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n photocatalytic degradation of
aqueous acetamiprid over nitrogen and graphene
oxide doped ZnO composites

Carolina Sayury Miyashiro and Safia Hamoudi *

The present investigation focused on the photocatalytic degradation of acetamiprid in aqueous solutions

under visible light over bare ZnO as well as N- and N-GO-doped photocatalysts. The synthesised

materials were characterised using SEM, TEM, XRD, nitrogen sorption, photoluminescence, UV-Vis, FTIR

and electrochemical impedance spectroscopy techniques. The obtained results pointed out the high

photocatalytic performances of the N-GO-ZnO allowing complete degradation of the acetamiprid after

5 hours of reaction at ambient temperature. Under otherwise the same operating conditions, 12, 38 and

68% conversion were reached in the absence of any photocatalyst, over the bare ZnO and N-doped

ZnO materials, respectively.
Introduction

Neonicotinoids are the most widely and extensively used
insecticides in the world, for crop protection, pest management
or parasite control.1,2 They can be applied exibly in a variety of
ways, such as sprays, injections and drenches.3 Along with the
properties of relatively long half-life in soil and high solubility
in water, neonicotinoids have the potential to accumulate in
soil and leach into surface water and groundwater, which could
represent a direct threat to non-target organisms, especially
honeybees.2

Acetamiprid, a widely used neonicotinoid in crop protection,
was considered to be a favourable choice for controlling those
pests that are severely resistant to organophosphorus pesti-
cides, owing to its broad insecticidal spectrum and relatively
low acute and chronic mammalian toxicity.4,5 Because of the
widespread use of acetamiprid in many areas and its potential
toxicity to humans,1 the residues present in the environment
have received considerable attention, and methods for the
degradation of neonicotinoids are being actively investigated.6

The advanced oxidative processes (AOPs) are potential
candidates for the treatment of water polluted from industry
and agriculture.7 Among the AOPs, photocatalytic degradation
under visible light represents a potential process to get rid of
numerous organic pollutants in water and wastewaters. The
oxides, suldes, and halides of Ti, Zn, Cd, Ag and so forth are
the most explored photocatalysts.8 To enhance their photo-
catalytic activity, features like adsorption, utilisation of visible
light or sunlight and charge separation can be tuned by doping
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ébec, G1V 0A6, Canada. E-mail: saa.

23; Tel: +1 418 656 2131 ext. 408460

2516
with transition metals, rare earth metals as well as non-metals
such as N and S.9,10

The use of semiconductors as photocatalysts is common and
well known in advanced oxidation. ZnO material proved to be
effective when compared to other semiconductors and has been
studied extensively due to its interesting features like weak
toxicity, high electron mobility, and strong oxidizing power.11

However, using ZnO as a photocatalyst exhibits some drawbacks
which include its wide band gap energy, the low surface area of
the bulk form as well as the high rate at which the photo-
generated electron and hole recombine. In addition, ZnO has the
intrinsic disadvantage of the photocorrosion effect which limits
its practical applications, particularly in water treatment.12,13 To
overcome these challenges and drawbacks, several modications
have been made on ZnO to extend its light absorption to the
visible light region and thus enhance its photocatalytic capability
and applicability. These modications included the preparation
of nanocomposites with organic materials, co-doping, and
coupling with other semiconductors.14

The nitrogen atoms can easily substitute oxygen atoms and
dope into ZnO.15 Nitrogen doping has been widely used to
increase visible light absorption by modifying the band gap
energy. Indeed, while the band gap energy was generally eval-
uated to be around 3.21 eV for pristine ZnO, nitrogen doped
ZnO materials exhibited lower values within the range [3.08–
2.95 eV].16–19 The graphene oxide (GO) is also a promising
material having an atomic thick nanosheet of covalently
organised two-dimensional lattice of carbon atoms.20 Moreover,
the surface properties of GO can be adjusted through chemical
modication, which favours its perfect solubility in solvents and
provides efficient opportunities for the synthesis of GO based
nanocomposites.21 The advantages of doping with graphene
oxide are related to the reduction of the bandgap energy of ZnO
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and suppression of the rapid recombination of electrons and
holes. Both effects have been proven to enhance the photo-
catalytic performances of ZnO.22 For instance, band gap energy
values comprised between 3.06 and 3.17 eV were reported for
GO-doped ZnO materials.23,24 Moreover, doping with a combi-
nation of nitrogen and graphene oxide also offers the advantage
of lowering the band gap energy of ZnO. In this connection, the
band gap energy was reported to be close to 2.83–2.90 for the N-
GO doped ZnO.19

