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Enhancement of photocatalytic degradation of organic dyes using ZnO
decorated on reduced graphene oxide (rGO)
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ABSTRACT

Reduced graphene oxide (rGO) with excellent electron capturing ability could be coupled with
semiconductor photocatalyst to prevent the recombination problem of photogenerated hole—electron
pairs encountered by pure zinc oxide (ZnO) while simultaneously promote the photocatalytic
activity. In this study, rGO decorated with ZnO (ZnO/rGO) photocatalyst was synthesized for the
photocatalytic degradation of rhodamine B, congo red and methyl orange in water. The ZnO and
ZnO/rGO photocatalysts were characterized by using field emission scanning microscopy-energy dis-
persive X-ray analysis and X-ray powder diffraction, and Fourier transformed infrared spectroscopic
analyses. The morphology and elemental results showed that both catalysts were in spherical shape
and free from impurities. It was found that the average particle size of ZnO/rGO was smaller than that
of pure ZnO which indicated that ZnO decorated on graphene sheet would decrease the particle size.
Congo red showed the highest degradation efficiency and it was attributed to the rapid break down of
its azo bond (-N=N-) and aromatic rings by hydroxyl radicals. It was found that 97.96% degradation
could be achieved in 1 h under optimum conditions which were at 10 mg/L of initial congo red concen-
tration, 2 g/L of ZnO/rGO catalyst dosage and a solution pH of 7. The spent ZnO/rGO exhibited high
catalytic activity of 96.67% at optimum conditions indicating its high stability to act as a photocatalyst.
The photocatalytic degradation of congo red satisfactorily fitted a pseudo-first-order reaction kinetic.
Besides, the removal of chemical oxygen demand for congo red after 1 h of photocatalytic degradation
was nearly 100%.
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1. Introduction

There are about one million tonnes of synthetic dyes
produced across the globe annually [1]. It is estimated that
280,000 tonnes of textile dyes are being discharged in indus-
trial effluents annually [2]. Several conventional treatment
methods such as adsorption, coagulation, flocculation, bio-
degradation, membrane separations and ion exchange have
been developed to remove the organic dyes in wastewater [3].
However, these methods do not destroy organic compounds
completely, economically unfeasible and generate secondary
pollutants which could accelerate ecosystem deterioration. In
addition, they are inefficient to treat various types of dyes
and large volume of sewage.

In contrast to conventional methods, advanced oxidation
processes especially heterogeneous photocatalytic processes
may achieve complete degradation of aromatic organic dyes
owning to its high efficiency, good reproducibility and low
toxicity [3]. Photocatalytic processes are low or non-residue
generation technologies that degrade recalcitrant struc-
tures by utilizing short lifetime radical species which pos-
sess high oxidation power. Photochemical reaction could
be accelerated with the presence of photocatalysts, that is,
semiconductor materials and UV radiation. It is performed
by three oxidizing agents, that is, hydroxyl radicals (*OH),
superoxide ions (*O,) and positive charge holes (h*) [4,5].
When semiconductors are excited by the photons from UV
radiation that is equal to or higher than their energy band-
gap, electrons are promoted from valence bands (VB) to
conduction bands (CB). Therefore, holes are created in the
VB. The separated electrons and holes will travel to the sur-
face of the semiconductor materials to reduce oxygen and
oxidize water molecules adsorbed to form superoxide ions
and hydroxyl radicals, respectively. The generated oxidants
will subsequently degrade the organic pollutants into carbon
dioxide, water and other inorganic compounds.

Among all the photocatalysts, zinc oxide (ZnO) is a nano-
material that possesses similar optical and photocatalytic
properties such as titanium dioxide (TiO,) and capable to
absorb larger solar spectrum compared with TiO, [6]. ZnO
is commonly used in electronic, optical and photonic devices
due to its low cost, high catalytic activity, biocompatibility
nature, good electro-optical properties, high electron mobil-
ity and high electrochemical stability [7,8]. ZnO can also
perform as a photocatalyst to degrade dyes, pesticides, trace
metals, organic compounds and inactive bacteria or virus in
wastewater treatment. The main drawbacks of ZnO photo-
catalyst are related to its relatively low photocatalytic activ-
ity due to low surface area and high recombination rate of
photogenerated electron-hole pairs that restrict its potential
applications. Recently, various research investigations have
been conducted on the combination of the photocatalysts
with metals, narrow band gap energy of semiconductors
and carbonaceous materials in order to enhance the pho-
tocatalytic activity. Theoretically, the transfer efficiency of
photoinduced electron in ZnO can be enhanced by incor-
porating good electron acceptor such as graphene oxide
(GO) [6]. GO is a two-dimensional (2D) network of hexag-
onal structured sp*hybridized carbon atoms that possesses
unique properties such as extremely high electron mobility
of 2 x 105 cm?/V s, large specific surface area, high electron

conductivity for storing and transporting electrons and excel-
lent chemical stability [5,9]. Meanwhile, reduced graphene
oxide (rGO) with reduced number of functionalities and
higher capturing electrons abilities is expected to contribute
to the suppressing of charge recombination [10]. However,
pure rGO shows extremely weak photocatalytic activity with
high adsorption capacity [11]. Photocatalytic performance
can be significantly improved if rGO is used as a proper sub-
strate to support inorganic semiconductor catalysts.

