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� ZnO/GO hybrid material was successfully synthesized and characterized using XRD, SEM, and XPS.
� The ZnO band gap was observed to shift to approximately 400 nm with the GO support.
� Effective removal of simazine from aqueous solution under visible light was achieved from pH 2 -pH 8.
� Kinetics were determined to follow second order as shown below: rate ¼ k½SIM�2½ZnOGO�0 ¼ k½SIM�2.
� The effect of temperature on the rate of simazine degradation was dependent on the amount of ZnO present on the GO.
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a b s t r a c t

The photocatalytic degradation of simazine (SIM) was investigated using zinc oxide/graphene oxide
(ZnO/GO) composite materials under visible light irradiation. The reaction kinetics was studied to
optimize the reaction parameters for efficient degradation of SIM. Batch studies were performed to
investigate the effects of initial reaction pH, the loading of the ZnO onto GO, and mass of catalyst on the
removal of SIM from aqueous solution. A pH of 2 was determined to be the optimal reaction pH for the
different ZnO-loaded GO catalysts. In addition, a mass of 40 mg of catalyst in the reaction was observed to
be the most effective for the catalysts synthesized using 20 and 30 mmol of Zn2þ ions; whereas a mass of
10 mg was most effective for the ZnO/GO composite material synthesized using 10 mmol Zn2þ ions. The
reaction was observed to follow a second-order kinetics for the degradation process. Furthermore, the
synthesized ZnO/GO composite catalysts resulted in higher reaction rates than those observed for pure
ZnO. The 30 mmol ZnO/GO composite expressed a rate of SIM degradation ten times greater than the rate
observed for pure ZnO, and sixty-two times greater than the rate of photolysis. In addition, the catalyst
cycling exhibited a constant photocatalytic activity for the ZnO/GO composite over three reaction cycles
without the need of a conditioning cycle.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The extensive use of herbicides in the environment has led to
the accumulation of persistent organic pollutants (POPs) Pollution
by herbicide residues, such as the chloroesetriazine family, has
received great attention recently due to their frequent use, ability to
distribute into water sources, and their possible carcinogenic ef-
fects (EPA, 2006). Simazine (SIM), a widely used chloro-s-triazine
ons).
herbicide, that can disperse effectively in ground water with an
almost identical structure to atrazine, another pollutant of major
concern (EMBDPR, 2004; Beste, 1983). SIM ingestion has been
linked to a variety of health complications, which include disrup-
tions of the central nervous system, DNA replication, metabolism,
and normal sexual functions in males (B�anyiov�a et al., 2016; EPA,
1995).

Typical methods for the removal of SIM from water include
reverse osmosis, adsorption using activated carbon, ozonation,
Fenton oxidation, UV photolysis, and UV H2O2 oxidation systems
(Chu et al., 2009). Activated carbon systems work well for the
remediation of organics fromwater however, these systems tend to
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be non-cost effective in upscaling (Arvanitoyannis and Varzakas,
2008). Ozonation, UV systems, and Fenton oxidation systems are
non-specific and create secondary contaminants. Therefore, there is
a need to develop cost effective and efficient methods to remove
triazines from water (Mills et al., 1993).

Photocatalytic degradation may be a feasible method to use for
the removal of triazines from water sources. The photocatalytic
degradation of POPs has attracted much attention due to its low
cost, versatility, effectiveness, and mild reaction conditions (Kabra
et al., 2004; Xiao et al., 2020). Photocatalysis works through the
generation of reactive oxygen species (ROS) from water, that can
react with organic pollutants, hence resulting in the pollutant
degradation (Mills and Hunte, 1997). Photocatalysts have the
capability of degrading different pollutants from water sources
(Kabra et al., 2004). Metal oxide semiconductor materials such as
zinc oxide (ZnO), iron oxides (FexOy), and titanium dioxide (TiO2)
are considered photocatalytic materials, which have been shown to
generate innocuous products and eliminate the generation of sec-
ondary waste (Kabra et al., 2004).

