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� In situ formation of polydopamine
functionalization graphene sheets
(DG).

� Well distributed Fe3O4 NPs deposited
on DG sheets by in situ approach.

� Fe3O4/DG established as a nanozyme
towards triazine pesticide detection.

� Highly selective detection activity of
Fe3O4/DG nanozyme towards sima-
zine pesticide.

� Fe3O4/DG also utilized as a sunlight-
assisted photocatalyst for simazine
degradation.
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A facile and an eco-friendly reduction and functionalization of reduced graphene oxide (rGO) sheets is
carried out using dopamine and decorated with magnetic Fe3O4 nanoparticles with an average size of
12 nm by a simple co-precipitation method which is established as an artificial nanozyme. Here, func-
tionalization of graphene using dopamine has introduced several advantages and insights into this study.
The Fe3O4 nanoparticles decorated functionalized rGO sheets (FDGs) nanozymes are characterized by X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron
microscopy (HRTEM), Raman spectroscopy, atomic force microscopy (AFM), thermogravimetric (TGA)
and vibrating sample magnetometer (VSM) analysis. FDGs nanozymes exhibits dual characteristics to-
wards detection and degradation of harmful simazine pesticide. The hydrogen bonding interactions
between pesticide molecules and 3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB) causes inhibition of the catalytic
activity of the FDGs towards oxidation of TMB molecule. Based on that, the presence of simazine
pesticide in an aqueous medium can be easily determined and a certain value (2.24 mM) of detection limit
was achieved. The photocatalytic degradation of simazine is also executed and excellent photocatalytic
activity was observed under irradiation of direct natural sunlight. The FDGs nanozyme is also reusable up
to several times with insignificant loss in its catalytic activity towards simazine degradation.

© 2020 Elsevier Ltd. All rights reserved.
gy Division, CSIR�North East
ssam, India..
eist.res.in (M.R. Das).
1. Introduction

With the increasing world population, pesticide use in agricul-
tural fields is escalating at an alarming rate (Muenchen et al., 2016).
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The wider applications of pesticides have turned fatal to human
health as well as the environment due to their high toxicity
(Devipriya and Yesodharan, 2005). Amongst the pesticides used in
the agricultural fields, simazine, a triazine class of pesticide is
widely used (Bonansea et al., 2013; Sekhon, 2014). Traces of sima-
zine in mg L�1 in water bodies have the potential causing kidney
congestion, low blood pressure, heart, adrenal gland and lung as
confirmed by the United States Environmental Protection Agency
(USEPA) (Agdi et al., 2000; Segura et al., 2007; Clemente et al.,
2014). Triazine pesticide can bind receptor hormones such as
endogen and estrogen which interfere with the central nervous
system and development of the brain and this effect is called the
endocrine-disrupting effect (Mnif et al., 2011). Therefore, constant
monitoring and mitigating of pesticides in the surface water is
highly necessary for the survival of human and animal life.

Conventional methods like high-performance liquid chroma-
tography (HPLC), gas chromatography, and mass spectrometry, are
generally used for pesticide detection which are however expen-
sive as well as time consuming and requires skillful personnel
(Shim et al., 2006; Graziano et al., 2006; Kaur et al., 2007; Huang
et al., 2006). Therefore, the development of a facile method is
highly desirable for pesticide detection. The colorimetric detection
technique is one of the most efficient and simple techniques for
detecting different organic and inorganic pollutants (Huang et al.,
2019). In this method, the detection of the molecules takes place
based on the color changes of the reaction medium (Huang et al.,
2019).

Nanomaterials that behave like natural enzymes are termed as
nanozymes and they are generally mass-produced, low cost and
stable as compared to the natural enzymes (Wu et al., 2019).
However, several drawbacks like high purification and operation
cost, denaturation problem and high sensitivity towards environ-
mental changes are inevitably associated with natural enzymes
(Hosseini et al., 2017). Thus, researchers have developed several
nanozymes to replace natural enzymes since the first utilization of
Fe3O4 nanoparticles (NPs) as enzyme mimics in 2007 (Wu et al.,
2019; Gao et al., 2007). However, the detection of pesticides using
artificial nanozyme is scanty in literature. Li et al. utilized the Au
NPs for the Malathion pesticide detection (Li et al., 2019). However,
due to cost-related issues, the use of enzyme mimics was restricted
for water contaminant detection (Li et al., 2019).

The removal of pesticides from the aqueous medium after their
detection is another essential criterion in producing pesticide free
water. Thus, several techniques like electrochemical degradation,
membrane filtration, nanofiltration, adsorption, oxidation, photo-
catalytic degradation, etc. were adopted for the removal of pesti-
cides (Srivastava et al., 2009). The heterogeneous photocatalytic
degradation process is considered as the most efficient technolo-
gies for removing water contaminants. In this technique, direct
decomposition of organic pollutants to nontoxic molecules and
ions takes place without generating any toxic by-products (Bai
et al., 2013; Wu et al., 2013; Sheng et al., 2013; Chen et al., 2013).

Graphene, the single atomic layer allotrope of graphite pos-
sesses high intrinsic surface area, large electron mobility, high
electrical charge carrier, high optical transparency, mechanical
flexibility and capability of functionalization (Kamat, 2010; Lomeda
et al., 2008; Wang et al., 2011). Graphene supported semi-
conductors demonstrate enhanced photocatalytic activities and as
such, they have enhanced charge separation capabilities via
capturing conduction band (CB) electron to its surface and thus
displays anti-photo-corrosion activity for various photocatalytic
applications (Weng et al., 2019). Palaniappan et al. reported gra-
phene for improving the corrosion resistance of the other materials
in acid and salt environments (Palaniappan et al., 2019). Again, the
functionalized rGO has outstanding electrical properties and it also
2

ensures enhanced interaction between targeted water contami-
nants and composite materials by p-p interactions (Avinash et al.,
2010; Lin et al., 2012). In the Fe3O4 nanoparticles decorated func-
tionalized rGO sheets (FDGs) nanozymes reported in this publica-
tion, the functionalization of graphene using dopamine has
introduced several advantages and insights into this study. Dopa-
mine an abundant catecholamine is of particular interest in func-
tionalizing graphene as it has a strong interaction with graphene
and metal oxides (Kaminska et al., 2012). Dopamine is a multi-
functional biopolymer and surface-adherent, which is self-
polymerized during functionalization and acts as a reducing
agent for GO reduction (Lee et al., 2007; Xu et al., 2010a). Yang and
his co-workers reported that each graphene sheets sandwiched
between two polydopamine due to functionalization prevents the
restacking and agglomeration of graphene sheets as well as in-
creases its surface area (Yang et al., 2012). However, practical
implementation of the above-mentioned composites for water
contaminant removal is limited due to the problem of their sepa-
ration, recovery and reusability after photocatalytic reactions.
Therefore, the development of nanocatalysts with magnetic prop-
erties is one of the most thrilling and growing topics of research
(Wang and Astruc, 2014; Polshettiwar et al., 2011; Laurent et al.,
2008; Metin et al., 2014). Amongst the magnetic nanomaterials,
Fe3O4 (magnetite) is one of the highly abundant challenging ma-
terials with low toxicity, low cost, eco-friendly and high adsorptive
properties (Akbarzadeh et al., 2012; Ghandoor et al., 2012). Fe3O4 is
a low band gap (1.4 eV) visible light-responsive semiconductor and
thus electron-hole pair recombination can easily occur in bare
Fe3O4 during the photocatalytic degradation. Also, bare Fe3O4 NPs
easily undergo agglomeration in an aqueous medium (Dong et al.,
2009; Lee et al., 2011). Thus, the introduction of functionalized
graphene not only reduces their agglomeration but also inhibits the
electron-hole pair recombination (Chen et al., 2011; Varhese et al.,
2009; R Rao et al., 2009).

