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Glyphosate [N-(phosphonomethyl)glycine] is a widely used phosphonate herbicide for different agricultural
purposes. Due to its widespread use, suspected toxicity, and ubiquitous bioaccumulation, it is one of the
most harmful contaminants found in drinking water. This demands efficient sensing and removal of

glyphosate from contaminated water. Here, we report the decoration of novel and highly porous biochar

with nanozero-valent iron (nZVI) nanoparticles to develop an efficient electrochemical sensor for the
trace detection of glyphosate. The as-synthesized composite was thoroughly characterized by various
state-of-the-art instrumental techniques. The electron micrographs of the composite materials revealed
the cavity-like structure and the abundant loading of nZVI nanoparticles. FTIR and XPS analyses

confirmed the presence of oxygen-rich functionalities and Fe(0) in the composite nanostructure.

Electrochemical analysis through CV, LSV, and DPV techniques suggested efficient sensing activity with

a limit of detection as low as 0.13 ppm. Furthermore, the chronopotentiometric response suggested
excellent and superior stability for long-term applications. To gain more insight into the interaction
between glyphosate and the composite material, DFT calculations were carried out. The Frontier
Molecular Orbital study (FMO), Molecular Electrostatic Potentials (MEPs), and Density of States (DOS)
suggest an increase in the electron density, an increase in the DOS, and a decrease in the HOMO-

Received 8th September 2022
Accepted 13th December 2022

LUMO band gap by combining nZVI nanoparticles and biochar. The results suggest more facile electron

transfer from the composite for trace detection of glyphosate. As a proof of concept, we have

DOI: 10.1039/d2na00610c

rsc.li/nanoscale-advances

1. Introduction

Though organophosphorus pesticides (OPPs) such as glyph-
osate were extensively used for agricultural purposes, their
suspected toxicity presents a significant challenge to the
scientific community."* Glyphosates are one of the most widely
used herbicides to control the growth of weeds, rodents, and
long grass because they have been considered eco-friendly for
an extended period. However, the consistent usage of glyph-
osate has resulted in the accumulation of its residues in water
bodies, soil, and some foodstuffs. This cumulation of glyph-
osate has raised risk concerns over crop reliability, and
ecological and environmental health.®* Moreover, the primary
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demonstrated that real-time analysis of milk, apple juice, and the as-synthesized composite shows
promising results for glyphosate detection with an excellent recovery rate.

degradation product of glyphosate, aminomethylphosphonic
acid (AMPA), poses toxicity to humans and affects some vital
organs.* Therefore, the design and the fabrication of magneti-
cally recoverable composite materials with a promising pros-
pect to detect and remove OPPs are highly desirable.

Several methods such as high-performance liquid chroma-
tography,® capillary electrophoreses,® and gas chromatog-
raphy”® have been used to detect glyphosate. Despite their
selectivity and high sensitivity, some shortcomings such as high
cost and sample pre-treatment limit their use on a large scale.®
Keeping this in mind, the development of electrochemical
sensors has grabbed attention as they offer advantages in terms
of a low cost, simple mode of operation, great sensitivity,
specificity, and selectivity.' It is noteworthy to mention here
that glyphosate is not electrochemically active; it becomes
difficult to monitor glyphosate without modification of elec-
trodes. In this regard, various materials such as MOFs," chi-
tosan,” layered double hydroxides,” gold nanoparticles,*
zeolites," CNTs,'® and carbon-based electrodes'” were reported
in the literature for the electrochemical monitoring of
glyphosate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Biochar is a porous carbonaceous material obtained from
the pyrolysis of different types of biomass. It has a strong
prospect for its use in the abatement of environmental toxicants
in wastewater management. The use of biochar offers several
advantages such as a high surface area with a porous structure,
less toxicity, abundant functional groups, and redox activity.'®
However, biochar-based materials have the limitations of less
recovery and generation of secondary sludge. Therefore, there is
emerging interest in the use of easily recoverable magnetically
active materials owing to their superior properties such as
magnetization, a large surface area with a strong affinity for
contaminants, and easy recovery. So far, several magnetic
materials have been continuously used for tuning the surface of
biochar to enhance its surface charge capacity for better inter-
action and adsorption of organophosphorus pesticides.’*** In
this arena of research, nano-zerovalent iron (nZvI) nano-
particles are the emerging magnetic material of choice due to
their cost-effective nature, abundance, and active surface area
with high reactivity. The nanoscale zero-valent iron (nZVvI) is
highly reactive toward the majority of pollutants such as dyes,
antibiotics, heavy metal ions, and halogenated compounds.*

Under batch experimental conditions, nanoparticles are
susceptible to aerial oxidation and agglomeration, which
decreases the surface activity of the nanoparticles.”® Among
others, the impregnation of nZVI nanoparticles into porous
material is ideal for the uptake of pollutants.