Widely studied photocatalysts such as TiO2 and ZnO exhibit
large band gaps (3.2 eV), which require UV irradiation to facilitate
the photocatalytic process (Lee et al., 2012; Asahi et al., 2001). Until
recently, the use of UV sensitized materials was considered an
energetically favorable process compared to other remediation
methods. More recently, a shift into the use of solar radiation
spectrum has occurred as the desirable means of energy to perform
photocatalysis (Anpo and Takeuchi, 2003; Wang et al., 2019).
Hybrid materials containing TiO2 and ZnO anchored to carbona-
ceous components have also shown enhanced absorption under
solar irradiation (Saud et al., 2015, Chen et al., 2010; Lettmann et al.,
2001; Xiao et al., 2020).

Lavand and Malghe have used C/ZnO/Cds in the visible light
photocatalytic degradation of chlorophenol (Lavand and Malghe,
2015). The study showed exceptionally high photocatalytic activ-
ity with complete degradation of chlorophenol within 150 min of
the reaction. A study reported on the use of enhanced catalytic
activity for the degradation of atrazine using Cu doped ZnOeC3N4
showed that a shift into the visible region in absorption was
observed. This Cu doped catalyst has shown over 90% removal of
atrazine. Similarly, a Ag coated ZnO nanoflowers-based photo-
catalyst showed increased catalytic activity for the degradation of
methylene blue compared with individual Ag and ZnO nano-
particles (NPs) (Shahid et al., 2020). Ebrahimi et al. showed that Mn
doped ZnO-graphene nanocomposite was successful in degrading
50e80% of 2,4-dichlorophenoxyacetic acids in aqueous solution
(Ebrahimi et al., 2019).

In the present study, a series of hybrid ZnO/GO photocatalysts,
with different ZnO:GO ratios, were synthesized and tested for the
photocatalytic degradation of SIM as a model for triazine com-
pounds in water. The structure and morphology of the ZnO/GO
photocatalysts were characterized using X-ray diffraction (XRD),
scanning electron microscopy (SEM) and UV-VIS. Furthermore,
studies were conducted to determine the effects of pH, time, and
catalyst loading on the degradation of SIM using a 100 W metal
halide lamp as the radiation source. Further catalytic studies were
performed to determine the efficiency and durability of the pho-
tocatalysts over multiple catalytic cycles.

2. Materials and methods

2.1. Photocatalyst synthesis and characterization

2.1.1. Graphene oxide synthesis
The graphene oxide starting material was synthesized using a

modified Hummers’method (Marcano et al., 2010). In brief 3.0 g of
graphite flake, 1.5 g of NaNO3, and 69 mL of H2SO4 were added to a
round bottom flask. Themixturewas homogenized under magnetic
stirring and cooled to 4�C. Subsequent to cooling, 9.0 g of KMnO4
were added in small portions, maintaining the reaction tempera-
ture under 20�C. The reactionmixturewas heated to approximately
35�C for 30 min followed by a dropwise addition of 138 mL of 18
MU H2O (MW), ensuring the temperature was maintained below
60�C. Subsequent to the addition of water, the reactionmixturewas
heated to 98�C and held at this temperature for 15 min, then cooled
back to room temperature. After cooling, the reaction was com-
bined with 420 mL of MW and 3 mL of 30% H2O2. The GO particles
were collected using vacuum filtration, washed with MW followed
by acetone, and then dried overnight at 85�C.

2.1.2. ZnO/GO photocatalyst synthesis
In a typical synthesis, 1.0 g of GO was added to a 1.0 L flask

followed by the addition of 500 mL of Zn(NO3)2 6H2O at a specific
concentration. The catalysts were synthesized using different
Zn(NO3)2 6H2O concentrations of 30, 20, and 10 mM. These mix-
tures were titrated with 1 M NaOH to give a 2:1 M ratio of
OH�:Zn2þ. The titrated GO/Zn suspensions were heated to 60�C; for
2 h and cooled to room temperature. The ZnO/GO particles were
filtered using vacuum filtration, washed using MW followed by
acetone, and dried overnight at 85�C.

2.1.3. X-ray diffraction (XRD)
XRD analysis was performed using a Bruker D2 Phaser

Diffractometer.
The diffraction data were collected using a Co source Ka 1.789 Å

and a Fe-filter. The data were collected from 5e80� in 2q, using a
step size of 0.05� and a counting time of 2 s per step. The data
analysis was performed using the Le Bail fitting procedure in the
Fullprof software and existing crystallographic data from literature
(LeBail et al., 1988; Carvajal, 1993; Howe et al., 2003).