With the above-mentioned views, we herein report the syn-
thesis of Fe3O4/polydopamine functionalized graphene (FDGs)
nanocomposites, which is further established as a nanozyme for
the detection and degradation of harmful pesticide, simazine. The
structure of simazine pesticide is shown in Fig. S1. To the best of our
knowledge, until now no report on the colorimetric detection and
photocatalytic degradation of simazine has been published using
FDGs nanozymes. The LOD value of 2.24 mM for detection of
simazine and 99% of simazine degradation were achieved using
FDGs nanozymes.
2. Experimental

2.1. Materials

Graphite powder (<20 mm, Sigma-Aldrich, Germany), HCl (AR
grade, Qualigens, India), H2O2 (30% w/v, Qualigens, India), KMnO4
(>99%, NICE-Chemical, India), sulfuric acid (AR grade, Qualigens,
India), NaOH (99%, Qualigens, India), NH3 (25% E-Merck, Germany),
dopamine hydrochloride (Sigma Aldrich, USA), Iron (III) chloride
tetrahydrate (Merck, Germany), FeCl2$4H2O (Across organics,
Belgium) and 3,30,5,50-tetramethylbenzidine (TMB, Sigma Aldrich,
USA), ethanol (Merck, Germany), simazine (Sigma-Aldrich, Ger-
many) prometryn (Sigma-Aldrich, Germany), ametryn (Sigma-
Aldrich, Germany), simeton (Sigma-Aldrich, Germany), atrazine
(Sigma-Aldrich, Germany), Malathion Pestanal (Sigma-Aldrich,
USA), Chloropyrifos Pestanal (Sigma-Aldrich, USA), Dibrom Pesta-
nal (Sigma-Aldrich, USA) and Methidathion Pestanal (Sigma-
Aldrich, USA) were used as received and without any further
purification.
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2.2. Synthesis of graphene oxide (GO) and polydopamine
functionalized graphene (DG)

GO was prepared using a modified Hummers and Offermann
method, which is reported in our previous publication (Das et al.,
2011). In a typical synthesis of DG, 12 mL of GO solution
(0.53 mg/mL) was taken in a round bottom flask (RB) and a tris
buffer solution (30 mL, pH 8.5) was added to it under magnetic
stirring. Then 15 mg of dopamine hydrochloride was added to the
above suspension and heated at 60 �C for 24 h to produce the
desired DG. Then the product was separated by centrifugation and
washed with deionized (DI) water to remove the excess monomer.

2.3. Synthesis of Fe3O4/DG nanozyme

10 mL (1 mg L�1) well dispersed DG sheets was taken in an RB
and then 25% dilute NH3 solution was added dropwise in this RB to
attain the pH around 11. The reaction mixture was then transferred
to an RB and magnetically stirred at room temperature. To syn-
thesize Fe3O4/DG in the ratio (w/w) 20:1, 200mg of FeCl2$4H2O and
FeCl3$6H2O (1:1 ratio) was added very slowly. After 4 h stirring, a
black suspension was appeared, indicating the ferric and ferrous
salts were oxidized and anchored at the surface of DG nanosheets
by chemical interactions leading to the formation of Fe3O4/DG
nanozyme. The Fe3O4/DG nanozyme was magnetically separated
and washed with DI water. The obtained residue was dried in a hot
air oven. Similarly, the Fe3O4/DG nanozyme of 15:1 and 10:1 ratio
was synthesized by changing the initial amounts of FeCl2$4H2O and
Scheme 1. Preparation of DG s
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FeCl3$6H2O salts. The synthesized polydopamine functionalized
nanozymes in the ratio of 10:1, 15:1 and 20:1 of FeCl2$4H2O and
FeCl3$6H2O salts and GO were designated as FGD-10, FGD-15 and
FGD-20, respectively. A schematic representation showing the
formation of DG sheets and FDGs nanozyme are provided in
Scheme 1. The functionalization and reduction of GO was achieved
simultaneously via the oxidative polymerization of dopamine at
weak alkaline condition (pH 8.5). Two electrons and protons were
released during the polymerization of dopamine and they can
attack carbon atoms those attached to the oxygen-containing
functional group in the GO (Li et al., 2016). Thus, the reduced GO
was attained by cleavage of hydroxyl group and restoration of the
conjugated structure of graphene (Xu et al., 2010b; Cheng et al.,
2013). As a result, GO was coated with polydopamine, which pro-
vides phenolic hydroxyl and amide groups (Li et al., 2016).

2.4. Characterization techniques

The characterization techniques details are provided in the
Electronic Supplementary Information (ESI).

2.5. Peroxidase like catalytic activity of the FDG nanozyme

The oxidation of TMB to ox-TMB reaction has been carried out
using H2O2 to investigate the peroxidase-like activity of the FDGs
nanozyme. For the typical experiment, 9 mg L�1 FDGs nanozyme,
0.5 mM TMB solution and 50 mL H2O2 (30%) were added in 2.5 mL
sodium acetate buffer solution (pH 4). The reaction mixture was
heets and FDG nanozyme.
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incubated at 30 �C for 30 min followed bymonitoring the oxidation
of TMB using a UVevisible spectrophotometer at a fixed wave-
length (652 nm). The effect of varying H2O2 and TMB concentration
was studied to investigate the enzyme kinetics. Michaelis-Menten
constant (Km) was obtained from the Lineweaver-Burk double
reciprocal plot to predict the affinity of the enzyme regarding the
substrate, which is optimized from the following equation.

1
v
¼ð Km

V max
Þð 1½S�Þ þ ð 1

V max
Þ (1)

where v represents the initial reaction rate, Vmax is themaximal rate
of the reaction and [S] determined the substrate concentration.

2.6. Generation of hydroxyl radicals during the TMB oxidation

The hydroxyl radicals (�OH) generated during the TMB oxidation
reaction was studied using terephthalic acid (TA) as a probe
molecule. Typically, TMB solution (0.5 mM), 50 mL (30%) H2O2 so-
lution and 9mg L�1 of FDGs nanozymewere added in 0.2M sodium
acetate buffer solution (2.5 mL, pH 4) along with TA (0.02 mM) and
NaOH (0.02 mM). Then the above suspension was incubated for
30 min at 25 �C followed by monitoring TMB oxidation using a
UVevisible spectrophotometer at 652 nm. The reaction mixtures
were analysed by fluorescence spectrophotometer.

2.7. Colorimetric detection of the pesticides using FDG nanozyme

The simazine detection experiment was carried out in an
aqueous medium by taking a different concentration of freshly
prepared simazine (0.01e90 mM) with 0.5 mM TMB solution in
0.2 M sodium acetate buffer solution (2.5 mL, pH 5). After that,
50 mL H2O2 solution and 9 mg L�1 catalysts were added and the
buffer solution was added to adjust the volume of 5 mL. The final
reaction mixture was incubated for 30 min at 25 �C. The changes in
the intensities at a wavelength of 652 nm due to ox-TMB (blue
color) were studied by changing the simazine concentration.

