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Abstract

Visible light-responsive photocatalysis is a green and efficient wastewater treatment technique, and carbon materials-based
semiconductors have demonstrated excellent performance in this area. In this work, zinc oxide nanoparticles (ZnO NPs) are
synthesized via a simple, economic and green method using Strepfomyces microbial extract as non-toxic reducing and capping
agent. The prepared ZnO is supported on the exfoliated graphite (ZnO/EG) by a simple mixing method. Various techniques
including XRD, FTIR, DLS, Zeta, BET, TEM and optical properties of the prepared photocatalysts were elucidated. The results
reveal that the ZnO particles are well dispersed on the EG in the ZnO/EG sample. Also, diffuse reflectance spectroscopy revealed
that the ZnO/EG nanocomposite possesses an increased light absorption toward the visible light region, as a result of the
presence of the EG. The photocatalytic performance of the prepared photocatalysts was discussed using Malachite Green (MG)
dye under both UV and visible light. The effect of dye concentration, photocatalyst dose, pH and different scavengers was
studied. The activity of the ZnO/EG (94.06 %, rate, k = 0.0184 min™') is enhanced under visible light rather than ZnO alone

(50.05 %, rate, k = 0.0030 min'"), which will be a promising and competing candidate for wastewater treatment.
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1. Introduction

Water is a very important wealth for a living being.
Though water covers over 71 per cent of the earth's
surface, only about 3.5 per cent of that is freshwater,
with the remainder being salty [1]. Moreover, high
consumption, population growth, industrialization,
climate change and environmental pollution cause
water scarcity [2]. According to the World Health
Organization (WHO), over 80 per cent of the world's
wastewater remains untreated. Moreover, more than
one billion people are searching for a clean supply of
drinking water [3]. Because of the acute need for
drinking water, many populations are in danger of
consuming polluted water supplies, which can lead to
disease and economic disruption. Industrial effluents
and household discharges are the two main sources of
wastewater. Textile industries release approximately
more than 100,000 t of dyes per year into water bodies.
The spillage of these hazardous effluents in the
environment causes severe negative effects on human
and animal health as well as on aquatic life [4,5].
Among the various organic dyes, Malachite green
(MG) dye has gotten a lot of attention due to its usage
as a fungicide and disinfectant in the fish farming

industry as well as in the textile industry. It is critical
to remove MG from wastewater because of its
teratogenic, carcinogenic, and mutagenic effects in
humans [2]. These coloured effluents are recognized
as toxic wastes by the Environmental Protection
Agency (EPA) even at minor concentrations. To avoid
these harmful effects, these pollutants have to be
removed or reduced to acceptable levels before
discharging into water bodies [6,7].

For wastewater treatment, several processes were
used, including solvent extraction, filtration, chemical
precipitation, adsorption, ion exchange, and reverse
osmosis [8,9]. However, these processes do not
achieve total pollutants degradation; rather, they
transfer pollutants from water to other media, resulting
in other pollution. Advanced oxidation processes
(AOPs) are effective in the treatment of wastewater as
they rely on the formation of potent reactive species
that can completely degrade organic water
contaminants [10—13]. Biosynthesis of nanoparticles
is a method of synthesizing nanoparticles utilizing
microbial and plants extracts. This method is eco-
friendly, cost-effective, biocompatible, safe, and has
environmental benefits. Plants, fungi, bacteria, algae,
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and other organisms are all used in green synthesis.
They enable the manufacture of NPs on a large scale
without any impurities. Biomimetic NPs have higher
catalytic activity and need fewer expensive and
harmful ingredients to produce. These natural strains
and plant extracts produce phytochemicals that
function as a reducing agent as well as a capping or
stabilizing agent [14].