Hence, the synergetic interaction between rGO and ZnO
may yield enhanced catalytic performance due to the excel-
lent individual properties of rGO and ZnO [12]. The incor-
poration of rGO into semiconductor could minimize the
recombination rate of electrons and holes prevent aggrega-
tion of the nanoparticles and produce a higher surface area
for adsorption of organic dyes [13]. Semiconductor compo-
nent often acts as the light harvester. Meanwhile, the role of
rGO is to perform as a conductive media for accepting and
transporting photogenerated electrons. Under UV light radi-
ation with sufficient energy, photogenerated electrons might
migrate from the wide band gap semiconductor, that is, ZnO
to a “zero band gap’ semiconductor, that is, rGO. The forma-
tion of heterojunction results in more efficient interelectron
transfer between two materials, which prolongs the lifetime
of electron-hole [14]. Besides, rGO could enhance the adsorp-
tion capacity and extend the light absorption range of the
rGO-based composite photocatalyst. The possibility of rGO
to act as a photosensitizer for semiconductor under visible
light irradiation could also worth for investigation [13].

Although several papers had reported the preparation of
ZnO/rGO samples using sol-gel, hydrothermal, hydrolysis
and chemical etching methods which involved higher
concentration of rGO for their photocatalytic application
[7,11,15,16], the complicated multistep processes had limited
their practical applications. Hence, a simplified impregnation
method at ambient temperature was employed to synthe-
size ZnO/rGO composites in this study, which requires less
fabrication procedures and no heating process involved
to dissolve the precursors in the medium as compared
with previous studies. In addition, current development
of photocatalytic process behaviour of organic dyes is not
well documented. Thus, the novelty of this study lies in the
synergic application of ZnO in combination with rGO at
low concentration and developed via a single step impreg-
nation of zinc nitrate followed by calcination method under
nitrogen flow. This study is aimed to develop a simpler,
cost-effective, time-efficient and environmentally friendly for
the preparation of ZnO/rGO composite and evaluates their
photocatalytic activity towards degradation of organic dyes.

2. Experimental
2.1. Materials

All the reagents used were of analytical grade. Zinc nitrate
hexahydrate (Zn(NO,)-6H,O from SYSTERM Chemicals
Company (Malaysia) and 99.0% sodium hydroxide (NaOH)
supplied by Merck Chemicals Company (Malaysia) were used
as the starting materials to synthesize ZnO. 95.0% ethanol
(C,H,0) from Chemsol Solutions Company (Malaysia) was
used as a solvent during the synthesis of photocatalyst.
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Meanwhile, GO was synthesized using a modified Hummer’s
method [17]. Rhodamine B (C,H, CIN,O,), congo red
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(C,H,N\Na,0,S,) and methyl orange (C,,H,,N.NaO,S) were
purchased from Sigma-Aldrich Company (Malaysia) as the
model dye compounds to be degraded by the synthesized
photocatalysts. The solution pH was adjusted using 0.1 M of

hydrochloric acid (HCI) and 0.1 M of NaOH.

2.2. Preparation of ZnO and ZnO/rGO photocatalysts

GO was synthesized using graphite powder according to
Hummers method. The detail procedures for preparing the
GO catalyst had been described in the literature [17,18]. In
order to prepare ZnO/rGO catalyst via a simplified impreg-
nation method, 80 mL of ethanol was mixed with 5.0 wt% of
GO in a sonicator for 10 min. After that, 4.0 g of zinc nitrate
hexahydrate was added into the mixture and stirred continu-
ously for 1 h. Then, 1.0 g of NaOH and 20 mL of ethanol were
added and continuously stirred for another 3 h. The synthe-
sized mixture was dried in an oven at 80°C for 1 d. The dried
powder was then calcined at 400°C for 2 h using a horizontal
tubular furnace (Lenton, UK, LTF 12/100/940/3216CC) under
nitrogen gas flow to obtain ZnO/rGO.

2.3. Sample characterizations

Surface morphologies and elemental composition of
the synthesized ZnO and ZnO/rGO were observed using a
JEOL JSM-6701F field emission scanning electron microscope
equipped with an energy dispersive X-ray system. X-ray
diffractometer (Shidmazu XRD-6000) was used to study the
crystalline phase and crystallite size of the synthesized pho-
tocatalysts under normal atmospheric conditions. The dif-
fractometer was operated at 40 kV and 30 mA with Cu K
wavelength (A) of 0.154 nm (1.54 A). The diffraction patterns
of the photocatalysts were scanned at 20 ranging from 10° to
80° at a scanning speed of 2°/min. Fourier transformed infra-
red (FTIR) spectrometer (Nicolet iS10) was used to examine
the chemical functional groups of the photocatalysts. The
FTIR spectra were recorded between the wavenumber of
4,000-400 cm™.

