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ARTICLE INFO ABSTRACT

Keywords: In this study, graphene oxide (GO), ZnO nanoparticles (NPs) and GO based ZnO nanocomposites (GO-ZnO) have
GO-ZnO nanocatalysts been successfully synthesized by modified Hummer’s method, chemical co-precipitation method and ultra-
Adsorption

sonication method, respectively. Powder X-ray diffraction (PXRD), transmission electron microscopy (TEM) and
Fourier transform infrared (FTIR) spectroscopy were employed to study the crystallographic structure, phase,
surface micro-morphology and different functional groups in the prepared catalysts. The optical band gap of
pristine ZnO NPs was found in the UV region (3.2 eV), whereas the ZnO NPs immobilized on GO nanosheets
possesses it in the visible wavelength region (2.67 eV). GO-ZnO catalysts demonstrate excellent degradation
efficiency (97.7 %) within just 85 min due to its effective adsorption and visible light driven photocatalytic
activity in the degradation of rhodamine B (RhB) dye. The adsorption capacity of GO-ZnO catalysts was found ~
24 times higher with the second order kinetic rate constant as low as 0.0014 min e g/mg and the visible light
driven photocatalytic activity was ~ 9 times faster when compared to unmodified ZnO catalyst. Effect of GO-ZnO
catalyst dosages in the degradation of RhB was also conducted. The scavenger test firmly evidenced that super
oxide radicals (eO3) play the lead role in RhB dye degradation process by GO-ZnO nanocomposites. Reusability
studies of GO-ZnO catalysts demonstrate more than 91 % degradation efficiency up to 4 back-to-back cycles
along with retaining the crystal structure. These findings suggest the viable application of GO-ZnO catalysts for
the degradation of RhB dye in wastewater.

Visible light
Photo-degradation
rhodamine B dye

Introduction

Recent development of the world economy is firmly based on
industrialization such as textile, tannery, food, pharmaceuticals, etc.
However, they are producing/discharging many hazardous chemical
compounds [1,2]. For instance, roughly one million tons of artificial
dyes are produced worldwide and around 20 % of the worldwide total
manufacturing of dyes is lost and discharged into textile effluents during
the dying process [3,4]. These organic effluents are toxic, and persistent
in nature due to their non-biodegradability, which cause not only
environmental pollution but also life threatening for aquatic and human
bodies [5,6]. These have garnered attention to scientific community as
well as regulatory bodies [7]. An example of such hazardous organic dye

isrhodamine B (RhB), which is extensively used in various industries e.g.
textile, leather, printing and plastic industries [8]. Its chemical structure
(C28H31CIN2O3, aromatic rings present in it) is such that the complex
rings are non-biodegradable and exists in nature forever without any
significant degradation and can cause serious threats to biological and
human health [9]. Due to these burgeoning issues, it has become one of
the focal points of research interest to many researchers and a numerous
extensive research efforts have been directed towards the development
of efficient and eco-friendly approaches for the removal and degradation
of RhB dye from aqueous environments [10]. Several traditional stra-
tegies have been adopted to treat the discharged unwanted organic ef-
fluents in waste water, which includes bio-degradation, coagulation,
filtration through membranes, ion exchange and flocculation [11].
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However, these traditional methods are either expensive or requires
further treatment, which has made them inefficient in waste water
treatment [12,13].