2.8. Selectivity of FDG-20 nanozyme towards triazine pesticides
detection

The selectivity of FDG-20 nanozyme towards simazine detection
was investigated in the existence of different triazine pesticides
such as ametryn, prometryn, simetone and atrazine and of different
wastewater existing interfering ions like Agþ, Cdþ, Pb2þ and Hg2þ.
Also, the selectivity studies for simazine detection were carried out
in presence of four different commonly used organophosphorus
pesticides such as Malathion, Chloropyrifos, Dibrom and Methida-
thion followed by same experimental conditions of the simazine
detection experimental procedure. However, the concentration of
interfering ions and molecules (250 mM) was taken 5 times higher
than the concentration of simazine and other triazine pesticides
(50 mM).

2.9. Detection of simazine in the spiked environmental samples

The water samples from different sources such as a river, tube
well and pondwater samples were collected and spikedwith 30, 40
and 50 mM of simazine to examine the practical applicability of
FDGs nanozyme towards the detection of simazine. The water
samples were collected from Brahmaputra (river water), CSIR-
NEIST (tube well) and Mallow Pathar (pond water), Jorhat, India.
Before spiking, the water samples were filtered by a 0.22 mm
membrane filter. The simazine detection experiments were carried
out in spiked water samples followed by colorimetric detection
4

procedure as discussed in the section of pesticide detection test.

2.10. Photocatalytic degradation of pesticides using FDG nanozyme

The photocatalytic experiments for simazine degradation were
mostly performed under sunlight irradiation. Moreover, the
comparative photocatalytic degradation of simazine was per-
formed under irradiation of UV light (125 W Neon lamp, wave-
length: 254 nm) and visible light (400 W, visible lamp). The
experiments under sunlight irradiated were executed on bright
sunny days from 10 AM to 2 PM during March to July in the Jorhat
City, India. The sunlight intensity was obtained using the solar
power meter (KM SPM 11) and the average intensity during this
timewas 850 ± 20W/m2 30mL of the reaction mixtures containing
0.3 mM simazine, and 0.3 g L�1 photocatalysts (FDGs) was stirred in
dark to ensure the adsorption or desorption maximum. After that,
the reaction mixture was irradiated in presence of sunlight and
2 mL of each reaction mixture was collected during this irradiation
time at different intervals. The FDGs nanozyme were magnetically
separated and the residual concentration of each supernatant was
monitored using a UVevisible spectrophotometer. The degradation
of pesticide was analysed by comparing with the calibration curve
and the amount of degradation was calculated using the following
equation.

Degradation efficiency ð%Þ¼ ½1�Ct =Co� � 100 (2)

Where, Co is the initial and Ct is the residual concentration of
simazine at time t, respectively.

2.11. Reusability studies of the photocatalyst

After photocatalytic degradation of simazine, the FDG-20
nanozyme was magnetically separated from the reaction mixture
and washed with DI water and ethanol and dried in an oven. The
recycled catalyst was utilized for the photodegradation of simazine
by maintaining the same experimental procedure as stated in
section 2.10 (the concentration of simazine: 0.3 mM, catalyst
loading: 0.3 g L�1 and pH 5). The reusability of the FDG-20 nano-
zyme has been carried out 12 times by the above similar way.

2.12. Dissolution studies

After performing the photocatalytic degradation of simazine
pesticide, the FDG-20 nanozyme was separated by using a mag-
netic. The dissolution or leaching of iron ions (F2þ or Fe3þ) in the
aqueous part after magnetic separation was analysed by atomic
absorption spectrometer (AAS) compared with a standard iron
solution.

3. Results and discussion

3.1. Characterization of the synthesized nanomaterials

The X-ray diffraction (XRD) pattern of synthesized GO, DG, FDG-
10, FDG-15 and FDG-20 are shown in Fig. 1(a). The diffraction peak
at 2q value of 10.16� disappeared after the functionalization of
graphene oxide (DG) and a new diffraction peak at 2q value of
24.08� corresponds to (002) plane was obtained. The diffraction
peaks at 30.12, 35.6, 43.20, 57.36 and 62.94� belong to the (220),
(311), (400), (511) and (440) planes of Fe3O4 were observed in the
FDG-20 nanozyme (JCPDS Card No. 01-075-0449). These diffraction
peaks are not clearly observed in FDG-10 and FDG-15 nanozymes.
The d-spacing values of (220), (311), (400), (511) and (440) crys-
tallographic planes of FDG-20 nanozyme were calculated by PDXL



Fig. 1. (a) XRD pattern of GO, DG, FDG-10, FDG-15 and FDG-20 and high-resolution deconvoluted XPS spectrum of (b) Fe 2p (c) C 1s (d) O 1s and (e) N 1s of FDG-20.
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software and found to be 2.942, 2.509, 2.08, 1.601 and 1.474 A
�
,

respectively. The disappearance of (002) crystallographic planes
after the formation of FDGs nanozyme was observed due to the
shielding effect of the strong diffraction peaks of Fe3O4 (Chao et al.,
2008).

The chemical bonding information and elemental composition
of the synthesized nanozyme was examined by X-ray photoelec-
tron spectroscopy (XPS). The survey scans XPS spectra of DG, FDG-
20, FDG-10 and FDG-15 are shown in Fig. S2 (ESI). The survey scans
XPS spectrum for DG sheets was obtained with three sharp peaks at
binding energies of 284.72, 400.21 and 530.22 eV signifying the
presence of C, N and O (Fig. S2a). The additional peak at 711.18 eV
obtained for FDG-20 nanozyme indicates the occurrence of Fe in
the nanozyme. The survey scans XPS spectrum of FDG-10 and FDG-
15 were obtained with binding energy peaks similar to the FDG-20
(Figs. S2b and c). The relative atomic percentage obtained from the
survey scan spectrum is shown in Table 1. It was observed that, the
amount of iron content in the nanozyme increases with increasing
iron salt concentration from FDG-10 to FDG-20 during the syn-
thesis. The high-resolution Fe2p XPS spectrum shows two peaks at
711.2 and 724.6 eV corresponds to the spin orbit-splitting of Fe 2p3/
2 and Fe 2p1/2, respectively representing the formation of a mixed
Table 1
Relative atomic percentages of DG, FDG-10, FDG-15 and FDG-20.

Materials Atomic%

C N O Fes

DG 76.89 3.86 19.25 e

FDG-10 40.70 3.27 43.04 12.99
FDG-15 34.80 2.98 44.61 17.61
FDG-20 29.30 0.88 45.93 23.88

5

metal oxide of Fe(II) and Fe(III) (Fig. 1(b)). The satellite peak at
718.5 eV is the characteristic of Fe(III) (Ouyang et al., 2014). The
high-resolution peak fitting spectrum of C1s was fitted with four
different distinct peaks at 284.2, 285.8, 286.7 and 288.15 eV belongs
to the CeC/C]C, CeN, OeC]O and C]O bonds of DG (Fig. 1(c)).
The deconvoluted high-resolution spectrum of O1s was obtained
with three different peaks with binding energy values of 530, 531.9
and 533.2 eV corresponds to the CeO, OeC]O and C]O bonds,
respectively (Fig. 1(d)). Similarly, the high-resolution deconvoluted
spectrum of N1s shows peaks at 398.8, 400.3 and 401.4 eV were
correlated with the eN ¼ , eNH2, ‒NH‒ bonds of DG, respectively.