2.4. Photocatalytic degradation of organic dyes and analysis of
liquid samples

A hot plate was used to continuously stir the dye solution
with photocatalyst during the photocatalytic process under
the presence of UV light. The UV radiation source with a
wavelength of 302 nm was achieved by means of a UVP 2UV™
benchtop transilluminator. Experimental conditions used
throughout the study were fixed at an initial dye concentration
of 10 mg/L and a photocatalyst concentration of 2 g/L unless
otherwise specified. The concentrations of the dye solutions
were detected at their maximum absorbances, that is, 555, 500
and 505 nm for rhodamine B, congo red and methyl orange,
respectively, using a JENWAY 6320D UV-Vis spectrophotom-
eter. In addition, HACH DR3900 spectrophotometer was used
to measure the chemical oxygen demand (COD) content of
the liquid sample. For each photocatalytic degradation test of
organic dye, three experimental runs were conducted to obtain
an average value of the degradation efficiency.

2.5. Reusability study

In order to investigate the reusability of photocatalyst,
10 mg/L of congo red was first degraded by 2.0 g/L of
ZnO/rGO at a solution pH of 7 for a duration of 1 h. The spent
ZnO/rGO was then filtered from the treated solution, washed
with distilled water and dried. Then, the spent photocatalysts
were used for the degradation of congo red under the same
conditions.

2.6. Kinetic study

The kinetic reaction order of photocatalytic degradation

using ZnO/rGO was also investigated. The kinetic
models for pseudo-zero-order, pseudo-first-order and
pseudo-second-order can be described as:

Pseudo-zero-order kinetic: C,= C -kt 1)
Pseudo-first-order kinetic: InC, =InC, -k, )
Pseudo-second-order kinetic: 1/C,=1/C, + k,t 3)

where C| is the initial dye concentration, mg/L, C, is the con-
centration of dye at time ¢, mg/L, k, is the pseudo-zero-order
rate constant, mg/L-min, k, is the pseudo-first-order rate
constant, min™, k, is the pseudo-second-order rate constant,
L/mg-min, t is the time, min.

3. Results and discussion

3.1. Surface morphology and elemental composition of ZnO
and ZnO/rGO

The FESEM images of GO, ZnO and ZnO/rGO
photocatalysts are shown in Figs. 1(a)-(c), respectively.
The synthesized GO exhibited layered sheet-like structure
as shown in Fig. 1(a). It was found that the surface of ZnO
particles was smooth and the particles were uniformly dis-
tributed. In addition, the sizes of ZnO particles were found
to vary from 150 to 350 nm, while the sizes of ZnO/rGO
were in the range of 50-100 nm. Pure ZnO particles exhib-
ited hexagonal crystal shapes and tend to be interconnected
and agglomerated to form spherical shapes. It was antici-
pated that rGO sheets acted as templates and may control
the particle growth during calcination which resulting in
smaller size of ZnO [19]. Besides, the positively charged Zn*
ions interacted electrostatically with the negatively charged
ions via its hydrophilic functional groups such as epoxy,
carboxyl and hydroxyl groups [12,20]. The large surface area
and interlayer distance of rGO were highly beneficial for the
effective anchoring and uniformly distribution of ZnO par-
ticles. Fig. 1(d) shows a transmission electron microscopy
(TEM) image of ZnO/rGO composites. ZnO nanoparticles
exhibited spherical shape, in accordance with FESEM anal-
yses. Furthermore, it was also observed that ZnO particles
were strongly anchored to rGO sheet, suggesting the success-
ful formation of rGO-ZnO nanocomposites. It could be seen
that rGO was decorated by relatively well-distributed ZnO
particles rather than as separate phases of the two materials,
which would be beneficial for the photocatalytic activity.
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Fig. 1. FESEM images of (a) GO, (b) ZnO, (c) ZnO/rGO and (d) TEM image of ZnO/rGO.

ZnO particles might interact with rGO via carboxylic acid
functional groups or simple physisorption [21]. Thus, this
indicated that rGO played a pivotal role for the formation of
nucleation of ZnO in ZnO/rGO photocatalysts.

Figs. 2(a) and (b) demonstrate the elemental compositions in
terms of atomic percentage and weight percentage of ZnO and
ZnO/rGO photocatalysts. The EDX spectrum for ZnO clearly
shows that the sample was made up of Zn and O only. The rela-
tive concentration of oxygen to zinc was close to 0.63 which indi-
cated that O element in Zn-O bonds appeared in ZnO structure
was difficult to be determined by EDX analysis. Meanwhile, the
EDX spectrum of ZnO/rGO proved the existence of Zn, O and C
atoms. This analysis revealed that about 4.89 wt% of C element
appeared in the sample ZnO/rGO. This indicated that the incor-
poration of ZnO into rGO through precipitation method was
successfully achieved. Both spectra indicated that all the sam-
ples were free from other elemental impurities.