The development of advanced oxidation process (AOP) such as
photocatalysis has brought some hopes and currently gaining much
attention in the waste water treatment due to its low cost and environ-
ment friendliness [11]. This photocatalytic degradation process involves
the use of semiconducting nanomaterials to generate reactive species
upon exposure to UV or visible light, which can subsequently degrade
the complex organic effluents through the oxidative reaction mechanism
[14,15]. Various semiconducting nanomaterials such as TiOz, ZnO,
WOs3, V205, MOs, CdS, BiVOy, etc. have been reported as photocatalysts
so far [16-22]. Among those, an excessive care has been rewarded to
ZnO due to its availability, low cost to prepare, chemical stability, bio-
compatibility, strong oxidizing capability and harmless makeup
[23,24]. However, its wide optical band gap (3.22 eV) is not suitable for
the electron-hole generation by visible light illumination, which hinders
to use ZnO as a visible light driven photocatalyst [25]. Another issue of
ZnO is the faster electron-hole recombination, which makes it an inef-
ficient photocatalyst [26]. To overcome these major issues, numerous
techniques have been employed such as metal, non-metal doping [27],
forming heterojunctions [28], mixed phase structures [29], etc. All of
these techniques were mainly focused on the increase of visible light
absorption and creating charge separation. Recently, researchers have
identified that some inexpensive adsorbent materials such as carbon
nanotubes, graphene, graphene oxide, etc. can be employed to serve
these purposes and thereby the adsorption and photocataysis have come
to light as promising schemes for the degradation of organic pollutants
[30]. Among the explored adsorbent materials, graphene oxide (GO),
which has anionic 2D hexagonal structure of sp? hybridized carbon
atoms with several oxygen based functional groups attached to it is
comparatively easy to synthesis but demonstrates excellent adsorption
property due to some noteworthy characteristics e.g. large surface area
(~2600 m?2/g), hydrophilicity, high conductivity and transportation of
electrons, and mechanical stability [31-35]. It is studied that mixing GO
with metal oxide can enhance the adsorptivity of organic molecules on
catalysts surface due to the 7 —z conjugation structure, can act as an
excellent acceptor for photogenerated electrons which can hinders the
recombination process of photogenerated electron-hole pairs, thus can
increase the oxidation rate, which in turn boost up the photocatalytic
performance [36-38]. Furthermore, the presence of GO with metal
oxide can cause a red shift towards the visible wavelength region with
stronger absorbance of visible light due to the hybridization of oxygen
functionalities of GO with metal oxides [39]. This makes GO based metal
oxide semiconductors as visible light driven photocatalysts. Therefore, it
is presumable that the synergistic effect in GO-ZnO nanocomposites has
the ability to boost up the overall degradation efficiency of this GO-ZnO
catalyst due to the effective adsorption and photocatalysis with
compared to pristine ZnO catalyst and can be a viable candidate for the
removal of effluents from waste water. Recently, several methods have
been explored to prepare GO-ZnO nanocomposites, however, those
techniques require severe synthesis conditions such as high pressure and
temperature but provide low yield in terms of expense [40-45].
Furthermore, the reported literature illustrate that GO-ZnO catalysts
were mostly utilized either for the removal of heavy metals such as Pb
[46], Cr [47] and As [48], or for the photocatalytic degradation of
methylene blue (MB) [43,45,49,50] and a few literature reported its
application for the removal of other pollutants such as acetamiprid [51],
brilliant green [52]. However, as per the available literature, the effec-
tiveness of ZnO NPs immobilized on graphene oxide (GO) nanosheets
has never been explored thoroughly for both the effective adsorption
and visible light driven enhanced photocatalytic degradation of RhB.
Considering the concern of environmental and health issues due to the
presence of RhB in waste water and the potential effectiveness of GO-
ZnO nanocomposites, a detail thorough study of this nanocatalyst for
the degradation of life threatening RhB dye may help to realize its
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feasible application in RhB removal from waste water.

Therefore, this research aims to prepare ZnO nanoparticles immo-
bilized on GO nanosheets (GO-ZnO nanocomposites) by a straight for-
ward, facile, cost-effective method with high yield and to explore the
combination of adsorption and visible light driven photocatalysis for the
comprehensive and effective degradation of rhodamine B (RhB) dye
from waste water. The corresponding kinetics has been studied in de-
tails. Thereafter, the effect of GO-ZnO catalyst dosages, role of radical
species and cyclic ability has been investigated in thoroughly and finally
a plausible degradation mechanism of RhB by using this GO-ZnO cata-
lyst has been proposed with appropriate justification.

Experimental details
Chemicals and reagents

Sodium hydroxide pellets (NaOH) (98 % pure), sodium nitrate
(NaNOs) (99.5 % pure) used in our experiment were purchased from
Loba Chemie Pvt. Ltd. Zinc acetate dehydrate (Zn(O2CCHj3)s.(H20)2)
(extra pure), Rhodamine B dye were purchased from Sisco Research
Laboratories Pvt. Ltd. Sulfuric acid (H2SO4) (98 % pure), ethanol (extra
pure) were purchased from Merck KGaA 25,064,293 Darmstadt. Sigma-
Aldrich supplied graphite powder (extra pure) and potassium perman-
ganate (KMnOy) (extra pure). These chemical reagents used in this work
were utilized straight out of the package without being further purifi-
cation. In various stages, de-ionized (DI) water was used to prepare
certain solutions and for washing purposes.

Synthesis of samples

Synthesis of graphene oxide (GO)

Graphene oxide (GO) was synthesized by the popular improved
Hummer’s method [53]. In brief, 2.5 g NaNO3 was added in a 1000 mL
conical flask containing 120 mL HySOj4. Next, 4.5 g of graphite powder
was slowly added into the mixture. This mixture was stirred for 20 min
at 20 °C and thereafter, it was cooled down to 0 °C by using an ice bath
and 15 g KMnO,4 was added to it. This mixture was stirred at 0 °C for next
60 min and 250 mL DI water was added into the solution under
continuous stirring. After some time, 20 mL of 30 % H20, was added
dropwise to the mixture solution and the temperature was then
increased to room temperature and continued the stirring for next 2 h at
this temperature. Then the final solution was centrifuged at 6000 rpm
for 10 min to collect the precipitate which was then washed with DI
water and 10 % HCI for few times, and again twice with DI water.
Finally, the washed precipitate sample was dried at 60 °C for 70 h in an
oven and collected as graphene oxide (GO).

