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ABSTRACT

In this work, carboxymethyl cellulose-magnetic graphene oxide nanoparticles (CMC-MGO-NPs) were prepared for the
removal of florasulam herbicide from aqueous media. The nanoparticles were characterized using Scanning Electron
Microscopy (SEM), Dynamic Light Scattering (DLS), and Fourier Transform Infrared Spectroscopy (FTIR). Firstly,
graphene oxide (GO) was obtained from graphite and then combined with FesO4 to form magnetic graphene oxide
nanoparticles (MGO-NPs). Secondly, MGO-NPs reacted with carboxymethyl cellulose (CMC) in the presence of calcium
chloride (CaCl) as a crosslinking agent producing CMC-MGO-NPs. Throughout the optimization of the removal process,
several significant factors including pesticide concentration, adsorbent amount, temperature, pH, agitation time, and ionic
strength were studied in detail using the Plackett—-Burman design. The results showed that the maximum removal efficiency
of florasulam reached 93.82% at an adsorbent amount of 75 mg, pH 5, agitation time of 30 min, and 40°C. In addition, the
adsorption capacity and enrichment factor were 1.15 mg/g and 0.06 ug/mL, respectively. Considering the high removal
efficiency, adsorption capacity, and enrichment factor, CMC-MGO-NPs could be promising adsorbents for removing
pesticide residues from wastewater.
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Florasulam is a triazolopyrimidine sulfonanilide
herbicide used for the post-emergence control of
broadleaf weeds. Florasulam works by inhibiting

INTRODUCTION
Herbicides are widely used in agriculture and play a

vital role in ensuring good crop vyields and harvests
(Kniss 2017). According to global statistics, pesticide
consumption rates amounted to $52 billion in 2014, and
this figure has now risen to $62 billion and is expected
to reach $95 billion in 2025 (Khan et al. 2023).
However, it is increasingly recognized that the
widespread and non-standard use of pesticides harms
the ecological environment (Faust et al. 1993). In
practice, herbicides can enter water through spray drift,
soil leaching, rainfall erosion, and surface runoff
(Gustavsson et al. 2017). Additionally, some herbicides
are persistent and can be detected year-round, leading to
the prolonged exposure of freshwater and marine life to
these potentially harmful chemicals (Marzonie et al.
2021). It has been reported that herbicide contamination
of surface water has direct toxic effects on
phytoplankton, epiphyte, and macrophyte populations
(Cuppen et al. 1997). Moreover, some herbicides have
been found to exert teratogenic, mutagenic, and
endocrine-disrupting effects on aquatic organisms
(McLachlan 2016).
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acetolactate synthase (ALS) and is widely used for weed
control in wheat crops and grasslands (Baghestani et al.
2007). Florasulam is polar and fairly water-soluble (its
solubility in water is 6.36 g/L at 20-C, pH 7.0), and is
also highly phytotoxic, thereby posing an environmental
risk to crops, aquatic plants, and microorganisms
(Jabusch and Tjeerdema 2008). Florasulam has been
detected in rivers in the Midwestern United States
(Furlong et al. 2000).

For living beings, water is one of the most
indispensable elements because global health and
development rely on it (Catley-Carlson 2019). However,
water quality is gradually decreasing because of its
contamination with a wide range of harmful substances
such as agrochemicals, dyes, pharmaceuticals, and
personal care products. Therefore, the search for new
technologies to ensure the supply of water and reduce
its pollution is mandatory (Gehrke et al. 2015). In the
present context, nanoparticles are fast emerging as
potent candidates for water treatment by adsorption
mechanisms (Dinesha et al. 2017). Adsorption is a
simple and effective tool for agricultural wastewater
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treatmentdue to its  widespread  adaptability,
environment-friendly, and low cost (Ghasemi et al.
2017). In addition, this method has the flexibility to
regenerate and recycle the adsorbent, and the formation
of secondary pollutants is rare (Dolatabadi et al. 2022).
Among the nanoparticles, the combination of magnetic

graphene oxide nanoparticles (MGO-NPs) and
carboxymethyl cellulose (CMC) produced
carboxymethyl cellulose-magnetic graphene oxide

nanoparticles (CMC-MGO-NPs) would result in higher
adsorption capacity and enhance the functional
properties (Dolatabadi et al. 2022). The surface of
CMC-MGO-NPs is rougher compared to MGO-NPs,
which show a higher surface area (Sirajudheen et al.
2020). CMC-MGO-NPs composite was used as an
adsorbent for removing chlorpyrifos from groundwater
(Dolatabadi et al. 2022). In a similar investigation,
CMC-MGO-NPs were used for the removal of atrazine
from an aqueous phase (Khawaja et al. 2021).