2.1.4. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) images were collected

using a Zeiss EVO LS 10 scanning electron microscope.
Electron micrographs were collected at working distances

ranging from 6.0 to 6.5 mm with an accelerating voltage ranging
from 10.75 to 20.71 KeV.

2.1.5. UV-VIS spectroscopy
Band Gap measurements were performed on a PerkinElmer

Lambda 950 equipped with a 150 mm integrating sphere.
The samples were pressed into pellets and suspended in the

integrating sphere. The data were recorded in reflectance mode
from 200 to 600 nm. The calculation of the Band Gap for the ma-
terials was performed using the Kubelka-Munk method (L�opez and
G�omez, 2012).

2.1.6. X-ray photoelectron spectroscopy
XPS analysis was performed on the materials using a Thermo

Scientific K-a spectrometer equipped with an A1 source (Ka

E ¼ 1.487 keV) with a 400 mm spot size.

2.2. Photocatalytic studies

2.2.1. pH study
A mass of 40 mg of photocatalyst was combined with 4 mL of a

25-ppm pH adjusted SIM solution.
The pH adjustment of the SIM solutions was performed using

either dilute hydrochloric acid or dilute sodium hydroxide. The
reaction solutions were placed in the New Brunswick Scientific
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Innova 44 incubator at 20 �C. Both reaction and control samples
were equilibrated under irradiation from a 100 W metal halide
lamp for 1 h. The control samples consisted of SIM in the absence of
any photocatalyst. The reaction and control samples were repeated
in triplicate for statistical purposes. The samples were centrifuged
and the supernatant was analyzed using HPLC.

2.2.2. Catalyst loading
Loading masses of 10, 20, 40, 60, and 80 mg were added to the

SIM solutions at the optimum reaction pH as previously deter-
mined (pH 2).

The specified mass of photocatalyst was combined with 4 mL of
a 25-ppm pH adjusted SIM solution. Triplicates of both the reaction
and control samples were placed in the Innova 44 incubator with a
controlled reaction temperature of 20 �C. The reaction and control
samples were equilibrated under illumination for 1 h. Subsequent
to reaction, the samples were centrifuged, the supernatants
extracted, and analyzed using HPLC.

2.2.3. Kinetics studies
A mass of 40 mg of catalyst was added to 4 mL of a 25 ppm SIM

solution adjusted to the optimum reaction pH 2.
At 15-min intervals, 150 mL samples were extracted from both

the reactions and control solutions over a 2-hr reaction period. The
extracted samples were centrifuged while the supernatant was
analyzed using HPLC for SIM concentrations. The reaction and
control samples were performed in triplicate for statistical pur-
poses. The kinetic studies were performed at different tempera-
tures of 11, 22 and 30 �C. The kinetic studies were used to determine
the activation energy of the photocatalytic degradation of SIM.

2.2.4. Concentration variation
The reactions were performed using SIM with different con-

centrations of 25, 12.5, and 6.25 ppm and with optimal reaction
conditions of pH and loadingmass, as were determined from earlier
studies. 40-mg mass of the photocatalyst was weighed placed in
4 mL of a 25 ppm SIM solution at pH 2.0. The reaction was per-
formed in an Innova 44 incubator at a controlled temperature 20 �C.
Under a constant irradiation, both reaction and control samples
were equilibrated at 15-min time intervals 150 mL samples were
extracted from both the sample and control reaction mixtures. The
samples were then centrifuged to extract the supernatants for
analysis using HPLC.

2.2.5. Catalytic cycling studies
A mass of 1.5 g of catalyst and 150 mL of 25 ppm SIM solution

were placed in the Innova 44 incubator at a controlled temperature
of 20 �C with constant stirring. Both reaction and control samples
were equilibrated under illumination for 1 h under irradiation us-
ing a 100Wmetal halide lamp. The samples were then centrifuged,
and the supernatant was collected for analysis using HPLC. The
procedurewas repeated twomore times for a total of three reaction
cycles.

2.2.6. High-performance liquid chromatography (HPLC)
A Thermo Scientific Ultimate 3000 HPLC equipped with reverse

phase C-18 column and UVeVis detector was used to measure the
SIM concentrations.