Preparation of zinc oxide (ZnO) nanoparticles

Using chemical co-precipitation method, ZnO nanoparticles was
synthesized. Initially, 10 g of zinc acetate dehydrate was dissolved in
250 mL DI water at 25 °C. Then a 3 M NaOH solution was added
sequentially to it under magnetic stirring. The addition of NaOH was
stopped when the pH of the reaction becomes 12 but the stirring was
continued for succeeding 30 min to achieve a homogenous mixture and
thereafter left it for an hour to obtain precipitate, which was then rinsed
several times with DI water and ethanol to clean the unreacted chem-
icals, followed by air drying for 12 h at 50 °C to evaporate the residuals.
The baked sample was calcined for 4 h in a muffle furnace at 400 °C and
crushed into powder by mortar-pestle system to obtain ZnO
nanoparticles.

Synthesis of GO-ZnO nanocomposites

Synthesized ZnO nanoparticles were immobilized on GO nanosheets
by a quite straightforward ultrasonication process. In a typical prepa-
ration process, firstly, 0.08 g GO was ultrasonicated in DI water for 30
min into which 0.24 g ZnO was added to it slowly. To obtain
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Scheme 1. Synthesis flow diagram to illustrate the different steps involved in the preparation of GO, ZnO NPs and GO-ZnO nanocomposites.

homogeneous dispersion solution, the mixture was stirred for 3 h at
70 °C. The precipitate was collected by centrifugation when the tem-
perature come down to room temperature, followed by few times
washing with DI water and air oven drying at 50 °C for 12 h. The ac-
quired ZnO NPs immobilized on GO nanoleaves was labelled as GO-ZnO
throughout the work. A complete flow diagram for the synthesis of GO-
ZnO nanocomposites is depicted in Scheme 1.

Characterization of samples

Several techniques were employed and various measurements were
carried out to investigate the successful synthesis of our prepared sam-
ples. In particular, an X-ray diffractometer from Rigaku Ultima IV
company having CuK-a wavelength of 1.54056 A was used to carry out
all the powder XRD measurements. Fourier transform infra-red (FTIR)
spectra were recorded to investigate the functional groups and chemical
bonds present in the synthesized nanomaterials at the range of
400-4000 cm ! using a FTIR 8400S spectrometer manufactured by
Shimadzu corporation, Japan. Transmission electron micrographs
(TEM) and selective area electron diffraction (SAED) pattern were ac-
quired to investigate the surface micro-morphological and crystalline
information of the sample employing a Talos F200X G2 transmission
electron microscope (Thermo Fisher Scientific Company). The acquired
TEM images were analyzed by the ImageJ viewer software. The optical
properties, in particular the diffusive reflectance spectroscopy (DRS)
absorbance and optical band gap of the prepared photocatalysts was
studied by a UV-Visible spectrophotometer (UV-2600 Shimadzu,
Japan).

Adsorption and photocatalytic experiment

The adsorption and photocatalytic activity of the prepared ZnO and
GO-ZnO catalysts were examined against a very well-known and
frequently used industrial waste rhodamine B (RhB) dye. In order to
study this degradation, at first, a 1000 mL solution of RhB dye with 10
ppm concentration was prepared by mixing it with DI water from which
a certain amount of RhB solution was taken in a beaker for each batch

experiment. After that, different amount (20, 30 and 50 mg) of our
prepared catalysts was added to it and ultrasonicated for few minutes,
followed by slow magnetic stirring for next 10 min at dark condition (in
the absence of any light) and finally obtained a homogeneous dispersion
solution. Then the dispersion solution was left for 60 min at dark con-
dition without any disturbance to achieve the adsorption-desorption
equilibrium. Meanwhile, during this adsorption-desorption process, at
different time, around 5 mL solution was taken in a spectrophotometer
cuvette from the beaker using a micro-filter syringe and absorbance
spectra were taken in the wavelength range 400-700 nm using a
UV-Visible spectrometer (Model: 1900i, Shimadzu, Japan). From the
maximal absorbance value, which is located at 554 nm, the concentra-
tion of RhB in the examined solution was determined for each time.

After this, to examine the photocatalytic performance of the photo-
catalysts, the dispersion solution was irradiated with visible light by a
100 W halogen lamp (41 > 400nm), which provided an average light
intensity of ~ 2.9 mW/cm?. The residual RhB concentration was carried
out exactly in the same way as mentioned for adsorption but at different
time interval e.g. 5, 10, 20, 40 and 60 min. Note that the absorbance of
RhB stock solution was measured at the beginning which is termed as
RhB blank and considered as the initial concentration of the RhB dye,
denoted by Cy.