Among the semiconductors, ZnO has gained great
consideration due to its extraordinary properties [15].
However, because of the large bandgap of ZnO, it can
only be activated by UV light. Also, the
photogenerated e/h* pairs have a short lifetime, and
the application of ZnO as a photocatalyst is limited. To
solve these issues, it is important to build ZnO-based
photocatalysts with high photoactivity under visible
light with enhanced charge separation. The aim of
working under visible light is to reduce energy
consumption and the total cost of the photodegradation
process. As visible light accounts for > 43 % of the
solar spectrum, if the photocatalyst is visible light-
responsive, the photocatalytic process can be done
under renewable costless sunlight irradiation. Herein
the applied technique to widen the light absorption
range of ZnO to the visible light region and to enhance
the charge separation is the supporting of ZnO on the
exfoliated graphite as the latter possesses a high
absorption range.

Carburet (United States) discovered exfoliated
graphite (EG), a carbon substance with a loose porous
structure and low density, in 1968. Microwave or high-
temperature treatment of graphite produced by
chemical or physical means is the most common
method of obtaining EG [16]. This approach produces
materials with significant expansion volumes at a
reasonable cost [17]. Exfoliated graphite was
employed by Carvallho et al. [18] and Van Pham et
al. [19] to remove the blue textile and Congo red dyes,
respectively. Nevertheless, the photodegradation of
MG using bio-based ZnO/EG is not yet studied.

To the best of our knowledge, supporting
Streptomyces-based ZnO on the exfoliated graphite as
a facile green synthesized photocatalyst for Malachite
Green photodegradation under both UV and visible
light irradiation is not studied yet. In this work, facile
methods were applied to prepare exfoliated graphite,
bio-based ZnO using bacterial extract as a green
approach and bio-based ZnO supported on the
exfoliated graphite (ZnO/EG) composite by a simple
mixing method. The synthesized photocatalysts were
characterized via different techniques and their
photodegradation performance under both UV and
visible light irradiation was examined using MG dye
as a model pollutant. The effect of different parameters
on the photodegradation process was elucidated. Also,
the effect of the active species was performed via
scavenger test.
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2. Experimental

2.1. Materials

Graphite fine powder (98%; 60 mesh; LOBA Chemie),
Zinc nitrate (Zn(NO3)2.6H20; 96%; LOBA Chemie),
Malachite green (MG) dye (Cz23HasNCl; MW =
364.92 g; A max = 615 nm; Fluka), distilled water.

2.2. Synthesis of Exfoliated Graphite (EG)
Exfoliated graphite (EG) was prepared by placing the
graphite powder in an electric furnace at 600 °C for
four hours [7].

2.3. Preparation of microbial extract

Streptomyces fradiae had previously been isolated
from a polluted location in Egypt from Helwan City.
16S rRNA sequencing was used to identify the isolate,
which demonstrated a high level of similarity (95%)
with S. fradiae strain HBUM 174185 (Gen Bank
accession number FJ486352.1) [20]. For the green
synthesis of the ZnO nanoparticles, the actinomycete
strain was grown in a starch nitrate broth medium for
7 days at 30 °C and 150 rpm. The culture was then
centrifuged at 10 000 rpm for ten minutes, and the
supernatant was collected [21].

2.4. Synthesis of Zinc Oxide nanoparticles (ZnO
NPs)

A facile and environmentally benign process was used
to synthesize ZnO NPs. Two grams of Zn(NO3)2.6H20
were dissolved in 100 ml of recently made
Streptomyces fradiae extract solution and then rapidly
agitated for one hour at 60 °C. The obtained white
precipitate was filtered and dried at 80 °C overnight.
Finally, the product was calcined at 400 °C for two
hours.

2.5. Synthesis of binary nanocomposite ZnO/EG
The binary nanocomposite; 20% ZnO/EG; was
prepared by a facile mixing method, in which the
prepared ZnO and EG were mixed vigorously by
mortar.

