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Abstract

Chemical pesticides and herbicides are one of the most important pollutants in urban, agricultural and industrial wastewaters.
Improper discharge of these compounds into water bodies’ cause harmful effects on both environment and human health. In
this study, photocatalytic degradation of 2,4-Dichlorophenoxyacetic acid (usually called 2,4-D) was investigated using Mn-
doped zinc oxide/graphene nanocomposite under light emitting diodes (LED) radiation. FTIR, AFM, DLS, Zeta potential,
XRD, and SEM techniques were used to determine the characteristics of the nanocomposite. The effects of process-related
parameters, such as the amount of nanocomposite, initial pH, 2,4-D concentrations, and contact time, on the photocatalytic
degradation of the 2,4-D were studied. The results showed that the efficiency of photocatalytic degradation of 2,4-D decreased
with an increase in the initial concentration of 2,4-D, while photocatalytic degradation efficiency increased by increasing
the initial pH and the nano-catalyst content. The results showed that 66.2% of 2,4-D could be photocatalytically degraded
using Mn-doped zinc oxide/graphene nanocomposite under LED radiation at optimal conditions (pH 5, initial Zn concentra-
tion of 10 mg L™!, nano-composite concentration of 2 g L™, contact time of 120 min). Findings of this experimental study
concluded that photocatalysis using Mn-doped zinc oxide/graphene nanocomposite under LED radiation could efficiently
remove 2,4-D herbicide from aqueous media.
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1 Introduction

Chlorinated phenoxyacetic acid compounds are important
groups of herbicides that are widely utilized in the agri-
culture for controlling the growth of weeds [1, 2]. Among
these compounds, 2,4-Dichlorophenoxyacetic acid (2,4-
D) has been widely used due to its high solubility, toxic-
ity and long-term stability in the environment [3]. The
US Environmental Protection Agency (US EPA) classi-
fied 2,4-D as a priority pollutant [4]. For 2,4-D, World
Health Organization (WHO) set the discharge standard as
1 mg L~! [5]. Acute adverse effects of this contaminant
include irritation of eyes, skin and throat, and respiratory
problems. Moreover, its long-term effects cover central
nervous system weakness, muscle weakness, and liver and
kidney problems [6].

Different physical, chemical, and biological methods
including chemical oxidation, membrane process, elec-
trochemical process, ion exchange, adsorption and photo-
catalytic methods have been investigated for the removal
of 2,4-D from aqueous solutions [7-9]. Among them,
photocatalytic degradation has been emphasized as one
of the most effective methods for elimination of these pol-
lutants. In conventional photocatalytic techniques, a UV
light source (e.g. a low-pressure mercury vapor lamp) and
a semiconductor catalyst are used [10]. However, these
lamps are regarded to be an environmental hazard and
uneconomical due to high toxicity of mercury, relatively
short effective life, and high energy intensity [11]. Nowa-
days, light emitting diodes (LED) lamps are known as a
suitable alternative for mercury lamps in photocatalytic
degradation processes because of their less toxicity, long
life, high energy efficiency, direct electrical conductivity,
and high flexibility in optical reactors [12].

In the most of photocatalytic processes, nanoparticles,
such as titanium dioxide [13, 14] and zinc oxide, [15]
are used as catalyst. For instance, zinc oxide has been
used to degrade various organic compounds due to the
its direct gap band energy, the binding energy of 60 MeV
(mega-electronvolt), resistance to light and chemical cor-
rosion, no toxicity, insolubility, capability of wide range
of electromagnetic waves absorption, and excellent photo-
catalytic properties as a semi-conductor catalyst [16, 17].
Graphene is a graphite layer and is a 2-D carbon allo-
tropic with a grid-like structure such as a honeycomb. It
is used as building blocks of carbon nanotubes and large
fullerenes [18]. At the nano size, graphene has significant
properties such as its high Young modulus (about 1000
GPa: gigapascal), high resistance to failure (130 GPa),
good thermal conductivity (5000 W m~! K1), electrical
conductivity (200000 cm? V™! s71), specific surface area
(2600 m? g~1), owning catalytic properties, and amazing
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transport phenomena (e.g. the quantum Hall effect, adsorp-
tion of some metal ions and pollutants from soil and water)
[15, 16]. On the other hand, doping of semiconductors
with metals is one way to increase the photocatalytic activ-
ity of them. Indeed, it causes alteration of the energy gap
and increasing light adsorption, thereby zinc oxide exhib-
its its photocatalytic activity in the visible light region.
Recently, doping with Mn has been considered because of
its high efficiency in changing the energy gap. It is noted
that the amount of Mn in this process is very important,
and the doping efficiency is directly related to the concen-
tration of Mn used. ZnO can also be placed on a surface,
such as zeolite, alumina, silica, and graphene, to increase
the doping efficiency due to comfort motion of its electron
[18-20]. Based on the foregoing facts, the purpose of the
present study was to synthesize Mn-doped ZnO/graphene
nanocomposite and to determine of its ability in degrada-
tion of 2,4-D under LED radiation.