The mobile phase was a 35:65 mixture of acetonitrile and
ammonium acetate buffer (0.1 M, pH6). The HPLC analysis for all
control reaction and samples consisted of a 10 mL injection, with a
1 mL/min flow rate, a column temperature of 30 �C, and a wave-
length of 225 nm. The total run time per injection was of 10 min.
The experiments were performed in triplicate for statistical
purposes.

3. Results and discussion

3.1. XRD results

Figure S1 shows the diffraction pattern and the Le Bail fitting for
the starting GO material. Table S1 shows the determined lattice
parameters, and goodness of the fit (c2) of the Le Bail fitting for the
synthesized graphene oxide, ZnO and the ZnO/GO hybrid photo-
catalysts, Fig.1 shows the diffraction patterns and Le Bail fittings for
the synthesized ZnO/GO and ZnOmaterials. The crystal structure of
the ZnO/GO samples was determined through comparison of their
XRD analysis to existing crystallographic data from literature.
(Howe et al., 2003; L�opez and G�omez, 2012; Krishnamoorth et al.,
2013). The crystal structure of the ZnO/GO composites, and pure
ZnO, was determined to be in the P63MC space group, which cor-
responds to the hexagonal (wurtzite) crystal lattice of ZnO (Yu and
Yu, 2008). In addition, the graphene oxide sample was also
observed to maintain a hexagonal crystal lattice with the P63MC
space group (Howe et al., 2003; Krishnamoorth et al., 2013).

The first peak of the ZnO/GO composites appeared at approxi-
mately 12�, in 2q, corresponding to the reflection for the (001)
plane of graphene oxide. The peak at 2q ¼ 12� was most apparent
for the 10 mmol ZnO/GO composite photocatalyst and was less
visible in the 20 & 30 mmol ZnO/GO composites (Fig. 1AeC). The
subsequent peaks observed for all ZnO/GO composites, were
located at 37�, 40�, and 42.5� with relatively high intensities, cor-
responding to ZnO diffraction peaks. These diffraction peaks
correspond to the (100), (002), (101) reflections for the ZnO planes.
The final three peaks, located at 56�;67�, and 75� also correspond to
the ZnO material, which are the (110), (200), and (103) planes. The
diffraction pattern for the pure ZnO material is shown in Fig. 1D.

3.2. XPS analysis

Figure S2 shows the XPS survey spectrum for the ZnO/GO
photocatalysts. The results in Fig. S2 confirm the presence of zinc,
oxygen, and carbon elements in the ZnO/GO photocatalysts. The
electrons from core level Zn 2p 1/2 and 3/2 binding were expressed
at energies of 1047 and 1024 eV (Stathi et al., 2015). The peaks
observed at 534 eV & 287 eV correspond to the electron shells of O
1s and C 1s (Atchudan et al., 2016). All photocatalysts synthesized in
this work contained the same three elements Zn, O and C. The
30 mmol ZnO/GO photocatalyst was comprised of 63.66% zinc,
11.84% oxygen, and 24.50% carbon. Measurements for the 20 mmol
ZnO/GO catalyst expressed 54.82% zinc, 15.47% oxygen, and 29.71%
carbon presence; while the 10 mmol ZnO/GO catalyst was
comprised of 42.21% zinc, 19.75% carbon, and 38.04% carbon
(Table S2). Fig. S3, shows the XPS for the Zn 2P, C 1S, and O 1S, of the
10 mM ZnO-GO hybrid material freshly synthesized. Fig. S4 shows
the XPS data for the 10mMZnO-GO hybridmaterial after use in one
catalytic cycle. The Zn 2P spectrum shows the presence of the
ZneOeC]O binding by the presence of the 1023.6 eV peak in the
fitting as well as the presence of ZneO 1022.3 eV (Lloyd et al., 2015;
Tien et al., 2013; Zhang et al., 2015; Ward and Weber, 1968). The
XPS results also indicated trace amounts of ZneOH (peak located at
1023.1 eV) in the freshly synthesized ZnO/GOmaterials. The ZneOH
was removed after one catalytic cycle. The O 1S spectrum shows the
presence of CeO (533 eV) interaction and OeZn (530.8 eV) in-
teractions. After the reaction was proceeded, only the CeO and
ZneO bonds were visible in the XPS spectrum for the O 1S of Fig. S4.