The morphology, shape and size of the synthesized nanozymes
were examined by transmission electron microscopy (TEM) high-
resolution-TEM (HRTEM) analysis as shown in Fig. 2. The distri-
bution size and shape of NPs obtained for FDG-10 (Fig. 2(a,b)) and
FDG-15 (Fig. 2(c,d)) are not appropriate as compared to the FDG-20
nanozyme. Well distributed and random shaped NPs were
observed for FGD-20 nanozyme (Fig. 2(e,f)). The lattice fringes for
Fe3O4 NPs are clearly visible in the high-resolution TEM images of
FDG-20 (Fig. 2(g)). The lattice fringe spacing of 0.29 nm belongs to
the (220) plane of Fe3O4. The SAED pattern of FDG-20 nanozyme
(inset in Fig. 2(g)) confirms the crystalline nature of the NPs. The
average particle sizes of 12 nm are obtained from the distribution
curve (Fig. 2(h)), which is determined using image J software.
Further, the EDS mapping images in Fig. 2(i-m) show the distri-
bution of C, O, Fe and N elements of FDG-20 nanozyme indicating
well distribution of Fe3O4 NPs on dopamine functionalized gra-
phene sheets.

The morphology of the synthesized FDG-20 nanozyme was
further investigated by atomic force microscopy (AFM) analysis.
The topographic unprocessed and processed (20 mm � 20 mm) AFM
images of FDG-20 nanozyme is shown in Fig. 3(a and b). The cluster
of the well-distributed Fe3O4 NPs was observed on DG sheets. The



Fig. 2. (a,b) TEM and HRTEM images of FDG-10, (c,d) TEM and HRTEM images of FDG-15 (e,f,g) TEM and HRTEM (inset SAED pattern) images of FDG-20, (f) particle size distribution
curve of FDG-20 nanocomposite (average particle size 12 nm) and (iem) EDS mapping images of FDG-20 nanozyme.
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average surface roughness of FDG-20 nanozyme was found to be
33.88 nm. The 3D topographic image of FDG-20 nanozyme signifies
good distribution of the NPs on DG sheets Fig. 3(c).

Thermogravimetric (TGA) analysis has been carried out to
determine the thermal stability of the FDG-20 nanozyme (Fig. 3d).
The weight loss was observed gradually from 30 to 800 �C. 14.5% of
weight loss up to 200 �C was obtained due to the loss of adsorbed
water. Similarly, weight loss (7%) nearby 400 �C was obtained for
the loss of functional groups of DG sheets. Moreover, 17.86% of
weight loss for the pyrolysis of the carbon skeletonwas obtained up
to 800 �C. The amount of Fe3O4 content in the FDG-20 nanozyme
was calculated from TGA weight loss curve, which is found to be
60.64% (Bansal et al., 2015).

Fig. 3(e) shows the room temperature vibrating sample
magnetometer (VSM) analysis magnetization hysteresis (M � H)
loops of FDG-10, FDG-15 and FDG-20 nanozymes. FDG-10 and FDG-
15 nanozymes show weak ferromagnetic behavior. Otherwise,
FDG-20 nanozyme showed superparamagnetic behavior. The
saturation magnetization values increase from FDG-10 to FDG-20
with increasing Fe3O4 content. The saturation magnetization
(Ms), coercivity (Hc) and remanent magnetization (Mr) values of
FDG-20 were obtained as 40.33 emu g̶1, 117.79 Oe and 6.03 emu g̶1,
respectively. Similarly, Ms, Hc, and Mr were found to be 31.58 emu
g̶1, 110.07 Oe and 4.25 emu g̶1 for FDG-10 and 13.16 emu g̶1,
210.21 Oe and 1.91 emu g̶1 for FDG-15, respectively. Therefore, the
FDG-20 nanozyme is easily recoverable using an external bar
magnet (inset magnetic separation image) as compared to the FDG-
15 and FDG-10 nanozymes.

To understand the interaction of pesticide with the surface of
the FDG-20 nanozyme at different pH, it is necessary to investigate
the surface charge of the nanocomposite under different pH. It is
6

seen from Fig. 4 that with increasing the pH, the surface charge of
FDG-20 nanozyme decreases. At pH 2, the zeta potential value FDG-
20 nanozyme was found to be 22 mV whereas, at pH 11, the zeta
potential value was found to be �35 mV. The isoelectric point was
obtained at pH 5.3, at which the net charge of FDG-20 nanozyme
becomes zero. In alkaline medium, ionization of the surface func-
tional groups of FDG-20 nanozyme by OH� ions occurs which
causes the negative surface charges (zeta potential). The accumu-
lation of Hþ ions around the surface of the nanocomposite takes
place at acidic medium, which causes the impending of zeta po-
tential values towards positive.

Moreover, the specific surface area of the FDG-20 and our pre-
viously reported Fe3O4eTiO2/rGO nanocomposites was calculated
using BET isotherms (Figs. S3a and b) (Boruah and Das, 2020). FDG-
20 nanocomposite showed a significantly higher surface area of
75.8 m2 g�1 as compared to the Fe3O4eTiO2/rGO nanocomposite
(45 m2 g�1). The additional surface area of FDG-20 nanocomposite
must result from the presence of dopamine functionalized gra-
phene (Dong et al., 2014).

3.2. Peroxidase-like activity and establish the FDG as artificial
nanozyme

Nanozymes are a collection of nanomaterials that have consti-
tuted a group of their own by being able to efficiently mimic the
natural enzyme horseradish peroxidase by catalyzing H2O2-medi-
ated reaction similar to natural enzymes in shape, size and surface
charge and superiority as to how they respond to external stimulus
(Manea et al., 2004; Wei and Wang, 2013). The peroxidase-like
activity of the desired material can be analysed by a redox reac-
tion caused by the reduction of H2O2 and oxidation of a variety of



Fig. 3. (aec) AFM images of FDG-20 (d) TGA analysis of FDG-20 and (e) VSM magnetization hysteresis loops of FDG-10, FDG-15 and FDG-20 nanocomposites.

Fig. 4. Zeta potential of FDG-20 nanozyme at different pH (the error bars represents
the standard deviation of values for three independent analysis).
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chromogenic substrates. TMB is the most-studied chromogen for
HRP mimics in acidic conditions as it is less carcinogenic compared
to the other studied chromogens (Suhaimy et al., 2016). The
enzyme mimetic activity of nanomaterials using TMB-H2O2 system
can be utilized as a sensing platform that gives a signal detectable
by the naked eye. Since the last decade, this detectionmethod using
nanozyme has gained sufficient attention amongst young
7

researchers due to its simplicity and ease of operation without the
use of sophisticated instruments. In this regard, the functionalized
rGO supported composite materials are very suitable, which en-
hances the interaction between targeted water contaminants and
composite materials by p-p interactions.15

The TMB oxidation reaction has been carried out to evaluate the
peroxidase-like activity of the FDGs nanozyme as shown in Fig. 5(a)
(catalyst loading 9 mg L̶1 in 0.2 M sodium acetate buffer (pH 4),
0.5 mM TMB and 50 mL of 30% H2O2). The FDG-20 nanozyme shows
better oxidation capability for the oxidation of TMB than compared
to the FDG-10, FDG-15, FDG-20 and DG in the presence of H2O2.
However, there is no activity of FDG-20 nanozyme towards the
oxidation of TMB in the absence of H2O2.