3.2. X-ray powder diffraction (XRD) study

Phase identification and crystallite size determination of
GO, ZnO and ZnO/rGO were achieved through analysis of

the XRD diffraction patterns. The diffraction patterns of GO,
ZnO and ZnO/rGO are shown in Fig. 3. For pure GO, two
diffraction peaks were observed at 10.8° and 43.4°, indicat-
ing complete oxidation graphite to GO [5]. The occurrence
of these peaks was due to the presence of oxygen functional
group in GO. The XRD patterns of the synthesized ZnO parti-
cles were in hexagonal wurtzite ZnO structure and possessed
high purity. Besides, the sharp peaks of diffraction profiles
also indicated that the particles were of highly crystalline
phases. The peak positions of the synthesized ZnO matched
well with the standard ZnO profile in which the diffraction
peaks were positioned at 20 values of 31.9°, 34.5°, 36.4°, 47,6°,
56.7°, 63.0° and 68.1° (JCPDS Card 36-1451) [22]. In addition,
no characterization peaks of intermediate products such as
Zn(OH), was detected in the XRD profile.

After incorporating GO sheet with ZnO particles, the
intensity of diffraction peak at 10.8° disappeared. This indi-
cated that GO had been successfully reduced to rGO due to
the loss of oxygen functional groups. The diffraction pattern
of ZnO/rGO was almost similar to that of pure ZnO. No obvi-
ous diffraction peak of rGO could be observed between 20°
and 29° in ZnO/rGO [23] due to its low concentration and
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Fig. 2. EDX analysis results of (a) ZnO and (b) ZnO/rGO.
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Fig. 3. XRD patterns for (a) ZnO, (b) ZnO/rGO and (c) GO.

the extensive exfoliation of rGO. rGO can be covered con-
siderably with ZnO particles during synthesis process. An
additional small peak at 29.4° might be attributed to the com-
plete reduction of GO to rGO via the impregnation method
followed by calcination under nitrogen flow [15,24]. Besides,
a small peak at 20 of about 43.3° confirmed the preservation
of graphite structure even after the reduction process [25]. In
short, XRD results demonstrated that GO, ZnO and ZnO/rGO
had been successfully synthesized in this study.

3.3. FTIR study

Fig. 4 illustrates the FTIR spectra of GO, ZnO and
ZnO/rGO. The peaks of GO at 3,196 and 1,238 cm™ were
assigned to stretching and deformation of O-H. Peak of
1,238 cm™ proved the existence of epoxy with C-O stretch-
ing while peaks of 1,713 and 1,045 cm™ showed the presence
of carbonyl and carboxylic acid with C=O and C-O (alkoxy)
stretching vibration in GO [26,27]. The band at 1,620 cm™
was attributed to the vibration of water molecules and skel-
etal vibrations of unoxidized graphitic domains [27]. While
most of the functional groups remained in the composites,
a new adsorption band was observed around 1,500 cm™ in
ZnO/rGO which attributed to the C=C skeletal vibration of
rGO [26,28]. Meanwhile, recent studies showed that Raman
spectroscopy peaks at 1,570 and 2,700 cm™ confirmed the G
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Fig. 4. FTIR spectra of (a) ZnO, (b) ZnO/rGO and (c) GO.

and D bands for both GO and rGO catalysts [18]. This sug-
gested the sp? hybridization of graphitic carbon and carbon
lattice distortion.

Both ZnO and ZnO/rGO have five similar peaks as
shown in Fig. 4. First, the broad peaks at 3,432 and 3,419 cm™
are attributed to the O-H stretching vibration mode of the
hydroxyl group from water molecules that were adsorbed on
the catalysts surface [29]. Meanwhile, the absorption bands
at around ~1,640 and 1,370-1,380 cm™ correspond to the C-H
bonding and O-H deformations of C-OH groups, respec-
tively [30,31]. The weak peaks at 873 and 831 cm™ for ZnO
and ZnO/rGO, respectively, are assigned to the C-H group.
Lastly, the characteristic peak at around 500-600 cm™ corre-
sponds to the Zn-O bonding which confirms the successful
synthesis of ZnO particles [7].