In the current work, a simple approach was
developed to prepare the CMC-MGO-NPs composite
via a chemical deposition method. The chemical and
physical characteristics of the prepared composites were
evaluated using Scanning Electron Microscopy (SEM),
Dynamic Light Scattering (DLS), and Fourier
Transform Infrared Spectroscopy (FTIR). The main
parameters, including pesticide concentration, adsorbent
amount, temperature, pH, agitation time, and ionic
strength were investigated to determine the removal
efficiency.

MATERIALS AND METHODS

Chemicals

Technical grade of florasulam (96%) was supplied
from Shoura Chemicals Co. (Giza, Cairo- Alexandria
Desert Road, Egypt) (Figure 1). Graphite powder and
carboxymethyl cellulose (CMC) were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).

Acetonitrile, methanol, and water of HPLC grade (99%)
were purchased from Merck (Darmstadt, Germany).
Polyvinylidene fluoride (PVDF) syringe filter (0.2 um)
(Puradisc, Whatman, USA). Other commercially
available solvents and chemicals were of analytical
grade and purchased from El-Gomhouria for Trading
Chemicals and Medical Appliances Co., (Adeb Ishak St,
Manshia, Alexandria, Egypt) and used without further
purification.

Preparation of carboxymethyl cellulose-magnetic
graphene oxide nanoparticles (CMC-MGO-NPs)

Magnetic graphene oxide nanoparticles (MGO-NPs)
were firstly prepared by combining graphene oxide
(GO), derived from graphite, with FesO4. Then, a co-
precipitation method was used to prepare CMC-MGO-
NPs. This involved reacting the MGO-NPs with
carboxymethylcellulose (CMC) as (1:3, w/w) ratio in
the presence of calcium chloride (CaCly), which acted as
a crosslinking agent (Dolatabadi et al. 2022;
Sirajudheen et al. 2020) as illustrated in Figure 2. A
suspension containing MGO-NPs (1 g) in 50 mL of
distilled water was prepared and sonicated for 15 min
under a sonication power (75 kHz and pulses 9
cycles/sec). The sonicated mixture was vigorously
mixed for 3 h using a magnetic stirrer. The aqueous
solution containing CMC (3 g) in 100 mL of distilled
water was prepared and blended with MGO-NPs
solution and stirred at 70°C to prepare CMC-GO-MNPs.
The CMC-MGO-NPs composite was formed and
stabilized by adding drops of 0.1 M CaCl, and left
undisturbed for 12 h. This assists in the formation of a
robust composite matrix that can be separated using a
magnet. The precipitated composite was obtained using
a magnet, and washed with ethanol followed with
distilled water. The resulting CMC-GO-MNPs
composite was placed in an oven at 80°C for 60 h to
remove moisture.

Fig. 1. Chemical structure of Florasulam
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Fig.2. Schematized diagram of CMC-MGO-NPs preparation

Characterizations of CMC-MGO-NPs

The morphology of the nanoparticles was examined
using a JEOL-JSM5300 scanning electron microscope
(SEM) located at the Faculty of Science, Alexandria
University, Egypt. The size and distribution of the
nanoparticles, characterized by particle size (hm) and
polydispersity index (PDI), were measured using a
Dynamic Light Scattering (DLS) at room temperature.
The size of the particle was reported as the average
diameter in nanometers (Mibielli et al. 2021; Silva et al.
2012). Fourier Transform Infrared Spectroscopy (FTIR,
Perkin Elmer) was used to identify the functional groups
present on the nanoparticles (Badawy et al. 2016).
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Removal of florasulam by CMC-MGO-NPs

A design of experiments (DOE) approach was used
to optimize this material's performance. This involved
studying how various factors (pesticide concentration,
adsorbent amount, temperature, pH, agitation time, and
ionic strength) affected the removal of florasulam. A
full factorial design (13 runs including the center point)
was implemented using MINITAB™ software v17.1.0
(Minitab Inc., State College, PA, USA), with each
factor investigated at three levels (low, medium, and
high), coded as -1, 0, and +1, respectively (Table 1).