2 Materials and Methods
2.1 Chemicals

2,4-D was purchased from Meshkfam Chemical Company
(Iran). Other chemicals, such as graphene oxide (GO), man-
ganese acetate, zinc acetate, sulfuric acid, and nitric acid,
were laboratory grade and obtained from Merck (Germany).
The chemical structure, chemical and physical properties of
2,4-D are shown in Table 1.

2.2 Preparation of Mn-doped Zn0/GO

Solvothermal method was used to prepare Mn-doped ZnO/
GO nanocomposite. In the first step, GO (10% of by weight)
was dissolved in 80 mL ethylene glycol (EG) under ultra-
sound for 2 h at ambient temperature. Then, manganese ace-
tate (5% by weight) and 80 mg zinc acetate were dissolved
in 80 mL EG and added into the GO solution under stirring
conditions. After that, 20 mL of NaOH (0.1 N) were added
to the above mixture and stirred for 1 h to obtain a homog-
enous suspension. The suspension was then transferred to
a stainless-steel autoclave and stored at 160 °C for 24 h.
Finally, the prepared composite was obtained by centrifuga-
tion and five times washing with pure ethanol and distilled
water. Finally, the product was dried in a vacuum oven at
80 °C for 24 h [19].

2.3 Experimental Methodology
In this study, photocatalytic degradation of 2,4-D herbicide

was investigated by using a synthesized nanocomposite in
a 100-mL batch reactor. At first, a stock solution of 2,4-D
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Table 1 Structure and characteristics of 2,4-Dichlorophenoxyacetic acid

Chemical formula
Skeletal formula

3D representation

Class

Group

Hazard group

Molecular weight

Boiling point

Melting point

Solubility in water

Toxicity grade

Appearance

CAS (chemical abstracts service) number

European community (EC) number

Herbicide

Phenoxy carboxylic acid

Weak toxicity (III)

221.04 g mol ™!

160 °C (320 °F; 433 K) 0.4 mm Hg
140.5 °C (284.9 °F; 413.6 K)

900 mg L'

700-160 mg L~

White to yellow powder

94-75-7

202-361-1

(1000 mg L") was prepared. Then, different concentrations
of the herbicide were prepared from the stock solution and
transferred to the batch reactor. Different amounts of the
synthesized nanocomposite were added to the reactor, and
LED lamps were turned on. After a pre-defined time, the
concentration of 2,4-D in the reactor was measured. At each
step, the efficiency of removal and the effect of the existing
parameters were investigated by changing only one param-
eter and keeping other parameters constant. In this study,
the operating parameters, such as amount of nanocomposite
(0.5,1,2,and3 g L_l), initial concentrations of 2,4-D (10,
25, 50, 75, and 100 mg LY, initial pH@3,5,7,9,and 11),
and the reaction time (20 to 120 min) were investigated.