2.6. Characterization techniques

X-ray diffractometer (XRD, Shimadzu XD-1, Japan),
Fourier Transform Infrared (FTIR, Nicolet Is-10
model, USA), Dynamic light scattering (DLS,
Malvern-ZS, Ltd., UK, nano series), Nitrogen-
adsorption-desorption isotherms (BET, a NOVA-
3200, USA), Transmission electron microscope
(TEM, JEM-1230, JEOL, Japan), Diffuse reflectance
spectroscopy (DRS, a JASCO, V-570, Japan) and
photoluminescence (PL, JASCO, FP—6500, Japan).
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2.7. Photodegradation of malachite green (MG)
The photocatalytic performance of the prepared
photocatalysts was assessed by the degradation of the
aqueous solutions of MG dye under both UV and
visible light irradiation. To run the experiment, (20
mg) of each sample was added to 100 ml of the (100
ppm, MG) solution in a batch reactor and left in dark
for one hour with stirring to attain equilibrium. After
that, the reaction was exposed to a UV (8W VILBER-
LOURMAT; A=254 nm) or visible light (100W—
TUNGSTEN lamp; A > 400 nm) for three hours. At a
fixed time, interval, 4 ml of the suspension were
withdrawn and centrifuged to remove the
photocatalyst. The remaining dye concentration was
measured using a UV-visible spectrophotometer
(JENWAY-6505). Similar reactions were adopted for
the parameters study e.g. dye concentration,
photocatalyst dose, and pH. Also, the scavengers test
was studied.

3. Results and Discussion

3.1. Characterization

XRD is a technique for determining the crystallinity of
materials and inferring structural changes in the
components involved in a reaction. Fig. 1 shows the
XRD patterns of the synthesized ZnO/EG binary
nanocomposite and the single compounds (ZnO and
EG). The synthesized ZnO nanoparticles Fig. 1 (a),
exhibited the presence of the hexagonal Wurtzite
structure (Card No. 04-007-5097) with an average
crystallite size of 56.6 nm, confirming the successful
usage of the biological extract as a facile green
reducing agent for the ZnO synthesis in nano-scale.
Consequently, exact diffraction peaks at 31.66°
34.43°, and 36.12° are seen in the ZnO sample pattern,
which correspond to the (1 0 0), (0 0 2), and (1 0 1)
ZnO crystal planes, respectively, which are in
accordance with those reported in the literature for
ZnO [22,23]. For EG sample, Fig. 1 (b), the pattern
displays two main characteristic peaks at 201 = 26.4°
(di = 0.337 nm) and 20> = 54.49° (d> = 0.168 nm)
which are in coincident with the graphitic carbon
(Card No. 04-007-2076) confirming the successful
fabrication of the EG. These peaks are assigned to the
0 02 and 0 0 4 planes of the exfoliated graphite,
respectively [24]. A sharp peak at 26.4° confirmed the
crystalline nature with an average crystalline size
equal to 42.2 nm [25]. For the ZnO/EG sample, Fig. 1
(c), the 0 0 2 plane is observed at 26 = 26.59 °. The
slight shift in the 20 value towards a larger angle after
mixing the EG with the ZnO leads to a decrease in the
d-spacing from 0.337 nm for EG to be 0.335 nm for
ZnO/EG [26]. It is also interesting to note that the
ZnO/EG nanocomposite pattern shows that the ZnO
phase exists with the EG phase with a minor increment
in the average crystalline size to be 59.5 nm, indicating
that the ZnO is successfully supported on the EG [27].
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Fig. 1. XRD patterns of (a) ZnO, (b) EG and (c) ZnO/EG
samples (* and # are for ZnO and EG peaks, respectively).