The initial pH, temperature and catalyst loading are important
parameters in the TMB oxidation reactions. The TMB oxidation
reaction has been carried out by varying pH 2 to 11 using FDG-20
nanozyme (0.5 mM TMB, and 50 mL of 30% H2O2, catalyst loading
9 mg L̶1, temperature 25 �C). The superior catalytic activity was
obtained for FDG-20 nanozyme at pH 4 as shown in Fig. 5(b). At pH
2, 9 and 11 no oxidation of TMB was observed. The TMB oxidation
reactionwas further performed at pH 4 with temperature variation
from 25 �C to 55 �C. The TMB oxidation activity of FDG-20 nano-
zyme decreases with increasing temperature of the reaction me-
dium from 25 �C to 55 �C (Fig. 5(c)). Again, the effect of catalyst
loading was studied and executed by varying the catalyst concen-
tration from 1 mg L̶1 to 12 mg L̶1. Fig. 5(d) shows the TMB oxidation
activity of FGD-20 nanozyme at different concentrations. The op-
timum catalytic activity was achieved with a catalyst loading
amount of 9 mg L̶1. Therefore, 9 mg L̶1 is taken as the optimal
catalyst loading concentration for the simazine detection reactions.



Fig. 5. (a) FDG-20, FDG-15, FDG-10, Fe3O4 and DG catalyzing the oxidation of TMB, substrates in the presence of H2O2 and UVevis absorption spectra of TMB in presence of FDG-20
and in absence of H2O2 (catalyst loading 9 mg L�1, sodium acetate buffer 0.2 M, 50 mL of 30% H2O2 and pH 4), (b) TMB oxidation using 9 mg L̶1 of FDG-20 nanocomposite at different
pH in sodium acetate buffer (0.2 M, pH 4, 3 mL), 0.5 mM TMB, and 50 mL of 30% H2O2, (c) TMB oxidation using 9 mg L�1 of FDG-20 at different temperature in sodium acetate buffer
(0.2 M, pH 4, 3 mL), 0.5 mM TMB, and 50 mL of 30% H2O2, pH 4 and (d) TMB oxidation by varying FDG-20 nanocomposite loading amount in sodium acetate buffer (0.2 M, pH 4,
3 mL), 0.5 mM TMB, and 50 mL of 30% H2O2, pH 4.
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3.2.1. TMB oxidation kinetics
The steady-state kinetics measurements were executed by

varying one of each substrate concentration (H2O2 and TMB) and by
keeping the other parameters constant as shown in Fig. 6(a and b).
Fig. 6. Steady-state kinetic assay for FGD-20 nanocomposite (a) variation of H2O2 concen
concentration (0.05e8 mM) at constant H2O2 concentration (50 mM) (inset the correspond

8

The absorbance value at a specific substrate concentration was
analysed by applying Beer Lambert’s law, which can be written as
tration (10e400 mM) at constant TMB concentration (0.5 mM), (b) variation of TMB
ing Lineweaver-Burk plots of the double reciprocal of Michaelis-Menten equation).



Table 2
The maximal velocity (Vm) and Michaelis constant (Km) for synthesized
nanomaterials.

Catalysts Substrates Km (mM) Vm (10�8 MS�1)

FDG-20 H2O2 0.089 5.55
FDG-20 TMB 0.242 3.90
FDG-15 H2O2 0.287 3.39
FDG-15 TMB 0.298 2.89
FDG-10 H2O2 0.302 2.41
FDG-10 TMB 0.313 1.97
Fe3O4 H2O2 0.355 1.60
Fe3O4 TMB 0.373 1.43
DG H2O2 0.585 1.30
DG TMB 0.626 1.14
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A¼2TMBDI � C � L (3)

where A is the absorbance, ε is the molar extinction coefficient
(39,000 M�1 cm�1), C is the concentration of the substrate and L
assigned as path length. Both H2O2 and TMB followed the typical
Michaelis-Menten model up to a certain concentration range. The
maximal velocity (Vm) and Michaelis constant (Km), both are
important parameters for the determination of substrate affinity in
peroxidase-like reactions. Therefore, the Km and Vm for both H2O2
and TMB substrates were determined from Lineweaver-Burk dou-
ble reciprocal plot as an inset in Fig. 6(a and b). The Km and Vm
were found to be 0.089mM and 5.55� 10�8 for H2O2 and 0.242 and
3.90 � 10�8 for TMB, respectively. Further, the Km and Vm were
determined for DG, Fe3O4, FDG-10 and FDG-15 as shown in Table 2.
The lower Km of 0.089 mM and 0.242 mM for H2O2 and TMB
substrates were obtained using FDG-20 nanozyme which repre-
sents a high substrate affinity in comparison to other catalysts.
3.2.2. Mechanism of the peroxidase mimics activity
The FDG-20 nanozyme shows maximum peroxidase-like activ-

ity due to high Fenton activity in presence of H2O2 than compared
to the FDG-10 and FDG-15 nanozymes (Fig. 5a). The Fenton activity
of the FGD-20 nanozyme can be represented by the following re-
actions. Scheme 2 showing the graphical illustration of peroxidase
mimics the activity of FDGs nanozymes. Initially, the TMB molecule
was adsorbed onto the FDGs nanozymes surface [step I, Scheme 2].
The role of the functionalized graphene surface for the efficient
adsorption of TMB molecules was studied in one of our previous
Scheme 2. Scheme showing the graphical representation of peroxidase mimics activity of F
(iii) oxidation of TMB by �OH.

9

publications (Das et al., 2019). Since, before oxidation, the TMB
molecules are necessary to be adsorbed on the nanozymes, the
surface functionalization of the graphene sheets using polydop-
amine affords more adsorption sites for the TMB molecules due to
the existence of phenolic hydroxyl and amide groups leading to the
enhanced catalytic effect of the FDGs nanocomposite (Han et al.,
2014). In the presence of H2O2,

�OH is produced due to the occur-
rence of Fenton reaction [step II, Scheme 2]. �OH are accountable for
the formation of blue coloured Ox-TMB product, which is rapid
equilibriumwith the cation free-radicals TMBþ� [step III, Scheme 2].

Fe2þ þH2O2/Fe3þþ�OH þ OH� (4)

Fe3þ þH2O2/Fe2þþ�OH2 þ Hþ (5)

TMCB¼�OH/OX � TMB (6)

The OH� radical is responsible for efficient TMB oxidationwhich
was confirmed in our reaction by using non-fluorescent TA. TA can
combine with �OH and produce a highly fluorescent product 2-
hydroxyterephthalic acid (HTA). HTA shows fluorescence emis-
sion signal at 425 nm by keeping an excitation wavelength of
415 nm (Fig. 7). The generation of OH� is equivalent to the intensity
of the fluorescence emission signals. The maximum fluorescence
intensity signal was observed for FDG-20 þ H2O2 þ TA reaction
system as shown in Fig. 7(i). Otherwise, the fluorescence intensity
signals were gradually decreased for (ii) Fe3O4þ H2O2 and (iii) FDG-
20þ TA reaction systems. The synergistic effect between Fe3O4 and
functionalized rGO enhances the �OH generation capability of the
FDG-20 nanozyme. On the other hand, in the absence of H2O2, FDG-
20 nanozyme alone did not produce a sufficient amount of �OH,
which results inweak fluorescence intensity signals of FDG-20þ TA
reaction system (Ivanova et al., 2019).