2.4 Analytical Methods

The concentrations of 2,4-D were measured by a spectro-
photometer (DR5000-HACH) at 280 nm wavelength before
and after the reaction [20]. Scanning Electron Microscopy
(SEM) (TESCAN, Czech Republic) was used to explore the
morphology of the synthesized nanoparticles. Structural
properties of nanoparticles were also analyzed using X-Ray
Diffraction (XRD) methodology (Model: X’Pert PRO MPD,

the Netherlands). Furthermore, functional groups on the sur-
face of the nanoparticles were determined by using the Infra-
red Fourier Transform Spectrometer (FTIR) (Bruker, Model:
Tensor 27, Germany). A particle sizer (DLS: Dynamic Light
Scattering) and zeta potential analyzer (Nanobrook Omni,
Brookhaven Instruments Corporation, USA) were used to
measure the electric potential at the surface of the nano-
particles and nanoparticle size distributions. Moreover, the
surface topography and roughness of the Mn-doped ZnO/
GO were analyzed by using atomic force microscope (AFM)
(Ara-Research, Model: Advance, Iran).

3 Results and Discussion
3.1 Nanophotocatalyst Characteristics

Figure 1 illustrates the SEM images of GO sheet and Mn-
doped ZnO/GO nanocomposite. As seen from Fig. 1a, the
GO structure is transparent, and single-layered and low-layer
sheets are existed. Also, the side fracture of the GO sheets
confirmed the layered structure of all parts of GO. The addi-
tion of ZnO nanoparticles and Mn to GO created a granular
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Kurdistan University

Fig.1 SEM image of a GO and b Mn doped ZnO/GO nanocomposite

appearance (Fig. 1b). The spherical and dense particles (with
a mean size of 20 to 40 nm) are normally distributed onto
graphene layers. This size is in accordance with the parti-
cle size obtained from the Scherrer’s equation via the XRD
analysis.

Figure 2a shows the FTIR spectra of the Mn-doped ZnO/
GO nanocomposite. As seen from in Fig. 2a, the results
obtained from FTIR shows that the peaks appearing at 3458,
2923, and 1051 cm™! are assigned to stretching vibrations
of OH, CH, and the C-O functional groups, respectively.
Another peak appearing in 1627 cm™! corresponds to the
stretching vibration of the C=C bond. The peaks appeared at
532, 543, and 450 cm™! are assigned to the presence of metal
groups in composition. Since in sol-thermal process GO is
first reduced and then the nanocomposite is synthesized, the
peak appearing at 3467 cm™! is related to the presence of
zinc groups on the graphene structure. The peak observed at
439 cm™! also indicates the presence of Mn in the composi-
tion [21, 22].

XRD analysis was used to characterize the crystalline
nature and phase purity of GO, ZnO/GO, and Mn-doped
ZnO/GO nanoparticles. Figure 2b—d illustrate the X-ray
diffraction patterns of all prepared samples recorded in the
range of 20° to 120°. As seen from Fig. 2b, the characteristic
peak at 20=11° was assigned to the (001) plane of GO and
indicated the effective oxidation of graphite and also the
formation of GO [19, 23, 24]. In the XRD pattern of GO,
the (001) crystal plane of GO was evident, which was typi-
cal for GO [25]. This result was in a good agreement with
other published reports who stated that the XRD peak should
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shift from ~26° to~ 11° when the graphite was oxidized and
became GO [24, 26]. However, after the reduction of GO to
graphene, the diffraction peak at 11° disappeared, and two
small peaks at~25° and ~43° were observed, which could be
ascribed to graphene (002) and (100) planes [19, 27]. Hence,
GO was reduced to graphene by the solvothermal process.
The characteristic peak located at 20=31°, 34°, 37°, 48°,
56°, 61°, and 68° were attributed to lattice planes (100),
(002), (101), (102), (110), (103), and (112), respectively.
This revealed that the synthesized nanoparticles exhibited
a good crystalline nature with wurtzite hexagonal structure
(JCPDS card 01-075-1533) [19, 28]. The XRD pattern of
Mn-ZnO/GO confirmed that there was no additional peak
for Mn-related secondary phase (Fig. 2¢). However, a small
hump was observed at 20 =25° in the XRD pattern of ZnO/
GO (Fig. 2¢) and Mn-doped ZnO/GO (Fig. 2d), which were
related to the (002) plane of graphene and demonstrated
the conversion of GO into reduced GO [29, 30]. This result
showed that the Mn-doped ZnO/GO nanoparticles were
well-decorated on the graphene sheets [19].