Fig. 1. Le Bail fitting of the collected X-ray diffraction for the synthesized ZnO-GO hybrid material A.) synthesized using 10 mM Zn(NO3)2, B.) synthesized using 20 mM Zn(NO3)2, C.)
synthesized using 30 mM Zn(NO3)2, and D.) ZnO particles. (note: lowest Bragg peak indicators are for an expanded graphite from the graphene oxide synthesis, middle Bragg peak
indicators are for graphite, and top Bragg Peak indicators are for ZnO).
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The C 1S spectrum for both the before and after reaction samples
shows a mixture of CeO (288.7 eV), MetaldO-C-O (285.9 eV)
bonding, and CeC (284.9 eV) bonding presence indicating the
presence of GO bound to Zn (Tien et al., 2013; Zhang et al., 2015;
Ward and Weber, 1968). Figs. S5eS8 show the freshly synthesized
ZnO/GO composite materials before and after reaction for the 20-
and 30-mM synthesis. The formation of ZneOeH in the ZnO/GO
composite is not observed in the products, whichmay be due to the
concentration of the compounds present in the samples. The XPS
results for the ZnO/GO hybrid materials show similarity in the
surface structure before and after the degradation reactions, which
indicates a chemical stability of the photocatalyst. The XPS results
also indicate the successful synthesis of the ZnO/GO hybrid mate-
rials by the observation of the ZneOeC]O in the XPS data. Table S2
shows the calculated percentages of elements in the ZnO/GO hybrid
material after synthesis, which shows an increase in the amount of
Zn present in the samples, with increased Zn concentration in the
synthesis.
3.3. Results from the band gap study

The results of the band gap studies (Table S3) show that the
addition of GO to the ZnO resulted in a decreased band gap of the
ZnO/GO composite. In fact, the band gap shifts towards the visible
region. It is known that ZnO has a band gap in the UV which starts
at 367 nm, however the 10 mM ZnO-GO composite band gap was
378 nm, the band gap for the 20 mM ZnO/GO composite was
determined to be at 399 nm while for the 30 mM ZnO/GO com-
posite, the band was determined to be at 381 nm. The decrease in
the absorptionwavelength observed at the 30mM can be explained
through thematerial’s optical behavior moving towards “pure” ZnO
and away from the composite.
3.4. SEM results

Figure S9A shows the SEM image of the 10 mmol ZnO/GO
composite where the white cluster correspond to the zinc oxide
platelets attached to a graphene oxide. Fig. S9 B shows the SEM
image of the 20 mmol ZnO/GO composite, which shows a higher
concentration of zinc oxide clusters with less exposed graphene
oxide compared to the 10 mmol material. Fig. S9C shows the SEM
image of the 30 mmol ZnO/GO composite which shows the highest
amount of zinc oxide clusters and the lowest amount of exposed
graphene oxide. The results confirm that the ZnO is deposited onto
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the surface of the GO material.
3.5. Initial pH results