Herein, we report the synthesis of a nZVI@Biochar nano-
composite by adopting a simple ultra-sonication method.
Various characterization techniques were employed to analyze
and characterize the prepared magnetic biochar. The capacitive
properties of nZVI and the prepared nanocomposites were
inferred from magnetic studies. The as-synthesized magnetic
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biochar was found to be an efficient electrochemical sensor for
glyphosate. The electrochemical response of the prepared
sensor (nZVI@Biochar) for glyphosate was analyzed by utilizing
cyclic voltammetry (CV), differential pulse voltammetry (DPV),
and linear sweep voltammetry (LSV). The electrochemical
sensing of glyphosate was further supported by DFT studies and
the results were in complete harmony with each other.

2. Materials and methods

2.1. Materials

A lotus stem was collected from a local market, and iron(u)
sulphate heptahydrate (FeSO,-7H,0, > 99.0%), sodium boro-
hydride (NaBH,), glyphosate (C3;HgNOsP > 98%), potassium
nitrate (KNO3; = 98%), and KCl (>98%) were purchased from
Sigma Aldrich. All the chemicals were of analytical grade and
were used without further purification.

2.2. Synthesis of magnetic biochar (BC-nZVvI)

The lotus stem, after being purchased from the local market,
was washed and dried.* After drying the lotus stem was ground
with a mortar and pestle for about an hour and then was
carbonized in a muffle furnace for about 8 hours at a tempera-
ture of about 600 °C with a heating rate of about 10 °C min™".
Finally, the black-colored material was dried overnight at 60 °C.

For the synthesis of the nZVI@Biochar nanocomposite, 1.6 g
of biochar was dispersed in a three-necked flask containing
100 mL of 0.8 g L' FeSO,-7H,,0. For efficient adsorption of Fe**
ions on biochar, the solution was continuously ultra-sonicated
for eight hours. Thereafter, 50 mL of 0.2 M aqueous NaBH,
was added dropwise into the flask to ensure the complete
reduction of Fe*" to Fe® under continuous N, gas purging. The

Lotus stem

nZVIa Biochar

Lotus stem

powder Disperse
in water
NaBH,
— R Fe(Il)
purging

=

Pyrolysis

solution g

Decoration of
biochar with nZVI

Scheme 1 Scheme representation for the synthesis of nZVi@Biochar.
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reduction process involved in this step is according to Eqn (1).
Moreover, the metal ions naturally present in the biochar such
as Mg, Ca, Si, and P also undergo a reduction in the presence of
sodium borohydride apart from zerovalent iron (nZVI). The as-
synthesized magnetic biochar (nZVI@Biochar) nanocomposite
was removed by applying an external magnetic retriever and was
washed several times with ethanol and deionized water and
finally was oven-dried at 30 °C (Scheme 1).

2Fe’" (aq) + 6BH, ™ (aq) + 18H,0 — 2Fe’(s)
+ 6B(OH); (aq) + 21H; (aq) 1)

2.3. Characterization of magnetic biochar (BC-nZVI)

The structural integrity of BC, nZVI, and the nZvVI@Biochar
nanocomposite was characterized by Fourier transform infrared
spectroscopy (FTIR) in the wavelength range of 4000-400 cm ™"
using a PerkinElmer Spectrum-100 FTIR. The thermal stability
of nZVI and nZVI@Biochar was analyzed by using a simulta-
neous thermal analyzer-STA (LINSEIS, USA 6807/8835/16) over
a temperature range of 40 to 800 °C at a heating rate of
10 °C min~". The magnetic properties of BC, nZVI, and
nZVIi@Biochar were determined at room temperature using
a vibrating sample magnetometer (Microsense E29). The
surface morphology of BC, nZVI, and nZVI@Biochar was
captured using a Zeiss Gemini SEM-500 Field Emission Scan-
ning Electron Microscope (FE-SEM). The accelerating voltage
was fixed at 10 KV and the images were captured at a magnifi-
cation of 3, 15, and 100 K. The TEM micrographs of the as-
synthesized materials were recorded by using a JEM-2010
analytical electron microscope, JEOL Ltd. The diffraction
pattern of BC, nZVI, and nZVI@Biochar was recorded by using
an X-ray diffractometer, Ultima-IV, Rigaku Corporation, Tokyo,
Japan at 40 kV using a Cu Ko X-ray source (A = 1.5417 A). The
X-ray photoelectron trace of nZVI@Biochar was obtained using
a PHI 5000 Versa Probe III XPS instrument having mono-
chromatized Al Ko (E = 1486.7 eV).