According to the Scherrer’s equation (Eq. 1), the size
of the GO/ZnO nanoparticles is about 35.2 nm, and the
size of the Mn-doped ZnO/GO nanocomposite is 35 nm.
This showed that addition of Mn decreased the particle
size. This difference may be due to the magnetic property
of Mn. The magnetic interaction between Zn and Mn ions
was more than the magnetic interaction between Zn ions.
As a result, the length of the ion bonds of Zn—-Mn was
less than that of Zn—Zn, resulting in a decrease in size
of the nanoparticles. In addition, the results showed that,



Journal of Inorganic and Organometallic Polymers and Materials

(a) oM
500
— GO
14124
& 3 4007
©
5 ~ 300
s —— Mn-doped Zn0O/GO Fq
£ 1.04- Zno/Go 2 200-
£ GO g
(%}
c £
o 100 -
[
04
0.96
T . T . . T 0 20 40 60 80 100 120
1000 2000 3000 4000
Wave number (cm) 26 (degree)
- 10.0_
804
70 04
90_‘ - ZnO/GO —— Mn-doped ZnO/GO
- ] = 604
s 50_ S
S 40 £
: > 40
£ 304 £
2 20' 5
2 ] £ 204
£ 10 £
O—- 0
10] : : : : : : : : : : : :
0 20 40 60 80 100 120 0 20 40 60 80 100 120

20 (degree)

20 (degree)

Fig.2 a FTIR spectra of prepared nanocomposites; b XRD pattern of GO; ¢ XRD pattern of ZnO/GO; and d XRD pattern of Mn doped ZnO/

GO nanocomposite

Table 2 Network parameters of nanocomposite

Nanocom- Nanopar- a(z&) C(A) c/aratio Volume (A3)
posite ticles size

(nm)
Zn0O/GO 352 3249 52070 1.6026 27.4825
Mn doped 35 5.84 5.84 1 99.5883
Zn0O/GO

the network constants increased with the addition of Mn
due to replacement of Mn?* ion (with radius of 0.62 10\)
instead of Zn?* (with an ionic radius of 6.0 1&) [31]. The
parameters for the nanocomposite network are presented in
Table 2. The Scherrer’s equation is expressed as follows:

KA
h pcos@ 1)

where D is the crystal size in nm, f is the width of the peak
at half of maximum intensity in radians, 6 is the peak angle
of the Bragg angle in terms of degrees, and A of the X-ray
wavelength in nm.

The two- and three-dimensional AFM images of gra-
phene/ZnO in contact mode (with a scanning distance of
3% 3 um) is shown in Fig. 3. The results of the analysis of
the sizes and roughness coefficients of the nanoparticles are
also illustrated in Fig. 3. According to AFM analysis, the
diameter of the nanoparticles was 37 nm (which is consist-
ent with XRD results), and the size between GO layers is
3-5 nm. Figure 3a also shows the alone GO layers. In this
image, the red arrows demonstrate that the three distinct GO
layers are well detectable. In fact, its shape indicates a few-
layered sheet with a mean thickness of 1.48 nm. Figure 3b
clearly shows the GO layers and coated nanoparticles (green
arrows demonstrate the position of nanoparticles on a GO
layer based on a two-dimensional AFM image). The deposi-
tion of nanoparticles on graphene oxide is well-seen in the
three-dimensional AMF image (Fig. 3c).

One of the most important parameters for describing
the colloidal dispersion stability is the zeta potential.
This measurement is related to the determination of the
negative charge around the double layer related to the
colloidal particle due to the ionization of different func-
tional groups. It has been found that if the zeta potential

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

Fig.3 AFM images of a GO and b, ¢ Mn doped ZnO/GO nanocom-
posite

is between — 30 and + 30 mV, the particles are stable due
to the distribution [32]. The surface charge may depend on
the amount and type of functional groups on the surface
of the GO. During the synthesis of GO, functional groups
(e.g. epoxy, hydroxyl, and carboxylic groups) are located
on the GO sheets. The hydroxyl and carboxylic groups
of the GO sheets can weakly develop negative charges in
the solution [33]. Therefore, the negative charges of the
GO and Mn-doped ZnO/GO were evaluated by zeta poten-
tial measurements at the natural pH of the dispersions at
25 °C. The results are presented in Table 3; Fig. 4a, b.
As seen from Table 3, the surface charge of the GO and
Mn-doped ZnO/GO is —4.75 mV and — 6.02 mV, respec-
tively, with an increase in the surface charge of the GO
after the modification. This may be due to a reduction in
the agglomeration of the sheets and the presence of more
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carboxylic groups on the surface, and finally increase of
colloidal stability.