The chemical structure of the ZnO and EG as well as
the binary nanocomposite ZnO/EG were characterized
using FTIR, Fig. 2. The wideband at 3900-3650 cm !
appears in the EG and ZnO/EG samples is due to the
O-H stretching mode of OH-groups and adsorbed
H20 molecules that present in the samples’ structure.
Also, it is referred to the presence of the H-bonding of
the OH—groups. Broad absorption peaks in the range
of 36002950 cm’!, are related to the deformation and
vibration of H20 molecules that are adsorbed on the
samples’ surfaces from the environment [28]. The
peak around 1700 cm! is due to the existence of the
COO-group [27]. The asymmetrical stretching
vibration peak at 1630 cm™ is related to the sp’-
hybridized C=C [17,29]. The peak at 1110 cm™! is for
the carbon fingerprint. This peak is also related to the
symmetric and asymmetric C-O stretching vibration
of -C-O-C- ring. The peak at 1056 cm™! is related to
the C—O and the C—C tensile vibrations [28]. The band
between 900-670 cm™! is related to the C—H bending
mode [30]. The appeared peak at 465 cm™ for both
Zn0O and ZnO/EG samples is for the hexagonal phase
ZnO [31]. The peaks at 1540 cm™ and 671 cm™ in the
EG sample are due to C—C bonds and the C=C
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aromatic benzene ring, respectively, demonstrating
that the graphite is of good quality and devoid of
organic contamination [32,33]. For the ZnO spectrum,
the peak at 3475 cm™! (N-H stretch) was for the amine
group as reported by Prakasham et al. (2014) [34] and
Lakhsmi et al. (2015) [35]. Also, the peak at 1468 cm’
Uis for C=0 stretch and C-N stretch of amide in
protein [36]. The fact that the amide groups of the
proteins had a better ability to bind metal was
corroborated by the FTIR spectrum of the ZnO
nanoparticles, indicating that the proteins operate as a
capping agent for stabilizing the nanoparticles [37].
From the mentioned XRD patterns, it is proved that
ZnO/EG was successfully prepared. Moreover, the
FTIR of the binary nanocomposite ZnO/EG exhibits
functional groups of both ZnO and EG without any
shifting. This confirms that the mixing process is a
physical bonding process rather than a chemical
reaction [38].
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techniques are applied, Fig. 3 (a —¢). The particle sizes
of the prepared ZnO, EG, ZnO/EG are 142 nm, 187
nm and 333 nm, respectively. The reason that there are
differences in the particle sizes obtained by XRD and
DLS, is that the DLS is not only associated with the
particles' metallic core but also affected by the
presence of the capping proteins and enzymes [39].
Thus, the particle sizes measured by DLS are
commonly higher than those calculated by the
Scherrer equation from XRD data.

Wavenumber, cm™

Fig. 2. FTIR spectra of (a) ZnO, (b) EG and (c) ZnO/EG
samples.

To detect the particle size distribution based on the
intensity in a suspended solution and also, determine
the zeta potential, the DLS as one of the most familiar
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The stability of the colloidal solution is related to the
particles' surface charge which can be acquired by the
Zeta potential analyzer. The high zeta potential values
prevent particles aggregation. The zeta potential
values for the prepared catalysts, Fig. 3 (d), were -24.2
mV, -94 mV and -21.5 mV for ZnO, EG, and
ZnO/EG, respectively. The support of the ZnO on the
EG enhances the stability of the binary composite
ZnO/EG as the zeta potential of the composite is
enhanced from -9.4 mV for EG only to be -21.5 mV
for the composite [40]. The catalysts which have high
negative zeta potential, enhance the adsorption of the
positively charged dyes, consequently, having a
positive impact on the photocatalytic degradation of
the dyes.
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Fig. 4. Isotherms and the pore size distribution
(insets) of the (a) ZnO, (b) EG and (c) ZnO/EG
samples.

The specific surface area (SSA), isotherm and pore
size distribution of the prepared ZnO, EG and ZnO/EG
nanocomposite are studied by the N2 adsorption-
desorption analyses using Brunauer-Emmett-Teller
(BET) method, Fig. 4. The SSA and pore structure
parameters are illustrated in Table 1.
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Table 1

Specific surface area (SSA), pore volume (V pore),
and pore size (d pore) of ZnO, EG and ZnO/EG
samples.