Table 1. Experimental design using Minitab software for removal of florasulam

- . o lonic
Pesticide concentration Adsorbent Temperature Agitation
Run order (ng/mL) Amount (mg) (°C) PH Time (min) str(%zg)]th
1 +1 (75) -1 (25) +1 (40) -1(5) -1 (10) -1 (0)
2 +1 (75) +1 (75) -1 (10) +1(9) -1 (10) -1 (0)
3 -1 (25) +1 (75) +1 (40) -1(5) +1 (30) -1 (0)
4 +1 (75) -1 (25) +1 (40) +1(9) -1 (10) +1 (10)
5 +1 (75) +1 (75) -1 (10) +1(9) +1 (30) -1 (0)
6 +1 (75) +1 (75) +1 (40) -1(5) +1 (30) +1 (10)
7 -1 (25) +1 (75) +1 (40) +1(9) -1 (10) +1 (10)
8 -1 (25) -1 (25) +1 (40) +1(9) +1 (30) -1(0)
9 -1 (25) -1 (25) -1 (10) +1(9) +1 (30) +1 (10)
10 +1 (75) -1 (25) -1 (10) -1(5) +1 (30) +1 (10)
1 -1 (25) +1 (75) -1 (10) -1(5) -1 (10) +1 (10)
12 -1 (25) -1 (25) -1 (10) -1(5) -1 (10) -1(0)
13 0 (50) 0 (50) 0(25) 0(7) 0 (20) 0(5)

-1: Lowest value, +1: Highest value and 0: Center point.
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Finally, a statistical analysis was conducted to identify
which factors significantly affect pesticide removal.
This analysis will involve a polynomial equation (Y =
Ap + AiXy + AxX; + AzX3 + AnXy) that expresses the
dependent variable (Y, removal %) as a function of
independent factors (X1 to X,). In this equation, Ao
represents a constant value, while A; to A, are the
coefficients associated with each independent factor
(Mathews 2004).

Aqueous solutions containing varying
concentrations (25, 50, and 75 pg/mL) of florasulam
and added to Eppendorf tubes containing nanoparticles,
with a total volume of 2 mL. The experiment was
conducted under different conditions to assess
effectiveness. After that, a magnet separated the
nanoparticles from the solution. The remaining liquid
was filtered through a syringe filter 0.22 um and then
analyzed by HPLC to determine the residues of
florasulam (Hou et al. 2021; Shrivas et al. 2017). The
HPLC conditions were mobile phase of acetonitrile and
methanol (70:30) at a flow rate of 1.3 mL/min, 210 nm
optimal wavelength with a ZORBAX Eclips Plus C18
column (250x4.6 mm id, 5 pm particle size). The
following equations were wused to calculate the
percentage of removal (Equation 1), the adsorption
capacity (de, Equation 2), and the enrichment factor (EF,
Equation 3).

c;,—-c.)
Removal (%) = TK mwe )
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m
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6 e 3)

Where, Ci: is the initial concentration of the pesticide in
the solution (ug/mL), Ce: is the equilibrium concentration of
pesticide in the solution (pg/mL), m: is the mass of the
adsorbent (g), and V: is the volume of the solution (L).

Statistical analysis

Data were presented as mean + standard error (SE).
The statistical significance standard was set at p < 0.05.
For data analysis, one-way variance analysis (ANOVA)
was employed, followed by the Student-Newman-Keuls
Test using IBM SPSS software version 25.0 (Statistical
Package for Social Sciences, Chicago, IL, USA) (IBM
2017).

RESULTS AND DISCUSSION

Preparation and Characterizations of CMC-MGO-
NPs

The product yield of CMC-MGO-NPs was 1.3 g
with a light brown color. The proposed structures of
CMC-MGO-NPs are presented in Figure 3. In short, GO
can interact with CMC chains through physical bonds
like hydrogen bonding and van der Waals forces. These
bonds form between the carboxylic groups on CMC and
the hydroxyl groups on GO sheets (Huang et al. 2017).
Because of this good interaction and hydrogen bonding
ability, GO can be easily dispersed through CMC
microbeads, creating a network composite. Furthermore,
the addition of calcium chloride (CaCl)) as a
crosslinking agent improves the stability of the CMC-
MGO-NPs composite. This creates a robust composite
matrix that can be separated using magnets (Tuan
Mohamood et al. 2021).

Sl = Cacls

Calcium chloride
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Fi.4. SEM of CMC-MGO-NPs. The iages is spherical particles with scale bar 1 p and magnification x 20000
and 20 KV

The surface morphology of CMC-MGO-NPs was
examined using SEM. Figure 4 presents the obtained
SEM images. As reported in the previous study
(Dolatabadi et al. 2022), the images show a layered
structure with uneven shapes, like a flat sheet with
rounded edges. While SEM is a powerful technique for
visualizing the shape and size (morphology) of
nanoparticles, its limitations often necessitate the use of
complementary methods for comprehensive material
characterization.