Figure 4c, d shows the dynamic light scattering (DLS)
results of GO sheet and Mn- doped ZnO/GO with a slight
difference between them. For the GO sample, the size distri-
bution varied in the range of 55 to 1100 nm with an average
size of 210 nm (Fig. 4c). This means that these dispersions
had a very broad size distribution and may contain large
particles or agglomerates and maybe not suitable for deter-
mining size with DLS. However, these sizes were reduced
after the modification of GO and reached about 160 nm
(average size) at a range of 20 to 900 nm (Fig. 4d). This
can be related to a reduction in the agglomeration of the
sheets. In general, it is important to note that the DLS analy-
sis assumes that particles are spherical shape. For GO, which
possess extremely large ratios of length or breadth to a few
nanometers thickness, these results seem logical and help to
determine and to compare the relative change in the platelet
size as a function of surface modification.

3.2 Effects of Operational Parameters
3.2.1 Effect of pH

The effect of initial pH on the photocatalytic degradation
efficiency of 2,4-D using the Mn-doped ZnO/GO nanocom-
posite under the LED lamp is shown in Fig. 5a. This study
was carried out at various pH values (3, 5,7, 9, and 11),
2,4-D concentration of 50 mg L~ and Mn-doped ZnO/
GO nanocomposite of 1 g L™!. Based on the results, it was
found that increasing the initial pH from 3 to 5 increased
the removal efficiency, while a further increase of pH from
5 to 11 decreased the 2,4-D removal efficiency. The highest
removal (46.5%) in photocatalytic decomposition of 2,4-D
was obtained at pH value of 5.

In general, the effect of pH on the photocatalytic deg-
radation depends on the type of pollutant and photocata-
lyst zero point of charge (zpc) [34]. In this study, the pH
at zero point of charge (pH,,.) for Mn-doped ZnO/GO
nanocomposite was 7.3. According to previous studies, pK,
(pK,=—log,(K, where K, is the negative 10-base logarithm
of the acid dissociation constant) for 2,4-D was 2.8 [35] ata
pH greater than this value. 2,4-D charge was negative while
Mn doped ZnO/GO nanocomposite charge at pH values less
than 7.3 was positive. Therefore, when pH is between pK,
and pH, ., the positively charged nanocomposite adsorbs
negatively charged 2,4-D, thereby increasing the photocata-
lytic degradation efficiency of 2,4-D.

At higher and lower pH values, repulsion forces between
2,4-D and nano-composite result in a decrease in the photo-
catalytic degradation of 2,4-D due to the negative charges.
The results of the present study are consistent with the find-
ings of Azari et al. [36], which showed the highest removal
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Table 3 Zeta potential (PALS

method) details of GO and Mn
doped ZnO/GO nanocomposite

1,0

0,8

0,6

Power

0,4

0,2

0,0

100

80

60

40

Number (%)

20

Sample Nanomaterial Type Zeta potential (mV) Mobility Conductance RMS residual
Ws)(N/ (pS)
cm)
GO PALS -18.65 —1.46 40 2.0933E-02
GO PALS -21.10 —1.65 40 1.7245E-02
3 GO PALS -18.12 —-1.42 40 1.9758E—-02
Mean -19.29 -1.51 40 1.9312E-02
Std Err 0.92 0.07 0 1.0877E—03
Std Dev 1.59 0.12 0 1.8839E—03
1 Mn doped ZnO/GO PALS —-11.30 —0.88 46 1.5728E—-02
2 Mn doped ZnO/GO PALS —-11.51 -0.90 46 1.5202E-02
3 Mn doped ZnO/GO PALS —-13.25 -1.04 46 1.8897E—02
Mean -12.02 -0.94 46 1.6609E—02
Std Err 0.62 0.05 0 1.1543E-03
Std Dev 1.07 0.08 0 1.9992E—03