Sample SSABET, Vpore, dpore,

(m*/g) (cm’/g) (nm)
ZnO 2342 0.099 16.8
EG 32.21 0.109 13.5
ZnO/EG  25.69 0.085 13.2

Generally, possessing a high specific surface area and
good pore structure increases the pollutant adsorption
rate and capacity which is promising from the
photocatalysis point of view. The SSA of the ZnO/EG
nanocomposite is slightly higher than that of the ZnO
(23.42 m?/g for ZnO and 25.69 m?/g for ZnO/EG), this
may be due to the support of the ZnO nanoparticles on
the EG with a reasonable SSA (32.21 m%/g for EG).
The isotherms of ZnO, EG and ZnO/EG samples are
of Type-1V with H3 hysteresis loops at P/P,=0.2—0.95,
which is characteristic of the mesoporous materials
(e.g., carbon materials and industrial adsorbents).
Meanwhile, the Barrett-Joyner-Halenda (BJH) method
was used to examine the associated pore-size
distribution curves, which confirmed that the ZnO,
EG, and ZnO/EG exhibit the usual properties of
mesoporous materials, with pore sizes primarily
centered at 2.3-3.5 nm.

50 nm 200 kV X 60000

100 nm 200 kV

X 40000

Fig. 5. TEM images of the ZnO/EG nanocomposite.

Transmission electron microscopy (TEM) has been
employed to identify the morphology of the binary
nanocomposite ZnO/EG synthesized by the green
mixing method, Fig. 5. The TEM images reveal that
the ZnO NPs with hexagonal shape are homogenously
and greatly dispersed on the EG surface. The “well-
dispersion” of the ZnO NPs over the EG in the whole
matrix of the composite, confirms the good use of the
mixing method to prepare the binary nanocomposite.
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Additionally, there are some ZnO NPs with irregular
shapes jointed to aggregate and regularly dispersed
over the entire sample. These findings revealed that
ZnO had been successfully established in EG.
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Fig. 6. UV—Vis absorption spectra (a) and PL (b) of the
ZnO and ZnO/EG nanocomposite.

The UV-Visible absorption spectra and the
photoluminescence spectra (PL) were engaged to
explore the optical characteristics of the ZnO and
ZnO/EG photocatalysts. It is remarkable to state that
there is a meaningful shift in the absorption band for
the binary nanocomposite ZnO/EG toward the visible
light region. The hump for the ZnO NPs is obtained in
the range of 320-380 nm, while the range for the
ZnO/EG nanocomposite is extended to the visible
region up to 800 nm. This highly visible response for
the prepared nanocomposite is due to the presence of
the EG as a support material for the ZnO NPs, Fig. 6
(a).

Moreover, PL is an efficient method in the exploration
of the optical properties of the semiconductors,
involving electron-hole recombination rate. The
emission peaks are caused by photo-induced ¢ in the
conduction band recombining with photo-induced h*
in the valence band, resulting in excitons [41], Fig. 6
(b). This peak may be due to the presence of defects in
the sample structure which may exist as a result of the
oxygen vacancies [42]. It is noted that the EG
exhibited the highest PL intensity revealing that EG
possesses the fastest e—h" recombination rate. While
the binary nanocomposite ZnO/EG has the least e—h"*
recombination rate because photogenerated electrons
are efficiently transferred from EG to ZnO [43]. Thus,
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the order of the recombination is EG>ZnO>ZnO/EG.
This behaviour suggests the expected high
photocatalytic performance of the prepared ZnO/EG
toward the degradation of the organic pollutants under
visible light illumination.

3.2. Photocatalytic Activity

The photocatalytic behaviour of the prepared EG, ZnO
and the binary composite ZnO/EG was evaluated for
the MG photodegradation under both UV and visible
light irradiation, Fig. 7 (a). It is critical to note that the
detected colour loss of MG solution is due to a
decrease in the absorbance of the MG chromophore's
major absorption peak at 615 nm, which is caused by
"n—n transitions" in the (C=N) group in the MG
chromophore structure. As a result, the colour loss
perceived is a spectrophotometrically determined
decrease in absorbance at 615 nm [5]. The photolysis
of the MG (with no catalyst) as a control experiment is
negligible, demonstrating that the MG dye is steady
under photolysis. The MG solution and the
photocatalysts were stood in the dark for one hour to
attain equilibrium. When conducting the adsorption
for more three hours, there is no further obvious
decrease in the MG concentration, indicating the first
hour's achievement of the 'adsorption-desorption
equilibrium'. Pure EG exhibits a high MG adsorption
under dark (50 %) without any remarkable
photodegradation under light irradiation. While ZnO
exhibits a reasonable removal in dark due to the
possessing of high negative zeta potential which
enhances the electrostatic attraction between the
negatively charged ZnO particles with the positively
charged MG molecules [43].