It is evident that ZnO/rGO possesses new weak peaks at
1,502 and 1,124 cm™. These peaks are assigned to the skeletal
vibration of the graphene sheets and stretching vibration of
aromatic C=C, respectively [8,15]. In addition, the FTIR spec-
trum of ZnO/rGO shows no peaks at 1,726, 1,625, 1,225, 1,077
and 1,052 cm™ which correspond to C=O of COOH group,
sp* hybridized C-C group, phenolic C-O-H group, epoxy
symmetrical ring C-O-C group and C-O group, respectively
[7,15,31]. The disappearance of the said peaks indicated
that the oxygen-containing groups in GO were completely
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removed and GO was converted to rGO [20,23]. The syn-
thesized ZnO/rGO material with enormous number of elec-
troactive sites could exhibit excellent adsorption capacity
followed by photocatalytic activity for the degradation of
various organic dyes.

3.4. Degradation of various organic dyes

The degradation of various organic dyes, that is, methyl
orange, congo red and rhodamine B, using synthesized
photocatalysts was investigated. Figs. 5(a) and (b) depict
the degradation efficiencies of various organic dyes using
ZnO and ZnO/rGO, respectively. Photocatalytic degrada-
tion efficiencies of organic dyes in the presence of ZnO/rGO
(40.94%, 57.62% and 97.52% for methyl orange, rhodamine B
and congo red, respectively) were significantly higher than
those of ZnO (4.87%, 20.96% and 22.98% for methyl orange,
rhodamine B and congo red, respectively). It is noteworthy
that SEM and XRD analyses have suggested that the particles
and crystallite sizes of ZnO were larger than those of ZnO/
rGO and theoretically, smaller sizes should demonstrate bet-
ter performance. High surface area to volume ratio is gen-
erally beneficial for the absorption of photons and light [7].
Thus, it was found that the catalytic activity of the synthe-
sized ZnO/rGO was higher than that of ZnO in this study.

Azarang et al. [7] reported that introducing ZnO into rGO
would increase the surface electric charge of the photocatalyst,
which consequently increased its absorbance due to the attrac-
tive force acting between rGO and ZnO. It had been reported
that rGO was a good electron acceptor and semiconductor
ZnO was a good electron donor [5,9]. rtGO would receive
photogenerated electrons which promote interfacial electron
transfer from the adhered ZnO for the subsequent redox reac-
tion on the photocatalyst surface. In other words, the photo-
catalytic degradation of organic dyes could be enhanced due
to the suppressed recombination rate of photogenerated elec-
tron-hole pairs. Besides, graphene-based materials exhibit
advanced features such as high adsorption of organic dyes
and strong m—mt stacking with dye chromophores [19]. Hence,
ZnO/rGO which possessed excellent degradation efficiency
was chosen as photocatalysts for subsequent studies.
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Photocatalytic degradation efficiency of congo red in
the presence of ZnO with 1, 3, 5 and 10 wt% ZnO/rGO
were recorded at 22.98%, 45.62%, 78.13%, 97.52% and
90.67%, respectively. The photocatalytic performance
decreased when excessive amount of rGO content was
added. Zhang et al. [32] reported that excessive amount
of rGO content would create light harvesting competition
between ZnO and rGO because rGO could act as charge
carrier recombination centre to promote the recombination
of electron-hole pairs in rGO. They found that the weight
addition ratio of GO into the semiconductor matrix was
generally not more than 5%. Thus, 5 wt% of GO in the
ZnO/rGO composite was selected as the optimum to be
further studied in this study.

Besides, the photocatalytic degradation efficiency of
organic dyes using both catalysts showed a clear trend where
congo red > rhodamine B > methyl orange. It was reported
that methyl orange was more challenging to be degraded
due to the -SO,” groups which were attached to the sur-
face of photocatalyst through two sulphonic oxygen could
form a strong covalent bond [33]. Therefore, the number
of active sites available would decrease since the dye mol-
ecules adsorbed on the surface were not easily detached
after the oxidation reaction. Meanwhile, rhodamine B was
reported to possess high resistance towards photodegrada-
tion due to its ammonium and oxinium structure [34,35].
It was suggested that high degradation efficiency of congo
red was due to the rapid reaction occurred with the cleav-
age of azo bond (-N=N-) [36]. Hence, the conjugated system
of congo red easily broken down resulting in higher degra-
dation efficiency. Besides, the generated hydroxyl radicals
would attack and destroy the aromatic rings to form smaller
organic compounds [4]. Moreover, the hydroxyl radicals also
attacked N=N bond leading to the rapid disappearance of the
colour. Adsorption efficiencies for congo red in the presence
of ZnO and ZnO/rGO photocatalysts were 7.19% and 20.68%,
respectively. This indicated that adsorption process did not
contribute much to the photocatalytic degradation efficiency.
Therefore, congo red with the highest photocatalytic degra-
dation efficiency was chosen as the model pollutant for sub-
sequent studies.
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Fig. 5. Effect of various organic dyes on the photocatalytic degradation by (a) ZnO and (b) ZnO/rGO photocatalysts (catalyst
dosage =2 g/L, initial dye concentration = 10 mg/L, reaction time =1 h, initial pH =7).
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3.5. Effect of initial dye concentration