So far, various methods of ZnO nanoparticles doping with
nitrogen and graphene oxide have been explored, such as
thermal nitridation,25 in situ synthesis,26 chemical vapor depo-
sition (CVD)27 and so forth. However, these methods exhibited
disadvantages such as severe synthesis conditions and random
distribution of the doping species. Thus, nding a facile doping
method is still challenging.28,29

The present work is devoted to the investigation of the visible
light-driven photocatalytic degradation for acetamiprid
aqueous solutions over ZnO, N-doped ZnO and N-GO- doped
ZnO photocatalysts. The specic objectives are: (1) catalysts
synthesis and characterisation and (2) investigation of the effect
of different operating conditions on the photocatalytic degra-
dation reaction.

Experimental
Materials

All reagents were of the highest purity and were used without
further purication. Acetamiprid (N-(6-chloro-3-pyridylmethyl)-
N0-cyano-acetamidine) was purchased from Sigma-Aldrich. Zinc
nitrate (Zn(NO3)2$6H2O) and sodium hydroxide were acquired
form J. T. Baker. Urea was purchased from BDH. For the
synthesis of graphene oxide, natural graphite akes (Alfa Aesar,
325 mesh, 99.8%), potassium persulfate (K2S2O8, Anachemia,
$99%), phosphorus pentoxide (P2O5, J. T. Baker,$99%), sulfuric
acid (H2SO4, Fisher, 98%), potassium permanganate (KMnO4,
Fisher, $99%), hydrogen peroxide solution (H2O2, EMD Milli-
pore, 30 wt% in water), hydrochloric acid (HCl, Fisher, 36%), and
ethylene glycol (BDH, $99%) were used.

Synthesis of ZnO and N-ZnO materials

ZnO photocatalyst was synthesised according to a modied
methodology reported by Perillo et al.30 To this purpose, solutions
of Zn (NO3)2 (0.3M) and NaOH (5M) were prepared. Precipitation
was performed at 65 �C �3 by adding NaOH solution to the zinc
solution dropwise. The mixture was le under intense agitation
for 2 hours. The obtained white precipitate was ltered, washed,
and dried overnight at 150 �C, then calcined at 420 �C for 4 hours.
N-ZnO material was synthesised following the same procedure
except that urea was added to the Zn precursor solution (0.5/1
molar ratio) before precipitation.

Synthesis of the nanocomposite N-ZnO mixed with GO

The synthesis of graphene oxide was carried out as reported by
Andrade et al.31 The nanocomposites N-GO-ZnO were prepared
according to a modied method reported by Yousaf, et al.32
© 2021 The Author(s). Published by the Royal Society of Chemistry
Therefore, 90, 92.5 and 95 mg of N-ZnO and correspondingly
10, 7.5 and 5 mg of GO were suspended in deionised water in
separate beakers and sonicated for one hour. Then, the
contents of both bakers were mixed and sonicated for 2 hours.
The suspensions were then dried at 100 �C overnight and
grinded to a ne powder. The obtained materials were corre-
spondingly denoted as N-GO-ZnO-5, N-GO-ZnO-7.5 and N-GO-
ZnO-10.
Characterisation