The recyclability of the superior catalyst GO-ZnO was tested for four
consecutive cycles. For this purpose, the GO-ZnO catalyst used in the
first cycle was retrieved by centrifugation for 5 min at 8000 rpm, fol-
lowed by washing with ethanol and DI water for twice to clean the
catalyst. Thereafter, to evaporate the residues from the extracted cata-
lyst, it was dried in an air oven for 12 h at 60°C. This recovered nano-
catalyst were then reused for next cycles and retrieved exactly in the
same way as the first cycle to continue the reusability test. Here we
would like to mention that during the recovering process of our GO-ZnO
catalysts, a significant amount of catalysts was lost since it involves
centrifugation, washing and drying, which hindered us to continue the
reusability test after four consecutive cycles.
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Results and discussion
Structural analysis by x-ray diffraction

In the powder x-ray diffraction (PXRD) pattern of graphene oxide
(GO) (Fig. 1), the most obvious diffraction peak at 20 = 10.67° is
observed, which is the characteristic (001) crystal plane of GO. This
PXRD data was employed to determine the d — spacing value and is
found as 8.29 A for the prepared GO sample. This value exactly matched
with the reported value and differs from the reported interplanar
spacing (3.34 A) of graphite flakes [54,55] which implies that oxygen
functionalities carrying GO is successfully synthesized [56].

PXRD patterns of ZnO and GO-ZnO are presented in Fig. 1. PXRD
peaks for ZnO NPs are observed at 20 = 31.72, 34.37, 36.24, 47.49,
56.52, 62.83, 66.34, 67.92, 69.10 corresponding to (100), (002),
(101), (102), (110), (103), (200), (112) and (201) crystal planes
respectively. These 2 6 values and the corresponding planes prove that
pure ZnO NPs exhibits hexagonal wurtzite closed packing lattice struc-
ture (JCPDS: 79-0208) [57,58]. In the PXRD pattern, we noticed that the
peaks are very sharp, which illustrates the high crystallinity of the
synthesized ZnO NPs sample. When this ZnO NPs are immobilized on GO
to form GO-ZnO composites, then no additional peaks were observed,
which suggests that no impurity is introduced or remained in the GO-
ZnO nanocomposites due to this facile synthesis process. Furthermore,
no peaks for pristine GO has been observed in the powder XRD of the
prepared composite material. This suggests that GO nanoleaves are
thoroughly exfoliated and well dispersed in ZnO NPs by such incorpo-
ration and didn’t change the wurtzite crystal structure of ZnO nano-
particles. We believe that this happened due to the smaller percentage of
GO incorporation and the decreased in regularity in layer attacking of
GO sheets due to the intercalation of ZnO nanoparticles. Such diffraction
pattern was reported by others when different nanoparticles were
immobilized on GO nanosheets [52,53,59,60]. Furthermore, a reduction
of intensity can be easily observed in GO-ZnO composite sample, which
also reveals the complete dispersion of GO nanoleaves into the com-
posite materials and undoubtedly the presence of chemical interaction
between GO and ZnO in GO-ZnO composites [61].

The average crystallite size was calculated using the famous Debye-
Scherrer’s formula [62]:

D =0.89 x ——
% PcosO
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Fig. 2. FTIR spectra of prepared GO, ZnO NPs and GO-ZnO nanocomposites.

Here, . = 0.154060 nm is the wavelength of x-ray; # = full width at half
maxima; §=Bragg’s diffraction angle for the (101) plane as taken from
the highest intensity peak for both ZnO and GO-ZnO samples. The
determined crystallite size was found as 23.23 nm and 30.77 nm for
unmodified ZnO NPs and GO-ZnO nanocomposites, respectively.

Fourier transform infrared spectroscopy analysis

Fourier transform infra-red (FTIR) spectra of GO, ZnO NPs and GO-
ZnO composites were taken in the range from 400 to 3600 cm ™' to
examine the presence of aspired species and functional groups in these
samples and are displayed in Fig. 2. GO exhibits different peaks in the
FTIR spectrum, located at 1048 cm ! (C-O bond stretching vibrations),
1388 cm ! (C-H bending vibrations) and 1734 cm™* (C = O carbonyl

—

Fig. 3. TEM images of (a) ZnO NPs; (b) GO-ZnO nanocomposites. SAED pat-
terns of (¢) ZnO NPs and (d) GO-ZnO nanocomposites.
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Fig. 4. (a) DRS absorbance and (b) Tauc’s plots for ZnO NPs and GO-ZnO
nanocomposites.