3.2.3. Sensitivity of FDG-20 nanozyme for detection of simazine
FDG-20 nanozyme achieved excellent peroxidase-like activity

towards TMB oxidation reactions as clearly investigated in the
previous sections. Based on this finding, FDG-20 nanozyme was
efficiently utilized for the sensitive detection of simazine pesticide.
Simazine in the drinking water system causes kidney congestion
and low blood pressure in human bodies (Agdi et al., 2000; Segura
et al., 2007; Clemente et al., 2014). With the FTG-20 nanozyme,
UVevisible spectrophotometer can be utilized as a suitable plat-
form for the detection of a pesticide in the pesticide containing
DGs nanozyme as (i) TMB adsorption onto FDGs nanozyme (ii) generation of �OH and



Fig. 7. Fluorescence emission spectra of (i) FDG-20 þ H2O2 þ TA, (ii) Fe3O4þ H2O2 þ TA
and (iii) FDG-20 þ TA.
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wastewater. For the experiment, different concentrations of freshly
prepared simazine (0.01e90 mM) were allowed to react with
Fig. 8. (a) UVevisible spectra of the Ox-TMB product in presence of different concentrations
of 30% H2O2 and FDG-20 loading: 9 mg L�1), (b) plot of the absorbance values versus differ
reaction system at concentration range 0.01 mMe50 mM and the magnification of plateau reg
FDG-20 nanocomposite in presence of different interfering ions and pesticides and (d) the
standard deviation of values for three independent analysis).
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0.5 mM TMB solution in 0.2 M sodium acetate buffer solution
(2.5 mL, pH 4) followed by the addition of 50 mL H2O2 solution and
9 mg L�1 catalysts and the total volume was adjusted to 5 mL by
adding buffer solution. The final reactionmixturewas incubated for
30 min at 25 �C. The changes in the intensities at a wavelength of
652 nm due to ox-TMB (blue color) were studied by changing the
concentration of simazine using a UVevisible spectrophotometer.
Following this a calibration curve was constructed by plotting
absorbance at 652 nm versus different concentrations of simazine.
With the increase in the concentration of simazine, the absorbance
decreased accordingly. The hydrogen bonding between simazine
and TMB molecules causes inhibition of the TMB oxidation (Wu
et al., 2008). Scheme S1 (ESI) shows the hydrogen bonding in-
teractions between simazine and TMB. The calibration curve of the
peak absorbance value at 652 nm in the concentration range of
0.01 mMe50 mM is shown in the inset of Fig. 8(b). However, the
linearity of the system is start from 2.3 mM after the plateau region
at low concentrations and end at 50 mM simazine concentrations
Fig. 8(b). Thus, the LOD is readable from the graphs. The fitting
equation to the concentration range where linearity prevails is a
polynomial first-order. The linear fitting equation is Y ¼ mx þ b.
The non-linear portions of the plot are not considered. Where
substitute themeasured value as x into the equation and solve for Y.
The m and b are the slope and y-intercept, respectively. Similarly,
Ma et al. and Qiao et al. were calculated LOD values of 1.39 mM and
1.136 nM for the detection of glucose using carbon nanotube
(0.01 mMe90 mM) of simazine (0.5 mM TMB in acetate buffer (0.2 M, pH 4, 3 mL), 50 mL
ent concentration of simazine at 652 nm (inset corresponding calibration plots of the
ion) (c) bar diagram showing the selectivity study of triazine pesticides detection using
corresponding TMB oxidation photos (the error bars in Fig. 8(b and c) represents the
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supported silver NPs and FeSeePt@SiO2 nanospheres, respectively
(Ma et al., 2017; Qiao et al., 2015).

Although our previous publication focuses on the detection and
degradation of atrazine pesticide using mixed metal oxide/gra-
phene (Fe3O4eTiO2/rGO) composite materials (Boruah and Das,
2020). However, the nanocomposite material reported in this
currently submitted publication is far novel and different in several
aspects such as low temperature and less time-consuming syn-
thesis process, increase in the surface area of the nanocomposite
due to functionalization as well as high sensitivity towards detec-
tion of simazine pesticide. In our previous work, TiO2, which is one
of the most widely used semiconductors (band gap 3.0e3.2 eV)
played a vital role in the degradation of atrazine pesticide. How-
ever, TiO2 possesses several disadvantages like poor adsorption,
rapid recombination of electron-hole pair and low surface area
(Mohamed, 2019). In contrast to our previous work, an efficient
detection limit and degradation was achieved in this work using
only graphene functionalized Fe3O4 nanocomposites without using
TiO2. Slightly better LOD of 2.24 mM (Fig. 8(a,b)) was observed for
simazine detection using FDG-20 nanozyme as compared to the
Fe3O4eTiO2/rGO nanocomposite with the LOD of 4.85 mM (Figs. S4a
and b), which signifies the better catalytic efficiency of the FDG-20
nanozyme. The LOD for simazine detection using Fe3O4eTiO2/rGO
nanocomposite was also determine from the linear plot (inset in
Fig. S4b) in the concentration range 0.01e50 mM. However, proper
linearity was observed from 4.9 mM concentrations. Thus, the LOD
of 4.85 mM was obtained for simazine detection using Fe3O4eTiO2/
rGO nanocomposite.

The selectivity of the FDG-20 nanozyme towards simazine
detection was investigated in the presence of different triazine
pesticides and interference inorganic ions like Agþ, Pb2þ, Cd2þ and
Pb2þ ions. From the UVevisible absorbance changes at 652 nm for
Ox-TMB, it was observed that the absorbance intensity decreases in
the presence of triazine pesticides (Fig. 8(c)). The absorbance in-
tensity slightly decreases in presence of Pb2þ, Cd2þ and Hg2þ ions,
but the blue color of the Ox-TMB exists in the reaction mixture
(Fig. 8(d)). The interference studies were also carried in presence of
four different commonly used organophosphorus pesticides such
as Malathion, Chloropyrifos, Dibrom and Methidathion. The
UVevisible absorbance intensity at 652 nm for Ox-TMB decreases
in presence of these organophosphorus pesticides (Fig. S5). How-
ever, the blue color of the Ox-TMB exists in the reaction mixtures.
Further, no significant changes were observed in existence of Agþ,

Pb2þ, Cd2þ and Hg2þ, Malathion, Chloropyrifos, Dibrom and
Methidathion even after increasing their concentration up to 5
times. Therefore, our designed sensor selectively worked toward
the detection of triazine pesticides.
3.2.4. Detection of simazine in spiked environmental samples
The practical applicability of the FDG-20 nanozyme was inves-

tigated by the detection of simazine in different spiked water
Table 3
Recovery of simazine in environmental samples.

Sample Spiking concentrations (mM) Obtaine

River water 30 28.6
40 39
50 49.5

Tube well 30 29
40 38.7
50 48.9

Pond 30 29.6
water 40 37.8

50 49.5
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samples (Table 3). The recovery of simazine from the environ-
mental water samples was found to be 94.5%e99%, which indicates
that our synthesized nanozyme efficiently works for the pesticides
detection in spiked environmental samples.
3.3. Photocatalytic activity of FDG nanozyme towards the
degradation of pesticides

After detection, the removal of organic pollutant molecule from
the aqueous medium is extremely important to overcome the
shortcoming issue of water in worldwide. The photocatalytic pro-
cess is highly efficient for the decomposition of organic pollutant
molecules to non-toxic molecules and ions. The photocatalytic ac-
tivity of the FGD-10, FGD-15 and FGD-20 nanozymes was investi-
gated towards the degradation of simazine pesticide under sunlight
irradiation. Fig. 9(a) shows the changes of UVevisible spectra for
the degradation of simazine using FDG-20 nanozyme under sun-
light irradiation at a different time interval. The intensity of the
absorbance peak at 221 nm decreased gradually with increasing
irradiation time. Maximum simazine degradation (97%) was ob-
tained in 50 min of sunlight irradiation (catalyst loading 0.3 g L�1,
the concentration of simazine 0.3 mM and pH 5).