GO graphene oxide, PALS phase analysis light scattering, RMS root mean square, Std Err standard error,

Std Dev standard deviation

-80 -40 0 40
Zeta Potential (mV)

©

200 203 207 210 214 218 222 226 230

Size (nm)

Power

1,0

0,8

0,6

0,4

0,2

0,0

-80 -40 0

100

80

60

40

Number (%)

20

®)

40

Zeta Potential (mV)

@

147 151 156 160 165 170 175 180

Size (nm)

Fig.4 Zeta potential (ELS method) of a GO and b Mn doped ZnO/GO nanocomposite; DLS of ¢ GO and d Mn doped ZnO/GO nanocomposite
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Fig.5 a Initial pH effect on the photocatalytic degradation of 2,4-D
under LED radiation (nanocomposite amount=1 g/L, 2,4-D con-
centration=50 mg/L); b effect of nanocomposite amount (g/L)
on the photocatalytic degradation of 2,4-D (pH 5; 2,4-D concen-
tration=50 mg/L); and ¢ Effect of initial concentration of 2,4-D
(mg/L) on the photocatalytic degradation of 2,4-D (nanocomposite
amount=2 g/L, pH 5)

efficiency of 2,4-D at pH 5, as well as the results obtained
from the study by Piri et al. [37], which obtained 89.3%
removal of 2,4-D at pH value of 5.

3.2.2 Effect of Nanocomposite Amount
The effect of nanocomposite amount on photocatalytic

degradation of 2,4-D under LED radiation at nanocom-
posite doses (0.5, 1,2, and g L_l), 2,4-D concentration of
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50 mg L', and pH 5 is given in Fig. 5b. The results showed
that the photocatalytic degradation efficiency of 2,4-D in
absence of Mn doped ZnO/GO nanocomposite is low and
negligible, while the degradation efficiency increased with
an increase in the nanocatalyst doses from 0.5 to 3 g L™,
The highest removal efficiency of 2,4-D (51%) was obtained
at the nanocatalyst amount of 2 g L™!. The high ability of
the advanced oxidation process in removal of toxins can be
attributed to the production of hydroxyl radicals [38, 39].

Nanoparticles have much higher reactivity and much
higher surface than common particles, which results in more
hydroxyl radical production and subsequent degradation of
insecticides [40]. In addition, active and available sites and
the possibility of nanoparticles colliding with the pollutant
increase by increasing the nanoparticles. On the other hand,
increasing the amount of nanocatalysts results in more pho-
ton adsorption and hence more effect on the pollutant [41].
However, the cause of decrease in the efficiency of 2,4-D
removal is related to excess amounts than the optimal dos-
age. The excessive doses may lead to the greater dispersion
and increased turbidity by nanoparticles and consequently
decreases in UV light penetration [42]. Therefore, 2 g L™!
of nanocomposite was selected as the optimal dose for the
subsequent experiments.

Xu et al. [8] showed that the photocatalytic degradation
efficiency of the 2,4-D increased by increasing the amount
of nanocatalysts to 1.5 g L™!. They also reported that more
increase in nanocatalysis resulted in a decrease in the deg-
radation efficiency. Moreover, the authors stated that more
catalyst content would increase the availability of the entire
surface and active sites [8]. On the other hand, the decrease
in removal efficiency may occur due to the scattering of light
and the decrease of light penetration in presence of excess
catalyst [8]. Similar results were observed by Hosseini
et al. [43] in a study on the removal of diazinone (53%) with
100 mg L=! of cns-ZnO nanoparticles under a light diode
lamp. In addition, Xiong and Hu [12] reported a removal
efficiency over 90% for acetaminophen with a 0.01 g L™!
TiO, nanoparticles under the UVA/LED. Furthermore, Nata-
rajan et al. [44] reported a 95% removal of Rhodamine B
in a UV-LED/TiO, process using 1.6 g L™! nanoparticles.