Under visible light, the binary nanocomposite
(ZnO/EG) exhibited the highest photocatalytic
performance toward the MG degradation (94.06 %) as
expected when compared to ZnO and EG (ZnO; 54.91
% and EG; 50 %), suggesting the synergetic effect of
composing a binary nanocomposite of ZnO and EG.
This may be owed to the aforementioned optical
characteristics, as the supporting of the ZnO on the
EG, is widen the light absorption range of the ZnO/EG
toward the visible light region. Also, the presence of
such carbon material as a highly conductive material,
can strongly separate and transport the photogenerated
e—h" carriers of the binary nanocomposite [44,45].
This result is important from the economic point of
view, as by this method we can use about one-fifth of
ZnO amount to degrading a high MG concentration
under visible light irradiation by supporting ZnO on
low-cost EG. This finding is consistent with the
previous work [41], in which TiO: is supported on the
activated carbon (AC) to enhance the Methylene Blue
(MB) dye degradation under visible light irradiation.
Generally, when using a carbon material as a support
for a photocatalyst, the presence of such material
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motivates the adsorption behaviour of the ZnO/EG active species generated (h*, "OH and ‘O2") react with
binary composite photocatalyst for example. MG, causing fast photodegradation [46—48].

For ZnO/EG sample, the MG photodegradation was
decreased from 99.04 % under UV irradiation to be
94.06 % under visible light irradiation. The extremely
intense UV photons compared to the relatively
energetic visible photons could be the cause of this
minor shift. As the photodegradation process is a
chemical reaction that works under light irradiation
and follows a pseudo-first-order kinetic model, thus,
the photodegradation (%), rate constants (k) and the
half-life time (tx), Eq. (1) — Eq. (3), are crucial to
evaluate the photocatalyst performance, Table 2.

Degradation (%)

Ln (Co/C) = -kt Eq. (1)
t = 0.693/k Eq. (2)
Deg (%) = (Co — C)/Co *100  Eq. (3)
Where, C, and C are the initial and final MG

SRR 2

concentrations, respectively.

Table 2

Determination of the degradation (%), rate constant, (k,
min'), half-life time, (t;, min), and determination
coefficient (R?), under both UV and visible light
irradiation, (photocatalyst dose = 0.2 g/L, [MG] = 100

E[ﬂ

100
a0
S
EH©
E ol
&
20
o

ppm).
Light Sample EG ZnO ZnO/EG
Source
Deg
. (%) 50.05 98.51 99.04
m v k 0.0030 0.0283 0.0247
i ty 231.0 24.5 28.1
0 R? 0.982 0.987 0.990
% Deg
'é 60 (%) 50.05 54.91 94.06
& . . k 0.0030 0.0044 0.0184
a m Vis.
ty 231.0 157.5 37.7
o
R? 0.985 0.988 0.992

Fig. 7. (a) Effect of the different photocatalysts on the MG

adsorption and degradation under both UV and visible light 3.2.1 The effect of different parameters on the
irradiation, (photocatalyst dose = 0.2 g/L, [MG] = 100 ppm, ZnO/EG photocatalytic performance
pH 6), (b) effect of the MG concentration (dose = 0.2 g/L,

pH 6), (¢) effect of the ZnO/EG dose ((MG] = 100 ppm, pH Fig. 7 (b-d) represents the effect of various