stretching vibrations). These identified peaks are the most obvious
characteristics vibrational bands for GO, which implies the successful
synthesis of GO sample. Looking at the FTIR spectrum of ZnO, the most
obvious band at 569 cm™! is easily noticeable, which mainly signifies
the characteristic Zn-O stretching mode of vibrations [58]. Peak wit-
nessed at 1622 cm ™! results from the symmetric and asymmetric vi-
brations of C=0 band for the atmospheric experimental conditions. In
the IR spectrum of GO-ZnO composite sample, the C-H bending vibra-
tions for GO has been observed at 1388 cm ™. Also, a shift in wavelength
of the C=0 band has been observed (from 1622 cm ™! to 1637 cm™1) in
case of GO-ZnO composite. This confirms the complete exfoliation and
dispersion of GO sheets by ZnO NPs. Similar trend has been reported by
other in case of nitrogen incorporated ZnO NPs supported on GO
nanosheets [61]. Furthermore, the characteristic stretching mode of
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vibrations for Zn-O was identified at 569 cm™! with a reduction of peak
intensity, which happens due to the GO and ZnO hybridization [63].
From these acquired FTIR results, it can be concluded that GO and ZnO
NPs are successfully synthesized and thereafter in the GO-ZnO nano-
composite sample, ZnO NPs were immobilized on GO nanosheets, pos-
sessing many oxygen containing functional groups.

Study of surface micro-morphology

The surface micro-morphology of the prepared catalysts was assessed
by transmission electron microscope and can be viewed in Fig. 3a-b. In
the TEM micrographs of ZnO NPs, we noticed that the nanoparticles are
quite agglomerated (Fig. 3a). However, in the GO-ZnO composites, it is
evident that this particle agglomeration is significantly reduced, which
is expected to be beneficial for photocatalytic performance. Also, some
wrinkles of GO are easily noticeable at the edge of the composite and
ZnO NPs are immobilized onto it. The presence of this GO wrinkle might
promote the adsorption of pollutants. Using the acquired TEM image,
the average grain size of the samples is determined and found as 25.48
nm and 31.94 nm for ZnO NPs and GO-ZnO composite, respectively.
These determined grain sizes are close to the average particle sizes
evaluated from PXRD data. Additional to this TEM study, selected area
electron diffraction (SAED) measurement was performed and the pat-
terns for ZnO NPs and GO-ZnO composite are shown in Fig. 3¢ and
Fig. 3d, respectively. The SAED patterns demonstrate the Debye-
Scherrer rings for the crystal planes (100), (002), (101), (102),
(110) and (103), which imply the polycrystalline wurtzite crystal
structure of the prepared ZnO nanoparticles and these ZnO NPs are
randomly distributed. Interplanar spacing of the crystal planes was
evaluated from these SAED patterns by using the ImageJ viewer soft-
ware and found as 0.229 nm and 0.231 nm, respectively for ZnO NPs and
GO-ZnO nanocomposites. These values are close to the previously re-
ported values for wurtzite ZnO NPs [58].
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Study of optical properties

UV-visible diffusive reflectance spectroscopy (DRS) was used to
study the optical characteristics of the prepared photocatalysts and the
absorbance vs wavelength plot is depicted in Fig. 4a. In case of ZnO NPs,
we do not see any absorbance of light in the visible wavelength region.
On the other hand, GO supported ZnO NPs exhibits very strong visible
light absorbance. Incorporation of GO introduces active sites in the
composite that results in high affinity to the absorption of visible light.
Moreover, the absorption coefficient of graphene oxide is high and it
possesses higher surface electric charge under light irradiation [64,65],
which all together boost up the visible light absorption by GO-ZnO
nanocomposite sample. Therefore, it can be expected that ZnO NPs
immobilized on GO nanosheets might be a better visible light driven
photocatalyst. To empower this conclusion, the optical band gap of the
photocatalysts was calculated using the acquired DRS data by plotting («
h )2 vs h v and employing Tauc’s equation [66]:

(ahv)’ = K (hv — Ey).

Here “a” is the absorption coefficient, “hv” is the incident photon energy,
“K” is an energy independent constant taken as 1 here. “E,” is the band
gap energy, and the exponent “2” on ahv signifies the direct allowed
transition. To determine the band gap, a straight line is drawn at the
linear part of the (a h v)? vs h v plot and the x — intercept of this straight
line was taken as the optical band gap of the studied photocatalysts
(Fig. 4b). The band gap of ZnO NPs is found as 3.22 eV, which is in the
UV region. On the other hand, the GO-ZnO nanocomposites possess a
reduced band gap of 2.67 eV, which lies within the visible wavelength.
This narrowing in band gap along with strong visible light absorption is
due to the electrostatic and ionic interactions between graphene oxide
and ZnO [67,68].