3.2.3 Effect of Initial Concentration 2,4-D

The initial concentration of pollutant is an important param-
eter affecting the photocatalytic degradation process. Fig-
ure 5c shows the effect of 2,4-D initial concentrations (10,
25, 50, 75, 100 mg L") on the photocatalytic degradation
efficiency using Mn doped ZnO/GO nanocomposite under
a LED lamp. The results showed that the photocatalytic
degradation efficiency decreased with an increase in the
initial concentration of 2,4-D. The probable reason for this
trend is that the increase of 2,4-D concentrations leads to
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the adsorption of more 2,4-D on the nanocomposite surface
due to the constant amount of nanoparticles. Therefore, the
surface-active sites for adsorption of hydroxyl ions decrease.
This leads the reduction of hydroxyl radicals (-OH) produc-
tion, and thus degradation efficiency decrease [45]. Also,
increasing the concentration of 2,4-D prevents reaching of
photons to catalyst, resulting in a decrease in the photocata-
Iytic degradation rate [1].

In several studies, the effect of initial concentrations
of pollutants on the process efficiency have been studied
and similar results have been reported. For instance, in a
study on the photocatalytic degradation of diazinon under
visible light, Mirmasoomi et al. [46] investigated the effect
of diazinon concentration (from 10 to 30 mg L") on the
photocatalytic degradation using TiO,/Fe,0;. Their results
showed that under optimal conditions (catalytic dose of
0.1 g L™!, light intensity of 14 W cm™~2 at 45 min), the deg-
radation efficiency was increased by about 90% with the
decrease in the initial concentration of diazinon [46]. In
another study on removal of 4-chlorophenol with advanced
oxidation and microwave, Sidmohammadi et al. [47]
obtained 81.7% removal at concentration of 50 mg L™ after
90 min. On the other hand, they observed that the removal
efficiency decreased to 16% after 90 min when the initial
concentration increased to 500 mg L',

3.2.4 Effect of Light Intensity

The intensity of light emitted from a source is one of the
most influential parameters in the photocatalytic processes.
The effect of light intensity supplied from LED lamps (the
intensity of light was measured at the reactor center by
changing the electric current) in the photocatalytic decompo-
sition of 2,4-D is depicted in Fig. 6a. The results of the study
indicated that the 2,4-D removal efficiency also increased
by increasing electrical current and the light intensity. The
maximum removal efficiency of 64% was obtained at 0.68
A (1000 Lux). The number of stimulated electrons on the
surface of the catalyst also increased by increasing the inten-
sity of light, which resulted in production of more active
hydroxyl radicals. The increased production and accumula-
tion of active hydroxyl radicals (-OH) result in increased
photocatalytic oxidation rate and elevated decomposition of
environmental pollutants [48].

3.2.5 Effect of Run Time

The effect of run time (10—18 min) on the photocatalytic
removal of 2,4-D under the light of an LED lamp is shown
in Fig. 6b. As seen in Fig. 6b, the 2,4-D removal effi-
ciency increased significantly by increasing the run time
to 120 min, but the trend did not continue afterward and
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Fig.6 a Influence of light intensity on the photocatalytic decom-
position of 2.4-D using an LED lamp (pH 5; concentration of
2,4-D=50 mg L' amount of Mn doped ZnO/GO=2 g L7);
and b Influence of run time on the photocatalytic decomposi-
tion of 2,4-D using an LED lamp (pH 5; constant concentration of
2,4-D =50 mg/L; electrical current intensity =0.68 A; amount of Mn
doped ZnO/GO=2 g L™}

reached a balance. Therefore, the run time of 120 min was
considered as the optimum time. The most likely expla-
nation is the increased opportunity of the photocatalytic
particles to participate in the photocatalytic reactions. The
formation of photogenerated oxidative valence holes (h*)
on the surface of the nanoparticles increases over time, and
accordingly, the active sites on the surface of the catalyst
become easily accessible. These sites become occupied
by increasing the concentration of the pollutants, and con-
sequently, the removal efficiency reduces [49, 50]. Many
studies have been conducted in this field, and all reported
the reduced removal efficiency of different pollutants
over time. In a study conducted by Mousavi et al. [51],
it was reported that the diazinon removal efficiency was
33.8%, 69.9%, and 78.6%, respectively, under 0.1, 0.2, and
0.3 g L™ of NH,Cl -stimulated active carbon in the first
2 min of the reaction. Moreover, it was observed that the
removal efficiency increased to 63.6%, 89.7%, and 96.7%,
respectively, until the run time of 30 min.
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Fig.7 a Comparison of the photocatalytic decomposition processes
of 2,4-D (pH 5; initial concentration of the poison=10 mg L7
electrical current intensity =0.68 A; amount of nanocomposite Mn
doped ZnO/GO=2 g L7'); and b Reusability of Mn doped ZnO/
GO nanocomposite in the photocatalytic decomposition of 2,4-D
(pH 5; initial concentration of the poison=10 mg L~! electrical cur-
rent intensity =0.68 A; amount of nanocomposite Mn doped ZnO/
GO=2 gL™)