The effect of initial dye concentrations (10, 20, 30, 40 and
50 mg/L) was investigated by measuring the photodegra-
dation efficiency in the presence of ZnO/rGO. Fig. 6 shows
that as the dye concentration increased from 10 to 50 mg/L,
the degradation efficiency decreased from 97.52% to 48.62%.
Increasing dye concentration would stimulate the compe-
tition between the dye and intermediate molecules for the
adsorption to undergo photocatalysis reaction at a later stage
[37]. Besides, as the colour of dye solution became darker, the
amount of photons absorbed by the ZnO/rGO could reduce
due to the poor penetration of light [38]. Moreover, high con-
centration also resulted in the aggregation of dye molecules,
which could aggravate the hydrophobic interactions between
aromatic rings and consequently affect the degradation rate
[39]. As a result, increasing the amount of dye molecules
adsorbed and reacted on the photocatalyst’s surface would
result in the reduction of the accessible active sites. Hence,
the generated hydroxyl radicals adsorbed on the surface of
photocatalyst would reduce as the active sites were occupied
by dye molecules. The optimal condition of 10 mg/L congo
red solution with the highest degradation efficiency was cho-
sen for subsequent studies.

3.6. Effect of catalyst dosage

The effect of catalyst dosage (0, 0.5, 1.0, 1.5, 2.0 and
2.5 g/L) in the photocatalytic degradation of congo red using
ZnO/rGO was then investigated. It can be observed that as
the ZnO/rGO dosage increased from 0 to 2.0 g/L, the degra-
dation efficiency increased significantly from 8.90% to 97.52%
as shown in Fig. 7. The poor performance for dosage below
2 g/L could be explained by the limited active sites available
for the reaction [40]. Hence, the generation of hydroxyl radi-
cals could be enhanced with increasing catalyst loading and
more dye molecules could be adsorbed to react on the surface
of ZnO/rGO. However, with further increment in the cata-
lyst dosage beyond 2 g/L, the degradation efficiency slightly
reduced from 97.52% to 87.37%. The increment in the turbid-
ity caused by the particles would hinder light penetration
pathway [37]. Therefore, it would result in the increment of
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Fig. 6. Effect of initial congo red concentration on the
photocatalytic ~degradation by ZnO/rGO photocatalyst
(ZnO/rGO dosage = 2 g/L, reaction time = 1 h, initial pH = 5).
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light scattering effect as well as aggregation of particles. In
other words, the photocatalytic degradation efficiency would
decrease as the generation of radicals reduced. Thus, 2.0 g/L
of ZnO/rGO dosage with the highest degradation efficiency
was identified to be the optimum condition for the subse-
quent study on photocatalytic degradation of congo red.

3.7. Effect of solution pH

Photocatalytic degradation efficiency of congo red was
then investigated by varying the pH value of the solutions
(pH 3, 5, 7, 9 and 11). The results clearly demonstrated that
pH 5 and pH 7 achieved the highest photocatalytic degra-
dation of congo red which were about 97.52% and 97.96%,
respectively (Fig. 8). As the solution pH was increased from
3 to 7, the degradation efficiency increased from 66.49% to
97.96%. However, there was a decrement in the photocata-
lytic degradation efficiency from 97.96% to 81.35% when
the solution pH was further increased from 7 to 11. It was
reported that the effect of pH solution on the photocatalytic
degradation was related to the acidity of photocatalyst and
dye. Besides, zero point charge of metal oxide could also be

100
~-Without Catalyst
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o1.0gL
+15g/L
2.0 g/L
*25g/L

Degradation Efficiency (%)
N v & a2 a4 = e
2 8 & 2 2 I 2 %

-
>
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Fig. 7. Effect of catalyst dosage on the photocatalytic
degradation by ZnO/rGO photocatalyst (initial congo red
concentration = 10 mg/L, reaction time = 1 h, initial pH = 5).

~-pH3
<pHS5
~-pH7
~<pH 9
“pH 11

Degradation Efficiency (%)
2

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)
Fig. 8. Effect of solution pH on the photocatalytic degradation by
ZnO/rGO photocatalyst (ZnO/rGO dosage = 2 g/L, initial congo
red concentration = 10 mg/L, reaction time =1 h).
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correlated to the photocatalytic degradation efficiency. It had
been reported that congo red is an anionic dye while ZnO
had zero point charge at pH 9 [41]. This indicated that below
pH 9, the surface of photocatalyst was positively charged, but
it was negatively charged above pH 9. Below the zero point
charge, the surface of the photocatalyst was covered by H*
ions, while above the zero point charge; it was covered by
OH-. At solution pH 3, excess amount of H* would interact
with azo bond (-N=N-) and hence the electron densities at
azo group decreased [38]. In other words, the reactivity of
hydroxyl radicals at low pH decreased. Hence, the dye mol-
ecules adsorbed on the surface of ZnO/rGO also reduced.
Below zero point charge (pH 5 and 7), the electrostatic attrac-
tion between the positively charged ZnO/rGO and nega-
tively charged congo red would enhance the adsorption of
dye molecules on ZnO/rGO, thereby, increasing the forma-
tion of reactive free radicals. Theoretically, dye adsorption
on the adsorbent surface played an essential role during
photocatalytic degradation process as higher adsorption
should enhance the degradation efficiency [42]. Conversely,
the surface of ZnO/rGO was negatively charged at pH 9 and
pH 11 as it was covered by OH". Thus, there was electrostatic
repulsion between negatively charged ZnO/rGO and nega-
tively charged congo red. This would result in the decrement
of degradation efficiency at alkaline solution. Therefore, the
solution pH of 7 with the highest degradation efficiency was
chosen for the reusability and kinetic studies.