Adsorption and photoactivity performance

Adsorption and photocatalytic activity of ZnO and GO-ZnO catalysts

The degradation efficiency of both ZnO and GO-ZnO catalysts were
examined against RhB dye at dark and under visible light irradiation for
different time interval as described in Section 2.4 and are displayed in
Fig. S1 and Fig. S2. These absorbance spectra were then used to plot C;/
Cop vs time (Fig. 5a) and the degradation efficiency which was calculated
by the following equation:

degradation efficiency (%) = %% x 100%, where Cj is the initial
concentration of RhB dye and C; is the concentration of the degraded
RhB dye at any time t.

In Fig. 5a, it can be seen that the dark adsorption of RhB molecules on
to the surface of ZnO NPs is very poor (3.26 %). On the other hand, the
composite catalyst exhibits noteworthy adsorption (69.7 %) on its sur-
face at dark condition and this remarkable adsorption happens within a
very short contact time (25 min) of GO-ZnO and RhB molecules. Even
though the dispersion solution was left in dark condition for 60 min to
reach the adsorption—desorption equilibrium conditions and the degra-
dation due to adsorption was recorded for this longer contact time (60
min), the adsorption equilibrium was reached within first 25 min. In the
next 35 min of contact time, we do not observe any changes in
adsorption since the repulsive forces started to act between adsorbed
molecules and existed molecules.

From the visible light driven photocatalytic activity measurements,
we see that the photocatalytic degradation of RhB by ZnO photocatalyst
is 20 %, which is due to the photosensitization characteristic of RhB. In
contrast, better photocatalytic performance (28 %) is achieved when
GO-ZnO nanocomposite was used as the photocatalyst. As a whole, it is
evident from these studies that GO-ZnO nanocatalyst can outperform
unmodified ZnO catalyst in degrading RhB dye due to the combination
of 25 min adsorption and 60 min visible light assisted photocatalysis.
Since the degradation efficiency of organic pollutants largely depends
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Table 1
Kinetic data of the adsorption and photocatalysis processes.

Sample Pseudo 2nd order model for Pseudo 1st order model for
adsorption photocatalysis
Qe (mg/ Ko (min e g/ R? from K (min™ 1)
g) mg) fit
ZnO 1.97 0.0609 0.9761 0.0044
GO- 47.62 0.0014 0.9237 0.0399
ZnO

on adsorbability of pollutants on catalyst surface and the charge transfer
capability of the photocatalysts, we analyze the adsorbability and pho-
tocatalysis separately in the following paragraphs:

In order to examine the adsorbability, we calculated the RhB dye
uptake Q; (mg/g) by the catalysts at dark condition using the formula:

Q= %W7 where Cy and C; are the initial concentration

and concentration at time t of RhB dye measured in the time span —60
min to 0 min at dark condition; Vo, My and Weyays are the volume of the
solution, molecular weight and the mass of catalyst, respectively [69].
These calculated data was then used to plot Q,vs adsorption time at dark
condition (Fig. 5b) and t/Q;vs adsorption time at dark condition
(Fig. 5¢). Thereafter, the 2nd order model é = @ +é was employed to

examine the adsorption of RhB molecules on the catalysts surface, the
fittings of that model are shown in Fig. 5b (solid lines) and Fig. 5c (dash
lines) and the results obtained from these fittings are presented in
Table 1. Here, Q. and Q, are the amount of adsorption at equilibrium and
at time t respectively, and K5 is the second order kinetic constant, the
value of which is obtained from the fitting as 0.0609 min e g/mg and
0.0014 min e g/mg for ZnO NPs and GO-ZnO nanocomposites, respec-
tively (Table 1). From the analyzed results, it is acquired that the
adsorption capacity reached 47.62 mg/g in case of GO-ZnO catalyst and
this adsorptivity of dye molecules is ~ 43 times faster in GO-ZnO
catalyst with compared to unmodified ZnO NPs. We attribute it to the
presence of large 2D planar structure of GO in the composite catalyst
with abundant of delocalized © electrons. In detail, GO is electrically
negative due to the presence of oxygen based functional groups such as
epoxy, hydroxyl, carboxyl [70], whereas RhB is cationic at neutral pH
condition [71]. Furthermore, GO possesses larger surface area (~2600
mz/g) [72]. As a result, GO based composite (GO-ZnO) interacts with
cationic dye RhB via abundant n-n stacking interactions at this neutral
pH condition and assist adsorption of RhB molecules onto its larger
surface. Another factor for the greater adsorption capacity is the exis-
tence of carboxyl, hydroxyl groups in the composite which interact with
the —OH groups of dye molecules through hydrogen bonds. All these
factors result in greater and faster adsorption capacity of GO-ZnO
composite material than pure ZnO NPs.