The average particle size was found as 93.41 nm.
PDI value was 0.331 which indicates a more uniform
particle size distribution and stability at pH 7 and 25°C.
According to the literature, a PDI between 0.05 and 0.7
indicates a good dispersed sample (Tang et al. 2012;
Tyagi et al. 2012). FTIR is a very versatile tool for
surface characterization of nanoparticles (Baraton and
Merhari 2007). Figures 5A-5B show the FTIR spectra
of CMC and CMC-MGO-NPs. Figure 5A shows the
spectrum of CMC. The absorption peak at 3362 cm
represents the OH groups. The -CH stretching vibration
appeared at 2925 cm™. Strong absorption peaks at 1617
cm? and 1426 cm? indicated the appearance of the
asymmetrical and symmetrical stretching of the -COO-
group. A significant stretching C-O vibration of
primary alcohols and ethers in the cellulose backbone of
the cellulose chain was observed at 1062 cm™. The
appearance of a peak at 1062 cm* might be attributed to
the C-O-C pyranose ring stretching vibration (Ibrahim
et al. 2011).

In the FTIR spectra of the CMC-MGO-NPs
composite (Figure 5B), a broad band at 3442 cm? is
attributed to the hydrogen bonds, and the stretching of
O—H groups. The stretching of C—H bonds of glucose
units in cellulose structure is shown by the characteristic
peak at 2927 cmt. The asymmetrical and symmetrical
stretching vibrations of carboxylate groups are
characterized by peaks at 1462 and 1633 cm™. The
stretching of the —C—O— bonds on the polysaccharide is
shown by the peaks at 1024-1119 cm (Dolatabadi et al.
2022; Fulazzaky et al. 2017). The peak at 620 cm™ can

be attributed to the characteristic stretching of Fe-O
bonds. When CMC is linked with MGO, the peaks at
3442 cm™ as a result of O-H stretching vibration,
1633 cm! owing to COO- group presence, 1427 cm! is
for —CH; vibration originated from scissoring, implying
GO interacted with CMC via hydrogen bonds and
indicating both solutions were properly amalgamated
(Shakil et al. 2024).
Florasulam removal by using CMC-MGO-NPs

The data for the removal of tested pesticides by
CMC-MGO-NPs at different parameters are shown in
Table 2. For florasulam, a wide range of removal
efficiencies varies from 82.18% to 93.82%. Runs 2, 3,
5, and 7 had the highest removal with values of 92.58,
93.82, 91.56, and 90.18%, respectively. The runs 6, 11,
and 13 were moderately (89.31, 86.18, and 88.77%,
respectively). However, runs 1, 4, 8, 9, 10, and 12 had
the lowest efficiency with values of 83.91, 85.15, 85.09,
85.45, 84.14, and 82.18 %, respectively. The adsorption
capacity of CMC-MGO-NPs for florasulam presented
that runs 1, 4, and 10 were the highest (9.95, 10.09, and
9.97 mg/g, respectively). The runs 2, 5, 6, 8, 9, 12, and
13 were moderate with (3.66, 3.62, 3.53, 3.12, 3.13,
3.01, and 3.43mg/g, respectively). Nevertheless, runs 3,
7, and 11 exhibited low adsorption capacity (1.15, 1.10,
and 1.05 mg/g, respectively). EF is a key metric used in
pesticide residue analysis and refers to the fold increase
in the concentration of a pesticide after the adsorption
and extraction processes. It indicates how much more
concentrated the pesticide is in the final extract
compared to its initial concentration in the sample. A
high EF allows for the detection of very low levels of
pesticides. Moreover, the data of EF of CMC-MGO-
NPs for florasulam are presented in Table 2.
Experiments 1, 4, 8, 9, 10, and 12 proved the highest
values of 0.16, 0.15, 0.15, 0.15, 0.16, and 0.18 ug/mL,
respectively. Runs 6, 11, and 13 were moderate in EF
(0.11, 0.14, and 0.11, respectively). However,
experiments 2, 3, 5, and 7 were the lowest (0.07, 0.06,
0.08, and 0.10, respectively).
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Fig. 5. FTIR spectra of CMC (A) and CMC-MGO-NPs (B)
Table 2. Efficiency of CMC-MGO-NPs in removal of florasulam
Added Found Adsorbed Non- Adsorption  Enrichment
extracted Removal .
Run  amount amount amount amount (%)SE capacity factor
(ug)£SE (ug)£SE (ng)£SE - (mg/g)xSE (ug/mL)£SE
(Hg)£SE
1 150 23.83+1.35  123.00+0.77 3.17+0.58 83.91+0.91 9.95%+0.11 0.16%+0.009
2 150 11.00+£1.06  136.33+0.39 2.67+0.67 92.58%0+0.72 3.66"°+0.03 0.07%+0.007
3 50 2.83+0.39 46.67+0.58 0.50+0.19 93.822+0.84 1.15%40.01 0.06%+0.008
4 150 22.00+0.48  126.00+0.96 2.00+£1.45 85.15%+0.33 10.092+0.04 0.15%+0.003
5 150 12.50+0.96  134.67+0.96 2.83+1.93 91.56%+0.65 3.62°+0.03 0.08%+0.007
6 150 15.83+1.54  132.00+0.58 2.17+0.96 89.31%°+1.04 3.53%°+0.04 0.11°¢+0.010
7 50 4.50+0.58 43.67+0.39 1.83+0.19 90.18%+1.26 1.10%40.02 0.10%+0.013
8 50 6.83+0.77 42.33+0.39 0.83+0.39 85.09%+1.68 3.12%+0.06 0.15%+0.017
9 50 6.67+0.67 41.33+0.58 2.00+0.10 85.45%+1.47 3.13%+0.05 0.15%+0.015
10 150 23.50+0.77  125.67+1.16 0.83+0.39 84.14%+0.52 9.972+0.06 0.162+0.005
11 50 6.33+0.29 42.67+0.19 1.00+0.10 86.18%+0.63 1.05%4£0.01 0.14%+0.006
12 50 8.17+0.39 40.33+0.77 1.50+0.39 82.18%+0.84 3.01%+0.03 0.182+0.008
13 100 10.83+0.96 87.00+1.16 2.1740.19 88.77°°+1.00 3.43°+0.04 0.11°¢+0.010