The morphology and elemental composition of the photo-
catalysts were examined by scanning electron microscopy (SEM)
using a JEOL model JSM-840A microscope equipped with an
energy dispersive X-ray spectrometry (EDX). Transmission elec-
tron microscopy (TEM) was performed using JEOL JEM-1230
electron microscope, at an accelerating voltage of 80 kV. Fourier
transform infrared (FTIR) spectra were collected between 300 and
4000 cm�1 on a Varian 1000 (Scimitar series) spectrometer with
a resolution of 2 cm�1 using KBr pellets at room temperature.
The textural properties of the samples were investigated using
nitrogen adsorption/desorption analyses at 77 K using a volu-
metric adsorption analyser (Model Autosorb-1, Quantachrome
Instruments). The specic surface area was determined from the
linear part of the Brunauer–Emmett–Teller (BET) plot (P/P0 ¼
0.05–0.30). The pore size distribution curves were calculated from
the desorption branch, using the Barrett–Joyner–Hallenda (BJH)
method. The total pore volume was evaluated from the adsorbed
amount at a relative pressure P/P0¼ 0.99 single point. The crystal
structures of the samples were determined by X-ray powder
diffraction (XRD) using a Rigaku D-Max-Ultima III diffractometer
with nickel-ltered Cu Ka radiation of wavelength 1.5406 Å with
a step size of 0.04� for 2q angles ranging from 10� to 80�. The
optical properties were recorded on a UV-visible HP UV-8453
spectrophotometer. The photoluminescence (PL) spectra were
obtained using a uorescence spectrometer Horiba Quanta-
Master 8000. The photoelectrochemical measurements were
conducted in a standard three-electrode system, using Pt wire
and Ag/AgCl as working and reference electrodes, respectively.
The working electrode was prepared on uorine-doped tin oxide
(FTO) glass cells (2.5 cm� 2.5 cm) by spray-coating with 10 mL of
a suspension containing the photocatalyst (10 mg) and methanol
(2.5 mL) under sonication for 3 h. The side part of the FTO slide
was previously protected with scotch tape. The transient photo-
current response was performed on an Autolab PGSTAT204
electrochemical workstation with a 0.5 M aqueous solution of
Na2SO4 as the electrolyte. The photocurrent was measured under
solar-light irradiation (150W xenon lamp) with a 20 s light on–off
cycle with a reference voltage of 0.8 V. The surface chemical
composition of the photocatalysts was investigated by X-ray
Photoelectron Spectroscopy, using a PHI 5600-ci spectrometer
(Physical Electronics, Eden Prairie, MN). The main XPS chamber
was maintained at a base pressure <8 � 10�9 torr. A standard
aluminium X-ray source was used to record survey and high-
resolution spectra without charge neutralisation. The binding
energies (B.E.) of core levels in the observed XPS spectra were
referenced to C1s core (B.E. at 285 eV).
RSC Adv., 2021, 11, 22508–22516 | 22509
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Fig. 2 TEM images for: (A) ZnO; (B) N-ZnO and (C) N-GO-ZnO-5.
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Photocatalytic activity

The acetamiprid was photo-oxidised in a home-made photo-
catalytic reactor operating under visible light at a wavelength l >
420 nm. The tests were operated batchwise under the following
ranges of initial acetamiprid concentration [5–20 mg L�1],
photocatalyst loading [0.1–0.4 g L�1], temperature [25–45 �C]
and time [0–300 min]. The reacting volume was 250 mL for all
the tests performed under agitation (600 rpm). Furthermore,
tests were performed without catalyst to assess the photolysis.
At pre-set reaction times, aliquots of the aqueous solution were
withdrawn, ltered with a microsyringe (0.2 mm) and analysed
for acetamiprid content using an HP 6890 Series gas chro-
matograph equipped with a ame ionisation detector (Agilent
ChemStation). The column used was an HP-5 (30 m � 0.25 mm
ID � 0.25 mm lm thickness). The injector and detector
temperatures were set to 250 �C and 1 mL sample was injected
with a split ratio of 50 : 1. The oven temperature prole was:
initial temperature 100 �C, ramp at 10 �C min�1 to 250 �C, hold
for 5 min; ramp at 30 �C min�1 to 300 �C, hold for 5 min. The
conversion of acetamiprid during experiment was calculated by
the following equation:33