3.8. Reusability study

As depicted in Fig. 9, the degradation efficiencies for
fresh ZnO/rGO and spent ZnO/rGO were 97.96% and 96.67%,
respectively. It was noted that the spent ZnO/rGO still exhib-
ited high photocatalytic performance and hence ZnO/rGO
was reusable. Besides, this indicated that ZnO/rGO possessed
good stability in the reaction. The slightly decrement in the
degradation performance of spent ZnO/rGO material might
be related to the appearance of oxygen-containing groups in
rGO and caused the reduction of electron mobility. It was
reported that the degradation efficiency of 10 mg/L methyl
orange in the presence of 0.25 g/L ZnO under sunlight for
a duration of 2 h was reduced from 53% to 20% after four
catalytic uses [43]. In addition, it was claimed that 0.5 g/L of
ZnO degraded 5 mg/L of methylene blue under sunlight for

~-Fresh

<Spent

Degradation Efficiency (%)

T i) 5 40 45 50 55 60
Fig. 9. Degradation of congo red in the presence of fresh and
spent ZnO/rGO photocatalyst (ZnO/rGO dosage = 2 g/L, initial
congo red concentration = 10 mg/L, reaction time = 1 h, initial
pH=7).

a duration of 2 h and suffered 3.2% and 9.4% of losses after
two and four catalytic cycles, respectively [24]. In this study,
photocatalytic degradation efficiency of congo red in the
presence of reused ZnO/rGO marginally decreased by 1.29%
only. Hence, it was concluded that ZnO/rGO was recyclable
and indeed a promising photocatalyst for photocatalytic deg-
radation of organic dyes in water.

3.9. Kinetic study

The kinetic study was performed based on the
disappearance of congo red dye at an initial concentration
of 10 mg/L but with different solution pH values. In order to
determine the reaction order of the photocatalytic degradation
by ZnO/rGO, pseudo-zero-order, pseudo-first-order and
pseudo-second-order graphs are plotted (Fig. 10). Table 1
tabulates the reaction rate constants for degradation of congo
red under different pH values. Fig. 10(b) shows the graph
of In(C/C) vs. time t. It was observed that the photo-
catalytic degradation of congo red satisfactorily fitted a
pseudo-first-order kinetic as the coefficient of determination
(R? is close to 1. Hence, it was suggested that the gradient
of the best fit line should be based on the pseudo-first-order
rate constant. It was noted that the rate constant significantly
increases from 0.0285 to 0.0917 min™ as the solution pH was
increased from 3 to 7. It was worth highlighting that the cur-
rent finding was significantly higher than the results obtained
by Zhao et al. [11] where the optimum photocatalytic activity
with an apparent rate constant of 0.025 min™ was exhibited
by ZnO/rGO composites with a moderate ZnO content of
29.53 wt%. However, further increasing the solution pH to 9
and 11, the reaction rate constants significantly decreased to
0.0437 and 0.0365 min™, respectively. The decreasing trend
had been explained in section 3.7.

3.10. COD removal

Sample of congo red solution obtained after photocatalytic
degradation under optimized conditions, that is, ZnO/rGO
dosage of 2 g/L, congo red concentration of 10 mg/L and at pH
7 was collected to study the COD removal. It was noted that
the COD values of the solution before and after the photocat-
alytic degradation were 64 and 0 mg/L, respectively. From
the result, it could be concluded that 100% of COD reduction
was achieved after 1 h. At the end of the photocatalytic reac-
tion, the colour of degraded congo red solution completely
changed from red colour to colourless solution. As 100% of
COD removal was achieved, it was suggested that complete
oxidation of the dye was achieved. This result suggested that
ZnO/rGO composite was a high potential photocatalyst for
the degradation of congo red leading to its mineralization.