Fig. 9(b) shows the comparative degradation of simazine
executed using GO, DG, Fe3O4, FDG-10, FDG-15 and FDG-20 and in
the absence of a catalyst under irradiation of sunlight (catalyst
loading: 0.3 g L̶1, concentration of simazine: 0.3 mM and pH 5). The
FDG-20 showed maximum degradation capacity (97%) in compar-
ison to the GO, DG, Fe3O4, FDG-10 as FDG-15 as 33%, 34%, 39%, 51%
and 68%, respectively. Otherwise, only 3% of simazine degradation
was obtained in the absence of catalyst within 55 min under irra-
diation of natural sunlight. Since, Fe3O4 behaves as a semi-
conductor, which is activated under irradiation of sunlight. Further
activation of Fe3O4 NPs was perceived in the presence of DG sheets.
Therefore, maximum simazine degradation was obtained using
FDG-20 nanozyme. Similarly, the degradation of simazine was
executed in the presence of four different light sources such as
sunlight, visible light, solar light and UV-light and in dark under
same experimental conditions (Fig. 9(c)). The highest simazine
degradation efficiency was obtained in the presence of direct nat-
ural sunlight sources. However, 90%, 73% and 63% simazine
degradation were observed under visible light, solar light and UV-
light irradiation. Otherwise, only 31% simazine adsorption onto
FDG-20 nanozyme was observed in dark.

Similarly, the FDG-20 nanozyme was utilized towards the pho-
tocatalytic degradation of another four different triazine pesticides
such as simetone, atrazine, ametryn and prometryn under irradi-
ation of natural sunlight (catalyst loading: 0.3 g L�1, concentration
of pesticides: 0.3 mM and pH 5). The FDG-20 nanozyme showed
89%, 87%, 95% and 92% photodegradation efficiencies for the
simetone, atrazine, ametryn and prometryn pesticides degradation,
respectively. Thus, the synthesized FDG-20 nanozyme is very
d concentrations (mM) RSD (%) Recovery (%)

3.38 95.34
1.79 97.50
0.71 99.00
2.40 96.67
2.34 96.75
1.57 97.8
0.95 98.67
4.00 94.50
0.71 99.00



Fig. 9. (a) UVeVisible spectral changes for the photocatalytic degradation of simazine; (b) comparative simazine removal using GO, DG, Fe3O4, FDG-10, FDG-15, FDG-20 and in
absence of catalyst under sunlight irradiation (catalyst loading: 0.3 g L�1, concentration of simazine: 0.3 mM and pH 5); (c) simazine degradation in presence of different light
sources (catalyst loading: 0.3 g L�1, concentration of simazine: 0.3 mM and pH 5) and (d) comparative photocatalytic degradation of five different triazine pesticides using FDG-20
nanocomposite under sunlight irradiation. (The error bars in all figures represents the standard deviation of values for three independent analyses).
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suitable for the photocatalytic degradation of different triazine
pesticides in an aqueous medium. The FDG-20 nanozyme showed
superior photocatalytic efficiency as compared to the most of the
previously reported photocatalysts within a shorter time period
(50 min) as presented in Table 4. As reported in our previous
publication, a photocatalytic degradation efficiency of 90% towards
atrazinewas obtained using Fe3O4eTiO2/rGO, whereas amuch high
degradation efficiency of 97% was obtained towards simazine using
FDG-20 nanozyme (Boruah and Das, 2020). This effect could be
attributed to the functionalization of the graphene sheets using the
dopamine moieties that lead to the generation of higher surface
area and ultimately towards higher adsorption of simazine on the
Table 4
The comparison of the photocatalytic simazine degradation activity of FDGs nanozyme w

Nanomaterials Light sources Irradiation

Cu/TiO2 nanotube
TiO2 nanotube
TiO2 NPs suspension
TiO2 NPs
Diatomite/Zero-valent iron
TiO2eFe3O4/rGO nanocomposite

UV light
UV light
Visible light
UV light
———

Sunlight

240 min
240 min
20 min
25 min
180 min
40 min

FDG-10 Sunlight 50 min
FDG-15 Sunlight 50 min
FDG-20 Sunlight 40 min
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photocatalyst surface.
The initial concentration of pesticides has significant effect on

the degradation process, which is investigated by varying the initial
concentration of simazine from 0.1 mM to 0.7 mM as shown in
Fig. 10(a) (catalyst loading: 0.3 g L�1 and pH 5). The photo-
degradation efficiency of FDG-20 nanozyme decreases gradually
with increasing initial concentration of simazine. However, almost
similar degradation efficiency of 97% and 98.6% was observed for
0.3 mM and 0.1 mM initial simazine concentrations. Therefore,
0.3 mM simazine concentrationwas the optimum concentration for
other degradation experiments. The active sites on the catalyst
surface decrease with increasing initial pesticide concentration
ith the reported nanomaterials.

time Photodegradation (%) References

64
60
95.4
~ 95
100
90

Garg and Bisht (2016)
(Suhaimy et al., 2018)
(Rao and Chu, 2013)
(Chu et al., 2009)
(Sun et al., 2013)
(Boruah and Das, 2020)

51 Present work
68 Present work
97% (99% at pH 3) Present work



Fig. 10. Photocatalytic degradation of simazine by (a) effect of varying initial simazine concentration (catalyst loading 0.3 g L�1and pH 5); (b) effect of varying catalyst loading
amount for simazine degradation (concentration of simazine: 0.3 mM and pH 5); (c) effect of varying initial pH (concentration of simazine: 0.3 mM) (inset pseudo first-order kinetic
model at different pH) and (d) reusability studies. (The error bars in all figures represents the standard deviation of values for three independent analyses).

Table 5
Kinetics model parameters for the photodegradation of simazine.

Substrate pH K (min�1) Degradation (%) R2

Simazine 3 0.0921 99 0.996
5 0.0701 97 0.976
7 0.0501 92 0.978
9 0.0365 84 0.990
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which results in decreased degradation efficiency.
The catalyst loading effect on the photocatalytic degradation of

simazine was studied under irradiation of natural sunlight at fixed
pH 5 (Fig. 10(b)). The photodegradation of simazine was increased
with increasing catalyst concentration up to 0.3 g L�1. After that, the
simazine degradation efficiency almost remains same up to 5 g L�1,
which results in the overlapping of active sites of the catalyst with
increasing catalyst concentration.

The initial solution pH also interferes with the photocatalytic
degradation process. Thus, simazine degradation was studied by
varying initial pH (3e11) as shown in Fig.10(c). The accumulation of
Hþ ions around the surface of the nanocomposite takes place in
acidic medium (Fig. 4, zeta potential). Thus, the degradation effi-
ciency decreases with increasing initial pH and the maximum
simazine degradation efficiency was observed at pH 3 (99%) and it
decreased to 64% when the initial pH of the solution was taken 11.
The oxygen functionalities of DG sheets were deprotonated as well
as dissolved in a highly basic aqueous medium. Therefore, the
interaction between pesticides and photocatalyst is restricted to
basic medium and due to this fact, the maximum simazine degra-
dation was attained in acidic pH (pH 3). The kinetics of simazine
photodegradation was investigated at different initial pH as an
inset in Fig. 10(c). The kinetics results of the simazine degradation
were well fitted with a Langmuir-Hinshelwood pseudo-first order
kinetic model, which can be represented by the following equation.
13
InðC0 =CÞ¼ kt (7)

Where, Co and C are the initial concentration and concentration
of simazine at time t, respectively. a k is the rate constant (min�1),
respectively. The rate constant and different kinetic parameters
were calculated by using the above equation and presented in
Table 5.