Conversion ¼
�
C0 � Ct

C0

�
� 100

where, C0 and Ct are the initial concentration of the acetamiprid
solution and the concentration aer different intervals of the
irradiation time, respectively. All the tests reported in the
present investigation were performed in duplicate and analysed
twice.
Results and discussion
Characterisation

The SEM images of ZnO, N-ZnO and N-GO-ZnO-5 are depicted
in Fig. 1A–C respectively, while Fig. 1D is relative to the EDX
Fig. 1 SEM images for: (A) ZnO; (B) N-ZnO; (C) N-GO-ZnO-5 and (D)
N-GO-ZnO-5 EDX analysis.

22510 | RSC Adv., 2021, 11, 22508–22516
prole of the N-GO-ZnO-5 material. The predominant
morphology of the samples is almost homogeneous spherical
nanoparticles sized between ca. 110 and 130 nm in the form of
aggregates for ZnO and N-ZnO samples (see Fig. 1A and B). The
N-GO-ZnO-5 exhibited nanoparticles of relatively uniform size
densely packed on the surface of GO nanosheets (see Fig. 1C).
The coupling of N-ZnO onto the surface of GO nanosheets may
be attributed to the presence of epoxide together with hydroxide
groups on the GO sheets which act as attachment sites for N-
ZnO nanoparticles.34 Moreover, the EDX analysis of the N-GO-
ZnO-5 (see Fig. 1D) conrmed the composition of this
composite material demonstrating the occurrence of C, N, Zn
and O. The C peak is attributed to the basal plane of graphene
oxide nanosheets, while O is assigned to both ZnO and GO.

The TEM images (Fig. 2A–C) of the different materials
revealed the occurrence of nanoparticles aggregated in
hexagonal-like structures having sizes around 100 nm. This
behaviour was especially marked in the case of the N-doped
ZnO-5 sample (Fig. 2B). The unit particles embedded in the
hexagonal-like structures exhibited much lower sizes around
25 nm for all the samples. As evidenced in Fig. 2C, N-ZnO
aggregates were successfully linked on the of GO nanosheets
surface (Fig. 2).

The X-ray diffractograms of the ZnO, N-ZnO and N-GO-ZnO
materials are depicted in Fig. 3. As seen, the diffractograms
exhibited prominent XRD lines at 31.6�, 34.3�, 36.1�, 47.4�,
56.4�, 62.7�, 66.4� 67.8� and 69.1�. These lines, indexed
respectively as (100), (002), (101), (102), (110), (103), (200), (112)
and (201), were assigned to the hexagonal wurtzite phase of
ZnO.35 Both doped materials exhibited similar XRD patterns to
bare ZnO and no other crystallite phases were detected, indi-
cating that the presence of GO did not result in the growth of
new crystals or changes in preferential orientation of ZnO. The
average crystallite sizes evaluated using Scherrer's equation
were 90, 110 and around 170 nm for ZnO, N-ZnO and N-GO-ZnO
materials, respectively.

FTIR spectra registered in the range [300–4000 cm�1] for
ZnO, N-ZnO and N-GO-ZnOmaterials are presented in Fig. 4. All
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) UV-vis spectra and (B) estimated band gap energies from the
Tauc plot.

Fig. 3 XRD patterns of the synthesised materials.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 1
1:

52
:4

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the spectra revealed absorption peaks at 3426 cm�1 corre-
sponding to characteristic O–H stretching and bonding vibra-
tion of the water molecule. The peak at 1502 cm�1 for N-doped
ZnO sample may correspond to the vibration of the Zn–N
bond.35 The other peaks at 1180 cm�1 and 1565 cm�1 were
assigned to C–N and C]C bond. The spectra exhibited also an
absorption peak at 500 cm�1, usually attributed to the charac-
teristic absorption of Zn–O bond in zinc oxide.36,37