3.11. Proposed reaction mechanism

Photocatalytic reactions usually consist of four steps:
(1) absorption of photons by the photocatalysts; (2) creation
of photoexcited hole—electron pairs; (3) hole—electron pairs
separation and migration to photocatalysts surface and (4)
redox reaction on the photocatalyst surface [5]. Fig. 11 shows
the proposed mechanism of heterogeneous photocatalytic
process when the reactants are adsorbed and reacted on the
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Fig. 10. Reaction kinetic plots for photocatalytic degradation of congo red: (a) pseudo-zero-order, (b) pseudo-first-order,
(c) pseudo-second-order (ZnO/rGO dosage =2 g/L, initial congo red concentration = 10 mg/L, reaction time =1 h).

Table 1

Reaction rates and coefficient of determinations for photocatalytic degradation of congo red at various solution pH for
pseudo-zero-order, pseudo-first-order and pseudo-second-order reactions

pH Pseudo-zero-order model Pseudo-first-order model Pseudo-second-order model
R? k, (mg/L-min) R? k, (min™) R? k, (L/mg-min)
3 0.9784 0.1926 0.9665 0.0285 0.1279 0.0093
5 0.9278 0.3307 0.9617 0.0697 0.9141 0.0246
7 0.6432 0.4606 0.9529 0.0917 0.9489 0.0319
9 0.9498 0.3007 0.9508 0.0437 0.8125 0.0113
11 0.9493 0.2512 0.9536 0.0365 0.6435 0.0102

surface of the semiconductor catalyst. To undergo the degra-
dation process, photocatalytic reaction was initiated by the
absorption of UV radiation at wavelengths exceeding the
ZnO’s band-gap energy of 3.2 eV (i.e., <387 nm) [7,8]. The CB
and VB for ZnO were —4.05 and -7.25 eV (vs. vacuum), respec-
tively, and the work function of rGO was —4.8 eV [7]. Under
UV radiation, the electrons were excited from VB to CB and
holes were generated in VB (Eq. (4)). The generated electrons
by ZnO CB would ‘hop’ to rGO as the energy for CB of ZnO
was more positive than that of rGO (Eq. (5))]. These electrons

would then transfer to C2p orbitals of graphene due to the
electrostatic force and led to hole—electron separation. This
was ascribed to the 2D m-conjugation structure of rGO
and acted as an excellent electron-accepting and transport
material. The holes can either react with water or with the
surface hydroxyl ions on the ZnO to produce hydroxyl rad-
icals (Egs. (6) and (7)) [4]. Meanwhile, electron plays a vital
role to reduce oxygen molecules to produce superoxide ions
effectively (Eq. (8)). Lastly, the dyes can be degraded by the
generated holes, superoxide ions and hydroxyl radicals.
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Fig. 11. Proposed mechanism of photocatalytic degradation of congo red by ZnO/rGO.

ZnO +hv — ZnO (e +h") (4)
e +1rGO — rGO (e") (5)
h*+H,0 - H"+*OH (6)
h*+OH- — *OH (7)
rGO (e) + O, > rGO+ 0O, (8)

It was noted that no optical properties tests (photolumines-
cence or photoelectrochemical analysis) were conducted in this
study as the scope was only to study the degradation efficiency
rather than the changes on electronic and optical properties
of the ZnO/rGO and charge carriers separation and transfer.
However, Zhang et al. [32,44,45] research groups had verified
that the coupling of appropriate amount rGO with various kind
of semiconductors could significantly inhibited the recombi-
nation of the photogenerated electron-hole pairs over rGO/
semiconductor via photoluminescence and electrochemical
impedance analyses. This optimized the charge carrier transfer
pathway across the interface between semiconductor and rGO,
thus, prolong the lifetime of photogenerated charge carriers.

4. Conclusions

Photocatalysts, ZnO and ZnO/rGO were successfully
synthesized using the impregnation method and character-
ized by different techniques such as field emission scanning
microscopy-energy dispersive X-ray analysis (FESEM-EDX)
and XRD and FTIR. FESEM analyses showed that the par-
ticles of both photocatalysts were of spherical shape while
EDX analyses indicated that the samples were free from
other elemental impurities. In addition, additional peaks
found in XRD and FTIR results confirmed that rGO was
successfully introduced into ZnO. Besides, the highest pho-
tocatalytic degradation of congo red (97.96%) was achieved
in the presence of ZnO/rGO in 1 h under the optimal con-
ditions (10 mg/L congo red, 2.0 g/L ZnO/rGO and solution
pH 7). It was worth noting that 100% removal of COD could
be achieved after 1 h of photocatalytic degradation of congo
red in the presence of ZnO/rGO. In addition, the spent
ZnO/rGO still exhibited high photocatalytic performance

of 96.67%. In kinetic study, the pseudo-first-order kinetic
reaction was applicable to the photocatalytic degradation
process of congo red. The pseudo-first-order reaction rate
constant for ZnO/rGO under the optimal conditions was
0.0917 min. Therefore, it was deduced that the photocata-
lytic degradation of congo red in the presence of ZnO/rGO
could be efficiently performed as a promising means to
degrade organic dyes in wastewater.
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