The recycling test of the catalyst after performing the reactions
is very essential for their useful applications. Reusability studies
also determine the stability and sustainability of the catalyst. The
reusability of the FDG-20 nanozyme has been carried out 12 times
under irradiation of natural sunlight as shown in Fig. 10(d) (the
concentration of simazine: 0.3 mM, catalyst loading: 0.3 g L�1 and
pH 5). The photocatalytic degradation efficiency decreases gradu-
ally from the first cycles (94%) to the 12 cycles (76%) due to the loss
of very fine particles and slight dissolution (0.12 mg) of iron ions at
11 0.0202 64 0.995
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pH 5 during the photocatalytic degradation process. Therefore,
FDG-20 nanozyme can be repeatedly used for numerous times with
abundant activity.
3.3.1. Mechanism of the photocatalytic simazine degradation
Fe3O4 is an indirect band gap (1.4 eV) semiconductor, which

have high electron-hole pair recombination property. Graphene
sheets have high optical properties. Therefore, graphene sheets
enhance the light absorption properties of Fe3O4 NPs as well as it
acts as an electron carrier from the CB to its surface. The func-
tionalization of graphene sheets by dopamine enhances the inter-
action of graphene sheets with the pesticide molecules. Further, DG
sheets have high electron carrier capabilities through its p-bonding
network results in the high photocatalytic activity of FDGs nano-
zyme. Under light irradiation, FDGs nanozyme absorbs a photon
and a redox reaction takes place by the promotion of an electron
from the valence band (VB) to the CB (Eqn 8). The electron in the CB
can be easily transferred to the DG surface creating a hole in the VB
(Eqn 8). An electron on the DG surface simultaneously captures
dissolved molecular oxygen and results in the formation of super-
oxide radical anion (O�

2
�) (Eqn 9). The superoxide radical anions

directly come in interact with water molecules to form �OH (Eqn

10e12). Similarly, holes (hþ) can contact with water molecules
producing �OH (Eqn 13). The �OH decomposes the simazine pesti-
cides to non-toxic inorganic molecules and ions (Eqn 14). The
schematic representation for the simazine degradation is shown in
Scheme 3.

FDGðFe3O4Þþhv/Fe3O4ðhþÞ þ DGðe�Þ (8)

DGðe�ÞþO2/DGðe�Þ þ O�
2� (9)

O�
2� þH2O/HO�

2 þ OH� (10)

DGðe�ÞþHO�
2 þ Hþ/H2O2 (11)

DGðe�ÞþH2O2 þ Hþ/�OH þ H2O (12)
Scheme 3. Schematic illustration showing the photocatalytic degradation of simazine
using FDGs nanozyme under irradiation of natural sunlight.
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Fe3O4ðhþÞþOH�/Fe3O4þ�OH (13)

Simazine þ OH�/ðCO2;H2O;Cl
�and NO3

�Þ (14)

To support the simazine photodegradation mechanism, we have
studied the effect of scavengers during the degradation of simazine
under irradiation of natural sunlight. Thus, the degradation of
simazine was investigated in presence of each 0.3 mM benzoqui-
none and isopropanol to quench O�

2
� and OH�, respectively. The

photodegradation activity of FDG-20 nanozyme decreased in the
presence of benzoquinone and isopropanol as a scavenger (Fig. S6).
The photodegradation activity of FDG-20 nanozyme was found to
be 56% and 47% within 1 h in presence of benzoquinone and iso-
propanol scavengers, respectively. The above studies confirm that
the O�

2
� and �OH were produced during the photodegradation of

simazine.

3.3.2. Characterization of FDG-20 nanozyme after photocatalytic
degradation

The changes related with the crystallinity, surface morphology
and chemical states of the FDG-20 nanozyme after photocatalytic
reaction were studied by characterizing with XRD, TEM and XPS
techniques. The XRD patterns of Fe3O4/AG nanocomposite after
degradation of simazine is shown in Fig. S7. The peaks belong to the
(220), (311), (400), (511) and (440) planes of FDG-20 nanozyme
remain unchanged after 12 times used in the photocatalytic sima-
zine degradation. Thus, there is no significant change in the crys-
tallinity of the FDG-20 nanozyme after the photocatalytic
degradation process.

Fig. S8 shows the TEM image of FDG-20 nanozyme after the
photocatalytic process and it is noticed that Fe3O4 NPs is slightly
agglomerated on DG sheets after 12 times used in photocatalytic
degradation of simazine. However, the TEM image reveals the
presence of spherical shaped NPs like the TEM images of the fresh
catalyst (Fig. 2(e)). The lattice fringe distance of 0.25 nm belongs to
the (311) plane of Fe3O4 NPs is observed in the reused FDG-20
nanozyme as shown in Fig. S8(b). Therefore, FDG-20 nanozyme
retains the crystalline property even after 12 times used in the
photocatalytic degradation.

Moreover, the high-resolution XPS spectra of Fe2p, C1s, O1s and
N1s are shown in Figs. S9(a,b,c,d). The XPS results of the used FDG-
20 nanozyme are similar to the freshly prepared FDG-20
(Fig. 1(b,c,d,e)). Thus, the chemical state of the FDG-20 nanozyme
remains unchanged after used in photocatalytic degradation of
simazine.

3.3.3. Dissolution of iron during the photocatalytic degradation
The dissolution iron ions in aqueous solutionwere studied at pH

3, 5, 7, 9 and 11. The dissolution of 0.17 mg and 0.12 mg of iron from
FDG-20 nanozyme was observed at pH 3 and pH 5, respectively.
Otherwise, no dissolution of iron was detected at pH 7, 9 and 11.
This may be due to the protonation of an oxygen atom from Fe3O4
occurs at acidic pH (Panias et al., 1996). Therefore, the slight loss of
iron ions was detected in AAS at pH 3 and pH 5, respectively. As the
concentration of Hþ ions is decreased with increasing the pH, there
is low possibility, if any, for iron ions dissolving in alkaline pH (9-
11).

4. Conclusion

In summary, we prepared magnetic Fe3O4 NPs on the surface of
polydopamine functionalized rGO sheets and established them as
an artificial nanozyme. The synthesized nanozymes were success-
fully utilized towards the colorimetric detection and photocatalytic
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degradation of harmful pesticide, simazine. Synthesized nano-
zymes were first utilized towards peroxidase mimetic activity for
the oxidation of TMB to ox-TMB. Based on this catalytic activity, we
could determine the presence of the pesticide in an aqueous me-
diumwith LOD of 2.24 mM and a wide detection range up to 50 mM.
After its detection, the simazine can be removed from the aqueous
medium through the photocatalytic degradation process with a
maximum degradation or removal efficiency of 99%. The capability
to magnetically recover the photocatalyst added to the benefit of
catalyst separation after the photocatalytic reactions. Moreover, our
developed nanozyme along with magnetic separability could be
repeatedly reused up to 12 continuous cycles. No significant loss in
the photocatalytic activity of the FDG-20 nanozyme was observed
for simazine degradation, which indicates that the catalyst is highly
sustainable. The synthesized FDG-20 nanozyme achieved excellent
photocatalytic activity for simazine degradation in comparison to
most of the reported photocatalysts (Table 4). The synergistic
reinforcement effect of the polydopamine functionalized graphene
sheets and magnetic Fe3O4 NPs, FDGs nanozymes will act as potent
next-generation functional nanozyme with improved detection
and degradation performance.
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