The optical absorption behaviour of the pure ZnO as well as
N-ZnO and N-GO-ZnO samples was investigated using UV-
visible spectroscopy. As presented in Fig. 5A, the absorbance
of the N-GO composite increased even in the visible light region
due to the increase of surface electric charge of the oxides, and
the modication of the fundamental process of electron–hole
pair formation during irradiation.38 Therefore, the presence of
N-GO in ZnO can increase the light absorption intensity and
range, which is benecial to the photocatalytic performance.39,40

The band gap energy (Eg) values of the investigated photo-
catalysts were estimated from the UV-vis data (Fig. 5B) using the
following equation:
Fig. 4 FTIR spectra of the synthesised materials.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(ahn)2 ¼ A(hn � Eg)

where hn ¼ photon energy, a ¼ absorption coefficient Eg ¼
energy band gap, A ¼ constant, n ¼ 1/2 for allowed direct band
gap.

Aer doping with N-GO, the obtained spectra exhibited an
additional tail-like absorption in the visible region. The band
gap energies of the ZnO and N-ZnO materials were very close to
3.20 eV. The N-GO-ZnO-5 material exhibited slightly lower band
gap energy estimated to be 3.17 eV. The contribution of nitrogen
and graphene oxide to the top of the valence band (VB) of ZnO
played amajor role in extending the absorption of doped ZnO to
the visible region. Interestingly, the band gap energy was eval-
uated to be ca. 3.05 and 3.02 eV for the N-GO-ZnO-7.5 and N-GO-
ZnO-10 materials, respectively. A scrutiny of the literature
allowed to note that band gap energy was generally evaluated to
be around 3.21 eV for pristine ZnO, while nitrogen doped ZnO
exhibited lower values in the vicinity of 3.08 to 2.95 eV.16–19 As for
Fig. 6 Photoluminescence spectra of the synthesised materials.

RSC Adv., 2021, 11, 22508–22516 | 22511
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the N-GO doped ZnO, the band gap energy was reported to be
close to 2.83–2.90 eV.19

Photoluminescence (PL) spectra were recorded for the ve
photocatalysts investigated, i.e., ZnO, N-ZnO and N-GO-ZnO-5,
7.5 and 10. The obtained spectra are depicted in Fig. 6. Such
characterisation is usually used to assess the effect of nitrogen
and GO on the electron–hole recombination rate of ZnO. As
seen, the ZnO photocatalyst exhibited the highest photo-
luminescence emission intensity, thus indicating a faster elec-
tron–hole recombination rate. The photoluminescence
emission was lowered for the nitrogen doped ZnO. It is worth to
notice that the photoluminescence emission was remarkably
lowered for the three N-GO-ZnO photocatalysts, indicating
a slower electron–hole recombination rate. This behaviour
reveals an enhancement in the transfer charges occurring at the
interface which eliminates the electron–hole recombination
arising at the defect sites. As a result, the generation of photo-
induced electrons in the conduction band of N-ZnO nano-
particles is transferred speedily to GO sheets.19 As to be
demonstrated later, the three N-GO-ZnO photocatalysts exhibi-
ted the best performances in the photodegradation of aqueous
acetamiprid.

The surface elemental composition of the different syn-
thesised photocatalysts was analysed by XPS. Fig. 7A depicts the
wide survey spectra of bare ZnO, N-ZnO and N-GO-ZnO-5 con-
rming the occurrence of the different constituting elements
present on the materials surfaces, i.e., Zn, O, N and C. In the
Fig. 7 (A) XPS survey spectra; (B) high-resolution Zn 2p3/2 core level
spectra of ZnO, N-ZnO and N-GO-ZnO-5 materials.