3.2.6 Effect of Photocatalytic Process Efficiency

Figure 7a shows the synergistic effect of 2,4-D on the pho-
tocatalytic removal efficiency at optimum conditions. As
illustrated in Fig. 7a, the 2,4-D removal efficiency for GO,
GO-ZnO, Mn doped ZnO/GO, LED, GO/LED, GO-ZnO/
LED, and Mn doped ZnO/GO/LED was 12%, 19%, 23%,
20%, 35%, 53%, and 67%, respectively. As shown in Fig. 7a,
the 2,4-D removal efficiency for LED and Mn doped ZnO/
GO was low separately, whereas it was high for the inte-
grated Mn doped ZnO/GO/LED.

For the photocatalytic decomposition of organic com-
pounds, semi-conductive optical stimulation followed by the
formation of electron—hole pairs is used at the surface of the
catalyst. A high oxidative potential of the hole (hf,B) in the
catalyst facilitates the direct oxidation of organic compounds
(insecticide). Also, the breakdown of water or reaction of the
hole with hydroxyl radicals (-OH) results in the formation
of highly reactive radicals. These radicals are strong non-
selective oxidative agents which accelerate the degradation
of organic compounds. The electron in the conduction band
of the catalyst surface converts the oxygen molecules into

@ Springer

anion peroxides. Such radicals create organic peroxides or
hydrogen peroxide in the presence of organic compounds. In
addition, the electrons in the conduction band are responsi-
ble for the fabrication of -OH which is the main agent in the
mineralization of organic compounds [52, 53].

3.2.7 Reusability of the Synthesized Nanocomposite

One of the important factors in evaluating the use of adsor-
bents and catalysts is their reusability [54]. In this study, the
reusability of the nanocomposite was investigated by four
successive photocatalysis experiment cycles. At the end of
each cycle, the nanocomposite catalysts were separated by
centrifugation and were washed several times by distilled
water. After they had been acid-washed, their reusability
was determined through four cycles. The 2,4-D removal effi-
ciency of the Mn-doped ZnO/GO nanocomposite is shown
in Fig. 7b. As seen from this figure, the removal efficiency
of nanocomposite decreased by about 13% (from 70 to
57%), indicating that the studied catalyst retained its ability
to remove 2,4-D. The slight decrease that was occurred at
each stage might be due to the fact that the decomposition
products remained on the catalyst surfaces during photocata-
lytic reactions and reduced its photocatalytic activity [55].

4 Conclusions

Nanophotocatalyst characteristics (SEM, AFM, DLS, Zeta
potential, XRD, and FTIR) indicated that the synthesis of
Mn-doped ZnO/GO nanocomposite could be conducted suc-
cessfully under LED radiation. The photocatalytic degrada-
tion efficiency was increased by increasing the amount of
Mn-doped ZnO/GO nanocatalyst from 0.5 to 3 g L~! and
pH from 3 to 5. On the other hand, increasing the initial
concentration of 2,4-D caused a decrease in the photocata-
lytic degradation efficiency. About 67% of 2,4-D removal
could be achieved by using Mn-doped ZnO/GO nanocom-
posite at an initial pH of 5, 25 mg L™! of 2,4-D, 2 g L™! of
nanocomposite, 10 mg L~! of zinc, and 120 min of contact
time. Based on the experimental findings obtained within
the framework of the present study, it was concluded that
the synthesis of Mn-doped ZnO/graphene nanocomposite
under LED radiation could be an efficient method for the
photocatalytic degradation of 2,4-D under LED radiation.
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