2.3.1. Analysis of natural samples. To investigate the
practical efficacy of the nanocomposite material, a spike/
recovery method was used to detect trace amounts of glyph-
osate in apple juice and milk. Fresh apple juice and industrially
refined milk were spiked with different concentrations of
glyphosate. Linear sweep voltammetry measurements were
carried out to check the presence of glyphosate in these
samples.

2.4. Electrochemical studies

The electrochemical studies, such as linear sweep voltammetry
(LSV), cyclic voltammetry (CV), and differential pulse voltam-
metry (DPV), were carried out with a Biologic Potentiostat (VMP-
300). All the measurements were carried out in a 3-electrode
setup. The working electrode was prepared by drop-casting
a known amount of biochar, nZVI, and nZVI@Biochar
dispersed in isopropyl alcohol (IPA) on a glassy carbon electrode
with Ag/AgCl as a reference and platinum mesh as the counter
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electrode. All the experimental conditions concerning detection
were thoroughly optimized before taking the final results. For
electrochemical sensing, two important things that need to be
optimized are the potential window and pH conditions. We first
optimized the potential window and then pH conditions. Since
the reduction peak was found around —0.3 V at all pH, LSV and
DPV were performed in this range only. Both LSV and DPV were
performed starting from as low as possible concentration of
glyphosate which increased slowly till a linear range was
observed in both cases. For sensing parameters, studies were
carried out by taking different concentrations of glyphosate in
0.1 M KNO; solution. CV and DPV studies were carried out by
sweeping the potential between —1 V and +1 V at a scan rate of

10 mV st

2.5. Computational studies

The electrochemical sensing and the interaction of glyphosate
can further be dealt with DFT calculation studies. All the DFT
studies were carried out by using the Gaussian 03 set of codes.
The geometries were optimized by using a Becke's three-
parameter model system using the Lee-Yang-Parr correlation
functional (B3LYP) and LanL2DZ basis set for the Fe atom and
6-311 g (d,p) for non-metal atoms.

3. Results and discussion

3.1. Characterization of the material

The synthesis of the nZVI@Biochar nanocomposite was carried
out by a facile and wet impregnation method. To validate the
formation of biochar and the incorporation of nZVI within the
graphitic framework, we recorded the FTIR spectra of the
samples. The FTIR spectra of nZVI, biochar, and nZVI@Biochar
samples are shown in Fig. 1a. nZVI, biochar, and nZVI@Biochar
present a characteristic vibrational band in the range of 3000-
500 cm~ " that corresponds to the stretching vibration of ~-OH
groups. The bands in the region of 1380-1430 cm ™" indicate the
C-H bending of the methyl groups. The bands around
1600 cm ™' arise due to the bending vibration of the H-O-H
bond along with the presence of C=C aromatic stretching
vibrations. The broadband at 1026 cm ™' suggests C-O bending
vibrations in the ester group. The weak vibrational band at
540 cm ! indicates the presence of an Fe-O bond in nZVI. The
weak vibrational band at 595 ecm ™" in the composite confirms
the successful impregnation of iron oxide on the surface of
biochar. All these results suggest the successful formation of
biochar and the nZVI @Biochar composite.