22512 | RSC Adv., 2021, 11, 22508–22516
case of pure ZnO, the detected carbon is attributed to the
adsorption of carbonaceous species upon exposure to the
ambient atmosphere. The Zn 2p3/2 high resolution spectra
indicated a clear shi in the binding energies which were
evaluated to 1022.52, 1023.30 and 1022.70 eV for the ZnO, N-
ZnO and N-GO-ZnO-5 samples, respectively (see Fig. 7 (inset)).
Such variation in the binding energies indicates that the
chemical environment of the Zn surface atoms was modied
upon incorporation of nitrogen and graphene oxide on the ZnO
material. Moreover, the occurrence of nitrogen in the prepared
nanocomposites N-ZnO and N-GO-ZnO-5 with the N 1s peak was
detected at ca. 399.96 eV (Fig. 7). Indeed, the nitrogen atomic
surface concentration was 2.7% for the N-ZnO material, while it
oscillated between 0.9 and 2.5% for the N-GO-ZnO materials.

The electrochemical impedance spectroscopy and photo-
current density measurements were conducted to evaluate the
internal resistance and photocurrent for the charge transfer
process of the synthesised N-ZnO and N-GO-ZnO-5 materials.
To understand the improved performance of these two mate-
rials, the photoelectrochemical behaviour from the photocur-
rent was evaluated. Nyquist plots were measured as shown in
Fig. 8A. It is well known that the smaller arc of Nyquist plots
represents the higher separation efficiency of the photo-
generated charges. Clearly, the arc of N-ZnO material
Fig. 8 (A) Electrochemical impedance spectroscopy; (B) photocurrent
of N-ZnO and N-GO-ZnO-5 materials.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Nitrogen physisorption isotherms of ZnO, N-ZnO and N-GO-
ZnO materials.

Fig. 10 Acetamiprid photodegradation time profiles in the absence
and over bare ZnO, N-ZnO and N-GO-ZnO materials. Catalyst
loading ¼ 0.2 g L�1; temperature ¼ 25 �C; C0 ¼ 15 ppm; error bars
indicate standard deviation.
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decreased dramatically aer incorporating GO on the N-ZnO,
thus indicating the high separation of photo-induced charges
on the N-GO-ZnO-5 photocatalyst. This reveals that the prepared
nanocomposite could facilitate charge carrier's separation
leading to the improved photocatalytic performances of the GO
containing photocatalyst as previously reported for graphene–
ZnO nanocomposites.41 In Fig. 8B, it is evident that the short-
circuit current of N-GO-ZnO-5 was largely higher than that of
N-ZnO. Such a remarkable enhancement of the photocurrent is
attributed to the higher photo-absorption and better carrier
transport in N-GO-ZnO-5 material.42

Textural properties of the ZnO, N-ZnO and N-GO-ZnO
materials were investigated using N2 adsorption–desorption
volumetric analysis. As depicted in Fig. 9, the obtained
isotherms were attributed to the type IV with H3 hysteresis loop
according to the IUPAC classication. The BET specic surface
area varied from 17.22 to 47.60 m2 g�1. The highest value was
observed for the N-GO-ZnO-10 material. This greater surface
area along with highly porous structure provide more active
sites and abundant transport pathways for the adsorption of the
acetamiprid molecules, leading to superior photocatalytic
performance as reported in the next section (Table 1).

Photocatalytic efficiency on the degradation of acetamiprid

Acetamiprid degradation reactions were carried out under two
different conditions, i.e., photolysis (no catalyst) and heteroge-
neous photocatalysis over ZnO catalyst (see Fig. 10).
Table 1 Textural properties

Material
Surface area
(m2 g�1)

Pore volume
(mL g�1)

Average pore
size (nm)

ZnO 20.85 0.16 5.14
N-ZnO 17.22 0.17 3.92
N-GO-ZnO-5 29.69 0.13 1.92
N-GO-ZnO-7.5 41.19 0.14 4.81
N-GO-ZnO-10 47.60 0.12 7.71

© 2021 The Author(s). Published by the Royal Society of Chemistry
In the absence of a catalyst, the photodegradation of acet-
amiprid under visible light occurred at a lower rate than that
observed in the photocatalytic reaction, and only 12% conver-
sion of the initial concentration of acetamiprid was reached
aer 5 hours of reaction. Under otherwise the same operating
conditions, the presence of ZnO catalyst allowed reaching 38%
acetamiprid conversion aer 5 hours of reaction. Although the
uncatalysed photolysis reaction did occur, clearly ZnO photo-
catalyst enhanced appreciably the acetamiprid degradation.