Fig. 2 shows the photocatalytic degradation results of the SIM in
the synthesized ZnO/GO composites (30, 20, 10 mmol) and pure
ZnO that were tested over a pH range from 2 through 8. The
Fig. 2. A.) Effect of pH on the simazine removal from solution using ZnO/GO hybrid
material and ZnO nanomaterial. B.) Percent removal of simazine from aqueous solution
at pH 2 using photolysis and the various synthesized ZnO and ZnO/GO photocatalysts.
synthesized materials showed the highest catalytic activities at a
pH of 2. The results showed 1.965 mg/g of SIM was degraded by the
10 mmol ZnO/GO composite, 2.434 mg/g of SIM was degraded by
20 mmol of the composite, 2.049 mg/g of SIM was degraded by the
30 mmol of composite, and 1.347 mg/g of SIM was degraded by the
pure ZnO photocatalyst material. The photocatalytic degradation of
the SIM, observed with the composite materials, showed a decrease
from pH 2 to 5 (0.578mg/g), and an increase from pH 5e6while the
reaction plateaued (reached a constant value of SIM removal of
approximately 1.6 mg/g) at pH 6 remained constant to pH 8. Pure
ZnO, showed a decrease in photocatalytic activity from pH 3 to pH 7
(0.168 mg/g), however, an increase in degradation at pH 8
(0.573 mg/g) was observed. Ward and Weber observed a trend
between pH and SIM solubility (Ward andWeber, 1968). From a pH
of 2e3, the solubility of SIM was observed to decrease from
0.78 � 10-4 M to 0.29 � 10-4 M. However, the maximum solubility
for SIM was observed at a pH of 1 (5.81 � 10-4) and decreased
thereafter as the solution became more basic. The solubility
mechanism is dependent on the protonation of the nitrogen atoms,
locked in the ring structure, at positions ortho to the chlorine
substituent (Ward and Weber, 1968). In a recent study by Yang
et al., the degradation of orange II dye by Fe on Fe3O4 was shown to
be pH dependent with the highest degradation observed around
pH 3, which showed 99% removal within 5min (Yang et al., 2020). A
study by Xu et al. on the degradation of atrazine showed that the
Fe3O4-Sepiolite catalysis and persulfate increased the degradation
of atrazine at low pH (Xu et al., 2019). The authors suggested that
the enhanced degradation at lower pHs may have occurred for two
reasons: a) increased activity of active sites on the catalysts surface
and b) increased generation of ROS species by persulfate (Xu et al.,
2019). The degradation of chlorophenols with nanoscale zerovalent
iron has also been shown to be highly catalytic at acidic pHs. Bao
et al. showed the degradation of chlorophenol was effective using
nanosized zero valent iron particles under acidic conditions but it
was ineffective at basic pHs due to the inability to produce hydroxyl
radicals (Bao et al., 2019).

3.6. Catalyst loading results

The effect of catalyst loading in the reaction mixture from 10 to
80 mg is shown in Fig. 3. The 20 & 30 mmol ZnO/GO composites,
and pure ZnO, showed a similar trend in the percent of SIM
degraded and mass of the used photocatalyst. Varying the loading
mass from 10 to 40 mg increased the SIM degradation from 64 to
94% for the 20 mmol composite, 55e92% for the 30 mmol com-
posite, and 61e68% for the pure ZnO. Increasing the catalyst loading
from 40 to 80 mg showed no change in the percentage of degraded
SIM. The plateau observed in the photocatalytic degradation,
associated with higher loading masses, can be attributed to an in-
crease in opacity in the solution (Chu et al., 2009). A loading of
40 mg was chosen as optimal for 20 and 30 mmol ZnO/GO com-
posites as well as pure ZnO. The 10 mmol ZnO/GO composite
showed different behavior for the percent SIM degradation and
catalyst loading mass. Increasing the catalyst mass from 10 to
20 mg resulted in a small decrease in the percentage of SIM
degraded; from 20 to 80 mg, the percentage SIM degradation was
observed to increase to approximately 83%. Thus, a catalyst loading
mass of 10 mg was optimal for the 10 mmol ZnO/GO composite.

3.7. Kinetics results

The kinetics were found to be linear only when plotting 1/[SIM]
versus time indicating the reaction follows second order kinetics.
Table 1 shows the kinetics data and correlation coefficients (R2) for
the kinetics plots are for the most part 0.99 or better for the



Table 1
Summary of the results from the kinetics studies of the ZnO/GO, pure ZnO, and the
non-catalyzed degradation of SIM in aqueous solution determined using 25-ppm
concentration of SIM.

Sample Temperature (�C) Slope R2

ZnO 11.5 3.1 � 10�3 0.99
20.0 4.18 � 10�3 0.99
30.0 4.77 � 10�3 0.98

10 mM ZnO/GO 11.5 1.06 � 10�2 1.00
20.0 6.7 � 10�3 0.97
30.0 4.5 � 10�3 0.99

20 mM ZnO/GO 11.5 1.05 � 10�2 1.00
20.0 9.5 � 10�3 1.00
30.0 8.4 � 10�3 0.99

30 mM ZnO/GO 11.5 3.68 � 10�2 1.00
20.0 4.9 � 10�2 1.00
30.0 8.4 � 10�2 0.98

Photolysis 11.5 1.1 � 10�3 0.96
20.0 7.8 � 10�4 0.94
30.0 7.1 � 10�4 0.93

Table 2
Calculated activation energies for the various ZnO/GO, ZnO, and uncatalyzed
photochemical degradation of SIM in solution.