The XRD spectra of biochar show a diffraction peak at 26 =
27° which is indicative of the amorphous nature of biochar. The
sharp diffraction peak at 26 = 45° assigned to the 110 plane in
the nZvVIi@Biochar nanocomposite is due to the presence of
face-centered a-Fe® particles, which indicates successful coating
of nZVI on biochar (see Fig. 1b). Moreover, the other less intense
peaks present in the XRD spectrum are probably due to iron
oxide impurities on the surface of biochar, as reported in the
literature.* The thermograms of the as-synthesized materials
nZVI and nZVI@Biochar are shown in Fig. 1¢, where it is evident

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) FT-IR spectra of biochar, nZVI, and the nZVi@Biochar composite, (b) XRD comparison between nZVl@Biochar and biochar, (c) TGA

showing the mass change in the nZVi@Biochar composite as compared to nZVI, and (d) magnetic studies of biochar, nZVI, and the nZVl@Biochar

composite.

that in the case of nZVI there is a small weight loss which is due
to the adsorbed moisture over the surface of nZvVI. Compared
with the nZVI@Biochar nanocomposite thermogram, it exhibits
a two-stage weight-loss behavior. At first, there was not any
significant weight loss up to 240 °C. After 240 °C and up to 300 °
C, there was a slight drop in the weight of around 7%, which is
attributed to the decomposition of volatile matter. Subse-
quently, a second weight loss of about 50% was observed from
390 °C to 560 °C due to the thermal degradation of hemi-
cellulosic and cellulosic content present in the biochar. Above
560 °C, no further weight loss was observed which indicates the
complete carbonization and decomposition of the different
units of biochar present in the nZVI@Biochar nanocomposite.
Therefore, it can be concluded that the composite (nZVI@-
Biochar) contains up to 30% nZVI, which proves the successful
modification of biochar.

The magnetic properties of the as-prepared materials were
determined by Vibrating Sample Magnetometry at room
temperature (see Fig. 1d). As can be seen from the figure, the
saturation magnetization of nZVI was around 27.93 emu g~ "
and for the prepared nanocomposite (nZVI@Biochar) it was 17
emu g '. The rationale for the decrease in the saturation
magnetization value of nZvVI@Biochar was due to the presence
of a non-magnetic biochar component. Other such similar
reports are available in the literature.*

© 2023 The Author(s). Published by the Royal Society of Chemistry

The structural integrity of the nanocomposite material was
investigated using XPS analysis (Fig. 2a). The main composition
of the prepared nanocomposite is C, O, and Fe with a small
amount of sulfur. The C 1s spectra of nZVI@Biochar can be
deconvoluted into three peaks at 284.7, 286.90, and 287.2 eV,
which can be attributed to the presence of C-C and C-O bonds,
respectively (Fig. 2b). Likewise, the O 1s spectra show two peaks
around 530.48 and 528.26 eV, which indicate the presence of
various oxygen-containing functional groups (C-O, C-OOH, and
C=0) respectively, and the 527.99 eV peak is due to the pres-
ence of an Fe-O bond (Fig. 2c). For iron Fe 2p spectra, the
specific binding energy peaks at 712, 709, and 707 eV were
ascribed to the presence of Fe’*, Fe’" and Fe°, respectively
(Fig. 2d). The data are in agreement with those reported in the
literature.*

Lotus, which is botanically called Nelumbonucifera, possesses
an underwater stem that maintains air pockets throughout the
length. The lateral cross-section, as shown in Fig. 3a and b,
shows a wheel-like structure with pores in a symmetrical
fashion, and the horizontal cross-section (see Fig. 3¢ and d)
shows that the pores extend throughout the length of the stem,
which is justified by FE-SEM micrographs. This porous nature
of the lotus stem can be exploited as a raw material for
designing high surface area and porous materials for a wide
range of applications. In our case, we used it as a raw material

Nanoscale Adv., 2023, 5, 742-755 | 745
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Fig. 2 (a) Compete range XPS, (b) C 1s XPS, (c) O 1s XPS and (d) Fe 2p spectra of the nZVI@Biochar composite.

Fig. 3 Lateral and horizontal cross-sections of the lotus stem describing the porous cavity throughout the length of the stem.
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for synthesizing a biochar-zerovalent composite, keeping in
view the porous nature that could incorporate the metal as well
as providing a high surface area for analyte interaction.
However, it is possible only if the porous nature and cavity-type
structure of the lotus stem are maintained even after the event
of initial treatment through annealing. To get an insight into
that, we carried out the FE-SEM analysis of the material after
annealing and incorporation of metal.

The surface morphology of nZVI and the nZVI@Biochar
nanocomposite was examined by scanning electron micros-
copy. From the FE-SEM micrographs, we can see the mono-
disperse spherical particles of nZVI with particle sizes in the
100 nm range (see Fig. 4a and b). The FE-SEM micrographs of
porous bare biochar show cavity-like structures within the bio-
char matrix (see Fig. 4c and d). We observed that the biochar
retained the cavity and tubular-like structures of its parent lotus
stem biomass material, during pyrolysis.