The photocatalytic activity was studied after the dark adsorption
when the solution was irradiated under visible light. In order to do that
analysis, the adsorption equilibrium concentration of RhB dye at dark
condition was taken as initial concentration (C,) of RhB for photo-
catalysis and the concentration of dye at any light irradiation time ¢ is

taken as C;. These data values were then used to plot ln(%)vs light

irradiation time (t) as can be seen in Fig. 5d. Thereafter, we examined
the photocatalytic degradation kinetic of RhB dye by the following
apparent-first-order model (dash lines in Fig. 5d) and found that the
acquired photocatalytic degradation of studied RhB dye by the prepared

photocatalysts follow this 1st order kinetic model [73]: In (%) = —kt,

where k implies the pseudo first order kinetic rate constant of the pho-
tocatalytic reaction. This photocatalytic degradation kinetics has been
illustrated in Fig. 5d and from the linear fitted slope of the curves (dash
lines in Fig. 5d), the kinetic rate constant (k) was found as 0.0044 min~!
and 0.0399 min~! for ZnO and GO-ZnO photocatalysts, respectively.
This implies that the photocatalytic degradation is ~ 9 times rapid when
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Fig. 6. (a) C;/Cy vs time plot for three different dosages of GO-ZnO catalyst and (b) effect of GO-ZnO dosages on adsorption, photocatalytic degradation and total

removal of RhB dye.

GO-ZnO nanocomposite is irradiated under visible light, whereas this
photocatalytic activity is very slow when unmodified ZnO NPs acted as
the photocatalyst. The reason of such ultra-fast and enhanced degra-
dation of RhB in case of GO-ZnO photocatalyst can be attributed as
follows: The energy band gap (2.67 eV) of GO-ZnO composite falls in
visible light wavelength region. As a result, under visible light irradia-
tion, rate of creation of electron hole pair is effective in case of ZnO NPs
immobilized on GO (GO-ZnO) photocatalyst. Moreover, addition of zero
band gap GO increased the degradation efficiency of GO-ZnO compos-
ites because GO can effectively contribute to the adsorption of dye
molecules on composite’s surface and increase the formation of n-n
interaction between the photocatalyst and dye molecules. Furthermore,
GO act as photogenerated electrons acceptor from the CB of ZnO, which
is then transferred to the surface of the photocatalysts and hinder the
electron-hole recombination rate, which all together boost up the ultra-
fast photocatalytic degradation efficiency.

Effect of GO-ZnO dosages

To study the effect of GO-ZnO catalyst dosage against RhB dye, the
degradation study was carried out for three different dosages (50 mg, 30
mg and 20 mg) and is presented in Figs. S2, S3 and S4, respectively. With
the help of these acquired data, the comparative C;/Co vs time and
removal efficiency are plotted (Fig. 6a and 6b). It is evident from these
figures that with the increase in catalyst dosages, the adsorption ca-
pacity of the catalyst increases and becomes maximum for 50 mg GO-
ZnO dosage. These results can be explained by the following way:
Increasing GO-ZnO dosages implies increased surface area of the catalyst
which possesses more oxygen containing functional groups and offers
more active sites for the dye molecules to be adsorbed on its surface via
n-n interaction between the aromatic ring and GO-ZnO nanocomposite
and thereby increase in RhB degradation by adsorption. Meanwhile, the
increase of this catalyst dosage slightly reduces the photocatalytic per-
formance, which can be explained from two aspects. Firstly, at higher
catalyst dosage, the turbidity of the suspension solution increases which
make light dispersed while travelling through the aqueous solution and
thereby reduced the influence of light for photocatalysis in the solution
[74]. Secondly, when the amount of catalyst is higher, then parti-
cle-particle agglomeration, sedimentation and precipitation took place,
resulting in reduced active sites for light absorption and as a conse-
quence, the photocatalytic degradation rate decreased [75]. However,
the overall RhB removal efficiency is enhanced and the highest value is
achieved as 97.7 % for 50 mg GO-ZnO dosage and this ultra-fast removal
of RhB occurs within 25 min of adsorption and 60 min of visible light
driven photocatalysis process.

The species and role of active radicals during photocatalytic RhB
degradation
Organic contaminants are mostly decomposed by reactive species
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Fig. 7. Role of active species on the photocatalytic degradation of RhB dye
using GO-ZnO photocatalyst under visible light irradiation.

during the photocatalytic process. To find out which reactive species is
mainly responsible for the photocatalytic degradation of RhB by GO-
ZnO photocatalyst, we carried out the photocatalytic degradation
experiment with the help of different scavengers such as ammonium
oxalate (AO), tertbutyl alcohol (TBA), 1,4-benzoquinone (BQ) and
compared it with the results obtained in the absence of any scavengers
under the same experimental conditions. The obtained results are pre-
sented in Fig. 7 and found that the removal efficiency decreases in
various levels in the presence of different scavengers, confirming the
role of diverse reactive species for the RhB dye photo-degradation pro-
cess. For instance, in the presence of positive hole (h*) scavenger AO,
the photocatalytic degradation efficiency drops only ~6 %, indicating
the unobtrusive role of h™ in RhB dye degradation. When TBA is added
to the solution, the photocatalytic degradation efficiency drops ~44 %
showing a moderate role of the eOH radical in the process of photo-
degradation. Meanwhile, the results show that BQ has a dampening
effectiveness of ~78 %, indicating that this scavenger has the greatest
inhibitory effect on RhB dye breakdown through photocatalysis. These
findings indicate that superoxide radical (eO3) is the dominating species
in the photocatalytic degradation process of RhB when GO-ZnO acts as
visible light driven photocatalyst.