Photocatalyst Activation Energy (kJ/mol)

30 mmol ZnO/GO 34.054
20 mmol ZnO/GO �8.915
10 mmol ZnO/GO �32.275
ZnO 8.882
Photolysis �22.028

Fig. 3. Effect of mass of catalyst added to reaction mixtures at 20

̊

C on the degradation
of SIM in aqueous solution.
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catalyzed reactions. The uncatalyzed reactions R2 values were
approximately 0.95, indicating less agreement with second order
kinetics.

The rate constant found for the 30mmol ZnO/GO compositewas
of the largest at 4.9 � 10�2 L mol�1$s�1), followed by the 20 mmol
composite (9.5 � 10�3 L mol�1$s�1), 10 mmol composite
(6.7 � 10�3 L mol�1$s�1), pure ZnO (4.18 � 10�3 L mol�1$s�1), and
finally direct photolysis (7.8 � 10�4 L mol�1$s�1), as shown in
Table 1. The reaction rates for all ZnO/GO composite samples sur-
pass the degradation rate expressed by the pure ZnO catalyst, as
well as direct photolysis. The 30 mM ZnO/GO composite shows an
increase in the rate constant by a factor of approximately 10
compared to the pure ZnO catalyst. Results expressed in Fig. 2B
corroborate this enhanced SIM degradation ability by the hybrid
nanocatalyst in terms of percent SIM removed per hour of reaction
time. The percent removal for the hybrid composites nearly triples
the percentage of SIM removed by direct photolysis, and clearly
surpass what was reported for the ZnO photocatalyst. The higher
rates of degradation, shown by the composite materials in
comparison to pure ZnO, may be attributed to the narrowing of the
band gap (Table S3), resulting in increased electron mobility.
Similar effects have been reported in the literature for materials
consisting of semiconductor particles anchored on carbonaceous
materials (Sun and Wang, 2014; Pastrana-Martínez et al., 2012;
Zheng et al., 2012).

Further studies into the reaction between SIM and ZnO and the
ZnO/GO indicate a second order reaction. The change in the SIM
concentration with the 30 mM ZnO/GO photocatalyst showed a
direct relationship between decreasing the SIM concentration and
the decrease in the rate constant (Table S4). As the concentration of
the SIM was decreased from 25 ppm to 12.5 ppm, and from
12.5 ppm to 6.25 ppm, the rate of the reaction was observed to
decrease by approximately a factor of 4 with each halving of the
SIM concentration. The results indicate that the reaction is second
order or pseudo-second order with respect to the concentration of
SIM in solution. The results of the reactions, using varying amounts
of ZnO, are presented in Table S5. The results show that, as the
amount of ZnO in the ZnO/GO composite material was decreased,
the instantaneous rate constant was not affected. This result in-
dicates that the reaction is zeroth order with respect to the cata-
lysts. Thus, the rate expression can be written as follows

rate¼ k½SIM�2½ZnOGO�0 ¼ k½SIM�2

Second order or pseudo-second order kinetics are common in
both catalytic and photocatalytic processes (Kim et al., 2008;
Daneshvar et al., 2006; Hsieh et al., 2009). The zeroth order with
respect to the catalyst indicated the material is only responsible for
ROS generation in solution. The results indicate that sufficient
catalysts are present to generate ROS species in solution thus the
dependence of the reaction order was observed only on the SIM
concertation.
3.8. Activation energy studies