6) and (d) effect of the solution pH (dose = 0.2 g/L, [MG] = parameters on the photocatalytic performance of the
100 ppm) on the photocatalytic degradation under visible binary nanocomposite ZnO/EG toward the MG dye
light irradiation. photodegradation under visible light irradiation,

including initial MG dye concentration, photocatalyst
This significant adsorption performance allows for a dose, and solution pH. The effect of the initial
greater concentration of MG molecules surrounding pollutant concentration on the ZnO/EG photocatalytic
the ZnO/EG active sites, accelerating the performance was studied in the MG dye concentration

photodegradation mechanism ahead. Finally, the range (80-120 ppm), Fig. 7 (b), where the other
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factors were kept constant. It was found that increasing
the dye concentration reduced MG photodegradation,
which could be related to a reduction in photons
reaching the ZnO/EG surface. Moreover, the optical
density of the MG solution is increased by increasing
the MG concentration forming an inner filter for the
incident light, as well as blocking more positions of
the ZnO/EG photocatalyst's accessible sites [49,50].
The effect of the ZnO/EG dose on its photocatalytic
performance toward MG dye photodegradation was
studied in the range (0.1-0.3 g/L), Fig. 7 (c), where the
other factors were kept constant. When the
photocatalyst dose was raised in the range of 0.1-0.3
g/L, the MG photodegradation was significantly
enhanced due to an increase in the quantity of the
available photocatalyst’s active sites with constant
MG concentration [51].

The wastewater effluents of the textile industry
frequently have a wide pH values range. The pH value
was discovered to play a significant effect on the
properties of wastewater effluents, organic adsorption
on adsorbents/photocatalysts, and active species
generation. As a result, pH may be one of the most
important parameters influencing photodegradation.
The adsorption process is influenced by the structure
and solubility of the dye, as well as the charge of the
adsorbent surface, which is affected by the dye pH,
and hence affecting the ionic interaction between the
dye and ZnO/EG which strongly affect the
photocatalytic degradation [52—-54].

Therefore, the effect of the MG solution pH on the
photodegradation by ZnO/EG composite was studied
in the range (4.0-10.0) and was adjusted by 0.1 M HCl
or NaOH, with the other parameters were kept
constant. It is generally known that the dye colour was
self-fed at pH 10.5 and above. This could be attributed
to the formation of new dye species. The most
favourable degradation was observed at basic pH 6—10
with 94.06 — 98.99% removal of MG dye, respectively
(Fig. 7 (d)). At lower pH (pH 4), the number of
positively (+) charged surface sites increases more
than the number of negatively (-) charged surface sites.
Moreover, the -COOH groups of MG were protonated
and had a high positive charge density. As a result, as
the solution pH decreased, electrostatic repulsion
between the (+) charged surface and the (+) charged
dye molecule increased, reducing MG adsorption and
therefore  photodegradation. ~ Furthermore, the
adsorption was reduced due to competition between
the H' ion and the (+) charged dye molecules. At
higher pH, the photocatalyst’s surface was (-) charged
which favoured for adsorption of the (+) charged dye
molecules via electrostatic  attraction  force.
Consequently, the MG adsorption on the ZnO/EG
photocatalyst and hence the photodegradation
increased with increasing the pH values up to pH 10
[55].
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3.2.2. Photodegradation Mechanism

Eq. (4)-Eq. (11) express the general photodegradation
mechanism of semiconductors regarding the MG dye
as a contaminant. Exposure to photons initiates
photocatalytic reactions, which result in the creation of
photo-induced electrons (¢) in the valence band (VB),
which are then transferred to the conduction band
(CB), leaving behind positive holes (h*) in the VB, Eq.
(4). The e—h* pairs are the main charge carriers
responsible for semiconductor activity. The h* in the
VB could directly (Eq. (5)) or indirectly, Eq. (6),
oxidize organic pollutants by forming hydroxyl
radicals (OH’), which have high oxidizing power and
can degrade most organic dyes efficiently, Eq. (7). The
e in the CB, on the other hand, can degrade organic
pollutants either directly (Eq. (8)) or indirectly, Eq.
(9), by the creation of O%~, which can directly break
down organic pollutants, Eq. (10). As a result, these
reactive species €, h*, O27, and OH are the main
species in the photocatalytic degradation of MG. The
emission of heat or photons follows the recombination
of e”and h" Eq. (11). Recombination would reduce the
development of the reactive species, necessitating a
return to the initiation process to create new pairs of e
and h* [5].