Possible degradation mechanism
The degradation of organic effluents depends largely on the
adsorption capacity of the catalyst, optical properties, band structure,
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Fig. 8. Degradation mechanism of RhB dye using GO-ZnO nanocatalyst.

etc. [76]. From the aforementioned studies, we propose a degradation
mechanism as illustrated in Fig. 8. Under dark condition, RhB dye
molecules are adsorb by GO-ZnO catalyst via the electrostatic interac-
tion due to the opposite charge of GO-ZnO catalyst (anionic) and RhB
(cationic). When this is irradiated by visible light, then the photo
generated electrons transfer to the highly conducting GO nanosheet and
inhibit the e-h recombination. These electrons then generate superoxide
radicals (eO3) by interacting with the surface oxygen molecules. In the
meantime, the photo generated holes in the valance band produce hy-
droxyl (e OH) radicals by interacting with adsorbed water molecule.
These superoxide (eO3) and hydroxyl (e OH) radicals then react with
RhB molecules and disintegrate into smaller non-toxic minerals such as
CO5 and H,O0.

The recovery and reusability of the catalyst

To examine the viability of using GO-ZnO catalyst in practical
application, the reusability study was carried out and displayed in
Fig. 9a. It is seen that even after back-to-back 4 cycles, our catalyst’s
degradation efficiency was recorded to be 91.21 % in its 4th cycle
against the same initial conditions. A small reduction in degradation
efficiency (6 %) may correspond to the loss of sample during the back
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and forth cycling processes. The PXRD pattern of the recovered GO-ZnO
catalyst after 4th cycle demonstrates that the nanocomposite retains its
crystal structure as the as prepared GO-ZnO sample but with a small
reduction of crystallinity (Fig. 9b). Therefore, it can be inferred that GO-
ZnO can be a potential catalyst for wastewater treatment.

A comparative analysis of RhB dye degradation by others

A comparative table regarding RhB dye degradation by different
catalysts reported by recent researchers has been shown in Table 2. The
parameters and experimental conditions in our studies were comparable
with the reported work [29,77-83]. Considering the feasibilities such as
source of light for photocatalytic degradation, adsorption and irradia-
tion time, and reusability, it is quite reasonable to use this GO-ZnO
catalyst for RhB dye removal from wastewater in a cost-effective and
environmental friendly method.

Conclusions

Pristine ZnO NPs and those ZnO NPs immobilized on GO nanosheets
were prepared by straightforward and inexpensive ways and their cat-
alytic degradation efficiency was investigated on frequently used
rhodamine B (RhB) dye degradation. The GO-ZnO nanocomposite ex-
hibits remarkable adsorption capacity (47.62 mg/g) with the lowest
second order kinetic rate constant 0.0014 min e g/mg and visible light
driven photocatalytic performance with the apparent first order kinetic
rate constant 0.0399 min ', The GO-ZnO catalyst exhibits the best
degradation capability and the degradation efficiency is 97.7 % after 25
min adsorption and 60 min photo-degradation under visible light irra-
diation, which is 4.2 times higher with compared to unmodified ZnO

Table 2
Comparative data of RhB degradation using different catalysts with this current
work.

Catalysts Time Degradation Light Reference
(min) (%) Source

Ce and Bi doped NiAl,04 60 90 uv [771

Bi»03-ZnO 120 93 Sunlight [78]

Fe-MOF 90 920 Sunlight [79]

Fly ash based inorganic 210 94.07 uv [80]
polymer

Zn0O/Cu0/Mo0O3 120 97 Visible [81]

Z-type BiOCl/Ni-MOF-74 100 97 Visible [82]
heterojunction

g-C3N4-ZnO/Cux0 100 91.4 Visible [83]

Mn and B co-doped 90 99 Visible [29]
mixed phase TiO, NPs

GO-ZnO 85 98.7 Visible Present
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catalyst. These excellent catalytic behaviors of GO-ZnO nanocomposite
are accredited to the abundant n-n stacking interactions between
nanocomposite and dye molecules due to the presence of oxygen func-
tionalities in GO, narrowing of optical band gap for light irradiation,
interfacial photogenerated electron transfer from the conduction band
of ZnO to the highly conducting GO sheets and lowering of photo-
induced electron-hole recombination.
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