Values are mean of three replicates and are given as mean + standard error. Different letters in the same column indicate significant
differences according to Student—-Newman—Keuls (SNK) test (P<0.05).
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Fig. 6. Pareto Chart of the standardized effects of

pesticide  concentration,  adsorbent  amount,

temperature, pH, agitation time, and ionic strength

on the adsorption of florasulam, on CMC-MGO-NPs

(response is removal (%), a = 0.05)

R -NoNl--Rg

To investigate the main effect of tested factors on
the adsorptive removal of florasulam by CMC-MGO-
NPs, a Pareto chart was performed, and the results are
shown in Figure 6. The factor of the adsorbent amount
had the most significant effect at oo = 0.05. Followed by
pH, agitation time, ionic strength, temperature, and
pesticide concentration. These factors were not
significant because they showed values lower than the
reference line (2.447 at a = 0.05). The model for
removal prediction of florasulam is as follows (Equation
4).

Removal (%) = 76.05 + 0.0125 Pesticide .4
concentration + 0.1257 Adsorbent amount
+ 0.0299 Temperature + 0.436 pH + 0.0766
Agitation time - 0.145 lonic strength

S =1.80 and R? = 88.18%

It can be seen that the ionic strength factor had a
negative coefficient indicating a decrease in adsorption
with the increase of this factor. However, other factors
presented a positive coefficient.

Overall, CMC-MGO-NPs offer a promising
approach to pesticide removal due to their high
adsorption capacity, magnetic separation, and potential
biocompatibility (Dolatabadi et al. 2022). Therefore, the
CMC-MGO-NPs allow to adsorb high amounts of
pesticide molecules onto their surface. Different studies
have shown successful adsorption of different
pesticides, including Atrazine and chlorpyrifos from an
aqueous solution by CMC-MGO-NPs (Dolatabadi et al.
2022; Khawaja et al. 2021). In addition, adsorptive

removal of toxic azo dyes from water using CMC-
MGO-NPs (Sirajudheen et al. 2020).

CONCLUSION

In recent years, the adsorption of pollutants on
nanoparticles has been gaining widespread attention,
especially in the water treatment process. This study
revealed the successful synthesis of low-cost, magnetic
graphene oxide modified with carboxymethyl cellulose
exhibiting excellent affinity towards pesticides due to
anionic functional groups, surface roughness, and the
porous structure confirmed by relevant spectrometric
techniques. Optimizing the adsorption process by
influencing parameters like pesticide concentration,
adsorbent amount, temperature, pH, agitation time and
ionic strength validated CMC-MGO-NPs suitability as
good adsorbent. CMC-MGO-NPs have a massive
potential to be used as environmentally friendly, highly
effective, and good stability absorbents. Therefore,
CMC-MGO-NPs offer promising and excellent
adsorbent material for the sustainable application of the
material in the wastewater purification process. In
addition, the kinetic and isotherm studies are still under
investigation. However, we need further toxicological
studies for risk assesment demonstration in wide
applications.
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