The photodegradation of acetamiprid was investigated
comparatively in the presence of bare ZnO as well as N-ZnO and
N-GO-ZnO under otherwise the same operating conditions (see
Fig. 10). As seen, aer 5 hours of reaction under visible light,
while only 38% acetamiprid degradation was reached in the
presence of bare ZnO, 68% degradation was obtained in the
presence of N-doped ZnO. More interestingly, almost complete
(99.4%) acetamiprid degradation was achieved in the presence
of the three N-GO-ZnO photocatalysts with no major difference
between them. The high degradation efficiency under visible
light radiation of the N-GO doped ZnO can be explained by the
presence of N surface species, such as C]N, rich in electrons
providing a great potential to activate the catalyst. Moreover, N
functional groups conjugating with the long-pair electrons can
activate the effective sites of the sp2 carbon of graphene oxide
with abundant free-owing p-electrons of nitrogen species.43

Furthermore, charge transport by graphene oxide leads to
increased lifetimes of photogenerated electrons and holes, and
thus promotes the formation of hydroxyl and superoxide radi-
cals, which are responsible for the oxidation and degradation of
acetamiprid molecules.44
Effect of catalyst loading

The inuence of N-GO-ZnO-5 loading, within the range of 0.1–
0.4 g L�1 is presented in Fig. 11A. As seen, conversion of
acetamiprid reached ca. 50% with the lowest catalyst loading
RSC Adv., 2021, 11, 22508–22516 | 22513
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Fig. 11 (A) Effect of N-GO-ZnO-5 photocatalyst loading; temperature
¼ 25 �C; C0 ¼ 15 ppm; (B) effect of acetamiprid initial concentration.
N-GO-ZnO-5 catalyst loading ¼ 0.2 g L�1; temperature ¼ 25 �C. Error
bars indicate standard deviation.

Table 2 Comparison with photocatalytic performances in the litera-
ture for aqueous acetamiprid degradation under visible light at
ambient temperature

Photocatalysta C0
b (mg L�1) Conversionc (%) Ref.

C3N4/HPW (0.7) 10 58 (180) 47
g-C3N4 (1) 5 82 (300) 48
SO4-Ag3PO4 (0.8) 5 50 (60) 49
C3N4 (0.33) 50 55 (180) 50
TiO2 (1) 22 38 (80) 51
N-GO-ZnO-5 (0.2) 15 98 (300) This work

a Values in parentheses are for photocatalyst loading (g L�1). b C0 is the
acetamiprid initial concentration. c Values in parentheses are for the
reaction time (min).
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(0.1 g L�1) within 300 min of reaction. A two-fold increase of
the catalyst loading (from 0.1 to 0.2 g L�1) allowed reaching
almost 100% acetamiprid conversion aer 300 min of reac-
tion. However, a further increase of the catalyst loading to 0.4 g
L�1 translated into acetamiprid conversion of ca. 85%. This
behaviour may be attributed to the catalyst particles agglom-
eration, thus making the active sites unavailable due to the
opacity induced in the reaction medium (suspension). Hence,
the catalyst becomes less illuminated which decreases the
photocatalytic conversion due to a lower production rate of
hydroxyl radicals.45
Fig. 12 (A) Photodegradation profiles of the acetamiprid over N-GO-
ZnO-5 under visible light at different temperatures. C0 ¼ 15 ppm;
catalyst loading ¼ 0.2 g L�1. (B) Arrhenius plots for the catalysed and
uncatalysed photoreaction. Error bars indicate standard deviation.
Effect of acetamiprid initial concentration

