial 2,4-D
concentration of 30 mg/L, at pH 2.45, and using 2.0rGO/
ZnBi,0, with a catalyst/2,4-D solution ratio of 1.0 g/L.
After each experiment, following centrifugation to separate
it from the reaction solution, the 2.0rGO/ZnBi,0, catalyst
was rinsed and dried. The dried 2.0rGO/ZnBi,0, catalyst
was then reused in the subsequent experiment. As shown in
Fig. 5d, the photocatalyst exhibited good photostability under
visible light irradiation, and its photocatalytic efficiency was
reduced by only 7% after four repeated cycles. This demon-
strates the good stability and recyclability of the 2.0rGO/
ZnBi,0O4 hybrid catalyst, which represent favorable features
for practical applications.

To determine the mineralization ability of the catalyst, the total
organic carbon (TOC) in solution before and after visible light
irradiation of a 30 mg/L solution of 2,4-D was also measured at
pH 2.45, using 2.0rGO/ZnBi,O,4 with a catalyst/2,4-D solution
ratio of 1.0 g/L. The TOC content in solution before and after
visible light irradiation was estimated to be about 13.09 and
2.14 mg/L, respectively; therefore, the TOC removal efficiency
of the 2.0rGO/ZnBi,0, hybrid catalyst was 83.7% after 120 min
of visible light irradiation. Conte’s group reported that the homo-
geneous catalysis mineralization of 2,4-D in the ferric sulfate/
H,0, system under UV irradiation only reached 55% after
180 min, using 100 mg/L of 2,4-D (Conte et al. 2014). The
degree of 2,4-D dechlorination was determined by measuring
the concentration of inorganic chloride in solution after
120 min of visible light irradiation. The concentration of chloride
corresponding to the initial 2,4-D concentration in solution was
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Fig.5 a Effect of quantity of 2.0rGO/ZnBi,O,4 hybrid catalyst; b effect of initial 2,4-D concentration, ¢ effect of pH solution, and d recycle performance

tests for the visible light degradation of 2,4-D using by 2.0rGO/ZnBi,O4

9.66 mg/L. A 8.53 mg/L concentration of inorganic chloride was
generated after 120 min of visible light irradiation, which high-
lights the very high 2,4-D dechlorination efficiency (~ 88.3%) of
the 2.0rGO/ZnBi,0, catalyst.

Trapping experiments and proposed
photodegradation mechanism of hybrid catalyst

To investigate the possible role of active species in the photo-
catalytic degradation, a series of trapping agents such as tert--
butanol (2 mmol/L), p-benzoquinone (2 mmol/L), disodium
ethylenediaminetetraacetic acid (Na,EDTA, 1 mmol/L), and
AgNO; (1 mmol/L) were used in trapping experiments. The
tests were performed with an initial 2,4-D concentration of
30 mg/L, at pH 2.45, and using 2.0rGO/ZnBi,04 with a cat-
alyst/2,4-D solution ratio of 1.0 g/L. Figure 6a shows the
photocatalytic activity of 2.0rGO/ZnBi,0, for the degradation

@ Springer

of 2,4-D under visible light irradiation, with or without trap-
ping agents.

The photodegradation activity of 2.0rGO/ZnBi,0, de-
creased with the addition of fert-butanol (OH" radical trapper):
approximately 38.9% of 2,4-D was degraded after 120 min of
visible light irradiation, confirming that the OH" radical is not
the main active species. After Na,EDTA (photoinduced /"
acceptor) was added into the system, the photocatalytic activity
of 2.0rGO/ZnBi,0,4 showed a significant decrease. The degra-
dation efficiency of 2,4-D dropped to 8.8% after visible light
irradiation for 120 min, suggesting that the photoinduced 4"
species play a major role in the 2,4-D photodegradation pro-
cess. Notably, about 16.6% of 2,4-D was degraded when p-
benzoquinone (O, radical trapper) was added into the system,
which means that the O, radical also plays an important role
in 2,4-D photodegradation process. The 2,4-D degradation ef-
ficiency slightly increased to 94.2% after 120 min of visible
light irradiation upon addition of AgNO; (photoinduced e
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acceptor); this indicates that the recombination of photoinduced
e -h' pairs in 2.0rGO/ZnBi,0y is negligible. The results of the
active species trapping experiments thus demonstrate that O,™
and 4" (but not the OH" radical) are the main active species in
the photocatalytic degradation of 2,4-D .

Based on the results of the experiments, we propose the
photocatalytic mechanism of 2.0rGO/ZnBi,04 shown in
Fig. 6b. Under visible light irradiation, ZnBi,O,4 excites and
produces photoinduced e -h* pairs; subsequently, the photo-
induced e species immediately move from ZnBi,O,4 to rGO.
As is well known, the photoinduced e can effectively reduce
0O, molecules adsorbed on the surface of 2.0rGO/ZnBi,O4 to
generate O, radicals, which are among the most important
active species in the degradation system. In addition, the pho-
toinduced h* can oxidize 2,4-D or react with H,O to generate
OH’ radicals. The generated OH" and O, radicals can then
oxidize 2,4-D. Therefore, the rapid scavenging of photoin-
duced electrons by rGO (acting as electron acceptor in the
hybrid catalyst) is likely to prevent direct photoinduced e -
h* recombination, enhancing the photocatalytic activity.

The photodegradation mechanism of 2,4-D by the rGO/
ZnBi,0, can be described by the following reactions:

ZnBiyO4 + hv —ZnBi,04 (e ,h™) (1)
e +rGO—rGO (e) (2)
1GO (e') + 0,—0," 3)
ZnBiyO4 (k") +2H,0—OH" + HT (4)

ZnBiyO4 (h*) 4 2,4-D —degradation products—CO,
+ H,0 (5)

2,4-D

photoinduced e -/" separation and transport at the visible light driven
2.0rGO/ZnBi, 0, hybrid catalyst interface

0," +2,4-D —degradation products—CO, + H,O  (6)
OH" +2,4-D —degradation products—CO, + H,O (7)

ht + e —(e ,h") (negligible recombination) (8)

Conclusions

A new highly efficient tGO/ZnBi,0, hybrid catalyst has been
successfully synthesized by oxidation-reduction and co-
precipitation methods, followed by heating at 450 °C. The
toxic organic pollutant 2,4-D has been shown to undergo deg-
radation in aqueous solution under visible light irradiation of
rGO/ZnBi,0,4. The improved photocatalytic activity of the
rGO/ZnBi,04 hybrid catalyst might be due to the presence
of rGO. The latter served as an excellent e acceptor and
mediator in the hybrid catalyst, enhancing the migration of
photoinduced e and hindering the recombination of photoin-
duced e -h* pairs. A possible 2,4-D degradation mechanism
by the rGO/ZnBi,0, catalyst under visible light was also pro-
posed. The 2.0rGO/ZnBi,0, catalyst led to 90% degradation
0f2,4-D (with k=0.0147 min*l) after 120 min of visible light
irradiation. In addition, 2.0rGO/ZnBi,0, displayed excellent
stability in four successive cycles. Therefore, the present rGO/
ZnBi,0, catalyst shows great potential for application in the
oxidative removal of persistent organic pollutants.
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