Semiconductor + hv - ¢ cs+ h'vs Eq. (4)
MG + h*ve » MG" - Degraded Products Eq. (5)
H20 + h*vs - OH’ Eq. (6)
MG + OH - MG" - Degraded Products Eq. (7)
MG + e ce = MG - Degraded Products Eq. (8)
O2+ecs - O Eq. (9)
MG + O~ - MG — Degraded Products Eq. (10)
e"cs+ h*ve — heat or hu Eq. (11)

To understand the MG dye photocatalytic degradation
mechanism by ZnO/EG photocatalyst, the role of the
active species was determined by the trapping
experiments. In this regard, (100 mM) iso-butanol
(But), (1 mM) p-benzoquinone (BQ), and (100 mM)
ammonium oxalate (AO) were used as target
scavengers for hydroxyl (OH"), superoxide (O%2"), and
photo-generated (h), respectively [56]. The MG dye
was degraded by (94.06 %) in the absence of any
scavengers, while this percentage is slightly decreased
by (< 6 %) in the presence of iso-butanol and
benzoquinone separately, Fig. 8 (a), suggesting the
minor role of (OH") and (O2") radicals for the
promotion of the degradation process. However, in the
presence of the ammonium oxalate as a scavenger, the
activity greatly decreased by (15 %) to be (79.53 %),
confirming the major role of the holes (h") in the
degradation process of MG. Moreover, the improved
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photocatalytic efficiency at high pH values and the
enhancement in MG photodegradation behaviour
when the h* is increased, as well as the high reduction
in the photodegradation of MG in the existence of the
AQ, reveal that the holes in the valence band are the
most reactive species in photocatalytic processes and
that the oxidative degradation pathway is the most
common. The same finding is discussed by Moussa et
al. [43] they prepared ZnO supported on graphitic
carbon nitride; ZnO/gCN; for the photodegradation of
dye under visible light irradiation and found that the
holes are one of the major reactive species in which
the holes in the carbon material are responsible for the
dye oxidation. Also, Ao et al. [57] and Feng et al. [58]
found that OH" radicals had a minimal effect on the
degradation process [2].
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Fig. 8. (a) Effect of the different scavengers on the
photodegradation of MG over ZnO/EG photocatalyst under
visible light irradiation, (photocatalyst dose = 0.2 g/L, [MG]
= 100 ppm, time = 180 min). (b) Pictorial representation of
the suggested mechanism.

4. Conclusions

In summary, ZnO NPs were synthesized using
Streptomyces microbial extract as a reducing and
capping agent. The biosynthesized ZnO NPs were
supported on the exfoliated graphite by a simple low-
cost mixing method. The photocatalytic performance
of the prepared samples was studied for MG dye
degradation under both UV and visible light
irradiation. Structural analysis by XRD proved the

Egypt. J. Chem. 65, No. SI:13B (2022)

existence of hexagonal Wurtzite ZnO nanostructures.
The results demonstrate that the supporting of the ZnO
on the EG widens the light absorption of the ZnO/EG
composite towards the visible light and enhances the
charge separation. Moreover, the negative zeta
potential of the composite increased, which enhances
the MG dye adsorption behaviour. These results
together elucidate the outstanding photocatalytic
performance of the ZnO/EG composite for the MG dye
degradation under visible light irradiation. Almost,
94.06 % photocatalytic efficiency was achieved for
MG (MG conc. = 100 ppm, dose = 0.2 g/L). Also, the
scavenger’s tests clarify that the holes are the major
reactive species responsible for the photocatalytic
process, confirming that the oxidative degradation
pathway is the dominant pathway. Moreover, the
photodegradation process was affected by the change
in the dye concentration, catalyst dose and pH
changes. When the dye concentration increased, the
efficiency decreased, while, when the catalyst dose
increased, the efficiency increased. Additionally,
increasing the pH toward pH 10 enhances the
efficiency. These results are promising and compete
for photocatalytic degradation under visible light for
wastewater treatment applications.
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