The effect of the initial pesticide concentration was investigated
in the range 5–20 ppm at ambient temperature over N-GO-ZnO-
5 at a loading of 0.2 g L�1. As evidenced in Fig. 11B, pesticide
was efficiently degraded (more than 85%) when the initial
concentration was below 15 ppm. However, with further
increase in pesticide concentration, the degradation was less
efficient reaching a maximum conversion of 68% aer 5 h of
reaction. This behaviour can be due to the lack of available
surface-bound reactive oxygen species on the photocatalyst
22514 | RSC Adv., 2021, 11, 22508–22516
surface when the pesticide initial concentration is higher in
agreement with previous investigations.46 As presented in
Table 2, comparison of the acetamiprid degradation data ob-
tained in this work with those reported in the recent literature
under comparable operating conditions, reveals the remarkable
performances of the N-GO-ZnO photocatalyst. Furthermore, it is
worth to mention that acetamiprid is known to be recalcitrant
to oxidative degradation.52

Effect of reaction temperature

The effect of temperature on acetamiprid photodegradation
over N-GO-ZnO-5 in the range [25–45 �C] under constant
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 N-GO-ZnO-5 recycling. N-GO-ZnO-5 catalyst loading
¼ 0.2 g L�1; C0 ¼ 15 ppm; temperature ¼ 25 �C; reaction time ¼ 4 h

Reaction cycle Acetamiprid conversion (%)

1 99.41
2 99.16
3 98.75
4 94.12
5 90.85
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agitation (600 rpm), 15 ppm initial pesticide concentration,
0.2 g L�1 catalyst loading, is depicted in Fig. 12A as pesticide
conversion time proles. As seen, while complete removal of the
pollutant was achieved within 120 min at 45 �C, almost 300 min
were required at 25 �C to get rid of the pesticide under otherwise
the same operating conditions. Moreover, when acetamiprid
solutions were photodegraded at very short reaction times (2
min) at the three temperatures investigated, initial rates could
be evaluated. Considering that the reaction can be assumed to
be rst order with respect to acetamiprid at very short reaction
times, rate constants were estimated. The corresponding
Arrhenius plots (Fig. 12B) allowed to determine the activation
energies which were 34.45 and 25.04 kJ mol�1 for the uncata-
lysed and photocatalysed (over N-GO-ZnO-5) reactions,
respectively.
Photocatalyst reusability

The reusability was veried by conducting successive trials of
the repeatedly used N-GO-ZnO-5 catalyst (Table 3). Therefore,
the used N-GO-ZnO-5 photocatalyst was washed several times
with distilled water and alcohol and dried in the oven at 60 �C.
The recovered N-GO-ZnO-5 was then reused for a new photo-
degradation batch, without further treatment. As evidenced,
90% degradation of acetamiprid was still achieved even aer
ve cycles of photodegradation. Clearly, this illustrates the
photocatalyst stability and long lasting as it keeps its high
photo-degradative performances towards acetamiprid making
it suitable for a large-scale use.
Conclusions

The photocatalytic degradation of acetamiprid in aqueous
solutions was investigated in the presence of ZnO, N-ZnO and
N-GO-ZnO photocatalysts under visible light. Both photo-
catalysts were characterised using powerful and appropriate
techniques. The effects of doping as well as different operating
conditions such as the photocatalyst loading, acetamiprid
initial concentration and temperature were investigated. In the
absence of any photocatalyst, only 12% acetamiprid conversion
was reached aer 5 h of photolysis. The different N-GO-ZnO
photocatalysts exhibited the highest activities in comparison
to the N-ZnO and bare ZnO materials. Indeed, acetamiprid
conversion aer 5 h of reaction was almost 100% over N-GO-
ZnO-(5, 7.5 and 10), while it levelled off at 68 and 38% over N-
ZnO and ZnO photocatalysts, respectively, thus demonstrating
the high potential of N-GO-ZnO. This remarkable improvement
© 2021 The Author(s). Published by the Royal Society of Chemistry
in the photocatalytic performances was attributed to the
synergetic effect of N-doping and the occurrence of oxygen
vacancies ascribed to the increased electrical conductivity of
graphene oxide.
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