Table 2 shows the experimentally determined activation en-
ergies for the degradation of SIM using various catalysts. Some of
the catalyzed reactions showed negative activation energies. The
observation of negative activation energies in reactions has been
reported in the literature (Mozurkewich and Benson, 1984; Turro
et al., 1982; Mills and Davies, 1995). In photocatalysis, negative
activation energies have been observed in the photooxidation of 4-
chlorophenol using-TiO2-O2 photosystem. The authors showed
under reagent limiting conditions (O2) the photooxidation of 4-
chlorophenol the activation energies were observed to be nega-
tive (Mills and Davies, 1995). In the present study, SIM degradation
by the 20 & 10 mmol ZnO/GO catalyst, as well as direct photolysis
showed negative activation energies. This may be an effect of the
stability and concentration of the generated ROS species, which
may have decreased with increasing temperature. A decrease in the
stability concentration of ROS species would lead to reduction in
reactant concentration and negative activation energy as observed
in the photooxidation of 4-chlorophenol (Mills and Davies, 1995).
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However, the 30 mmol ZnO/GO composite, and pure ZnO catalyst
showed positive activation energies. The change in the activation
energies, from positive to negative observed with increasing ZnO
content, might indicate that ZnO is directly the limiting reagent or
indirectly limiting the generation of ROS species. The activation
energies for SIM degradation by the various ZnO/GO composite
were calculated to be 34.054 kJ/mol for the 30 mmol
composite, �8.915 kJ/mol for the 20 mmol composite,
and �32.275 kJ/mol for the 10 mmol composite. A trend between
the activation energies and amount of zinc oxide present in the
catalyst shows increasing the amount of ZnO on GO leads to a more
positive activation energy. The positive correlation between acti-
vation energy for the ZnO/GO may be indicating a competition
between SIM and GO for the generated ROS species. It may be
possible that ROS species are reacting with the exposed GO in the
photocatalysts. As was noted earlier, lower concentrations of ZnO
(10 and 20 mmol) showed higher amounts of exposed GO. Results
from the literature indicate that hydroxyl radicals are the primary
ROS species for organic compounds degradation and tend to be
non-specific in reactions (Gligorovski et al., 2015; Huang et al.,
2019). In fact the increase in the reaction temperature promotes
more particle-particle interactions; therefore the 10 and 20 mmol
composites suffer from higher ROS-GO-ZnO interaction for reasons
of proximity, at elevated temperature, which may result in reduced
catalytic rates (Strom and Sasic, 2015).
3.9. Photocatalytic cycling studies

Fig. 4 shows the removal of SIM from aqueous solution using the
different synthesized catalysts for three repeated cycles. The 10 and
20 mmol ZnO/GO composites show a slight increase in the average
degradation of SIM over the three cycles. The 10 mmol composite
showed a small increase of approximately 10% SIM degradation.
The 20mmol and 30mmol catalysts remained constant around 80%
catalytic degradation in each cycle. The results show the pure ZnO
Fig. 4. Result of cycling studies for the 10 mM, 20 mM, 30 mM, ZnO/GO, and ZnO
synthesized catalysts for the removal of simazine from aqueous solution.
photocatalyst increased from 4.631% SIM degradation during the
first cycle and to 47% in the second and third cycles. Large increases
in catalytic activity of conversion generally indicate the necessity
for a conditioning cycle. The catalysts’ residuals were examined
using powder XRD analysis. The X-ray diffraction patterns collected
for the samples before and after the catalytic cycles do not show a
significant change in structure. The diffraction peaks located 37�,
40�, and 42.5� in 2q; corresponding to the reflections of the 100,
002, and 101 planes of zinc oxide, were unchanged, as can be seen
in Figs. S10eS13 in the supplemental material for all the synthe-
sized catalytic systems. The increased photocatalytic efficiency, for
heterogeneous photocatalysts material, has been attributed to the
decrease in particle size (Sorathiya et al., 2016). The particle sizes
calculated from the XRD data are shown in Table S6 for the ZnO and
ZnO/GO composite materials. There was no appreciable change in
the particle size for any of the photocatalytic materials before or
after each of the three reaction cycles. The stability of the particle
size after reaction indicates that the material is stable while the
change in catalytic rate, observed for the pure ZnO photocatalyst,
might be due to a change in the surface chemistry.
4. Conclusions

The as-synthesized ZnO/GO composites (30, 20, 10 mmol Zn on
GO) expressed enhanced photocatalytic degradation of simazine
under visible light irradiation, as compared to the pure ZnO pho-
tocatalyst. The 30 mmol composite showed the greatest rate of SIM
degradation, at approximately ten times greater than the rate of
pure ZnO, and sixty-two times greater than the rate of photolysis.
The as-synthesized composite materials in the present study
(work) demonstrated constant photocatalytic degradation of SIM
over three catalytic cycles, while pure ZnO required a conditioning
cycle before appreciable degradation was observed.
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