Furthermore, the tubular cavities in the biochar are expected
to offer an ideal environment for decorating nZVI nanoparticles
and the adsorption and interaction of contaminants such as
glyphosate (see Fig. 5a and b). The impregnation of nzZvl
nanoparticles within the biochar cavity prevents the agglomer-
ation of these nZVI particles (Fig. S1, ESIf). Moreover, TEM
micrographs manifested the successful loading of nZVI onto the
biochar surface with less agglomeration of nZVI particles (see
Fig. 5c and d). To determine the composition of the as-
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synthesized material, we have carried out elemental analysis
as shown in Fig. S2, ESL.f As can be seen from the elemental
mapping, the final synthesized material possesses 30.3 wt%
iron with nearly uniform distribution over the composite.

3.2. Electrochemical studies

To analyze the application of the as-synthesized materials for
electrochemical sensing, we have drop casting the as-prepared
material (nZVI@Biochar) dispersed in isopropyl alcohol (IPA)
on a glassy carbon electrode, and carried out cyclic voltam-
metric analysis for glyphosate sensing. The nZVI@Biochar-
modified electrodes demonstrated a reduction peak around
—0.3 V, corresponding to glyphosate. To confirm it further, we
carried out a similar analysis with parent materials, biochar,
and nZVI; we didn't find out any such response in the cyclic
voltammetric study (see Fig. 6a). Also, it is quite evident from
Fig. 6a that in the absence of nZVI no reaction occurs. The
presence of other metal ions in parent biochar should react
even in the absence of nZVI which should have got reflected in
the cyclic voltammogram (Fig. 6a, red trace). However, a clear
peak is visible only with iron-containing biochar (Fig. 6a, green
trace). These results clearly suggest that iron acts as the elec-
trocatalyst for the sensing of glyphosate.

Besides, the effect of pH ranging from 2-9 on the behavior of
the nZVI@Biochar electrode was examined (see Fig. 6b). There

Fig. 4 FE-SEM micrograph analysis of (a and b) the as-synthesized nZVI particles and (c and d) porous surface of biochar.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FE-SEM micrograph analysis of (a and b) the nZVI@Biochar composite confirming loading of nZVI on the biochar surface, and (c and d)

TEM micrographs of the nZVi@Biochar composite.

was no significant shift in the reduction peak of glyphosate with
an increase in the pH. However, the maximum current intensity
was observed at pH = 7. This may be due to the deprotonation
of glyphosate functional groups that resulted in its increase in
complexation potential with the iron metal cluster which
consequently enhances the sensing response of the nZvIi@-
Biochar electrode.

After the initial analysis with cyclic voltammetry (see Fig. S3,
ESIt), we carried out linear sweep voltammetry (LSV) with
varying concentrations of glyphosate in the electrolyte on the
nZVI@Biochar modified electrode. As can be seen from Fig. 7,
the peak current increases with an increase in the concentration
of glyphosate in the electrolyte, confirming that the reduction
peak is due to glyphosate. The peak current shows a linear

(a) 020
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Fig. 6 Cyclic voltammograms of (a) nZVl@Biochar, biochar, and nZVI in 0.1 M KNO with 10 ppm glyphosate concentration and (b) effect of pH

ranging from (2—-9) on the performance of the nZVIi@Bicohar electrode.
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(a) linear sweep voltammograms at different concentrations of glyphosate on the nZVi@Biochar electrode and (b) corresponding peak

current versus concentration plot, (c) differential pulse voltammograms with varying glyphosate concentration on the nZVi@Biochar electrode,

and (d) corresponding current vs. concentration plot.

relationship with a concentration range from 2-8 ppm. This
linear response prompted us to analyze this material further for
glyphosate sensing. To carry out the sensing efficiency of
nZVIi@Biochar for glyphosate, we carried out differential pulse
voltammetry (DPV) at different concentrations of glyphosate in
the electrolyte. As expected, the peak current increases with
increasing concentration of glyphosate and an increase in
current demonstrated a linear response, which is a prerequisite
for any sensor. The critical parameters for any sensing materials
are sensing efficiency denoted by the limit of detection and its

(a) o3
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0.1
0.0-
0.1
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0.4+

3000 4500 6000
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0 1500

7500

stability. We have calculated the LOD from the current vs.
concentration response in DPV analysis which was determined
to be 0.13 ppm. Both LSV and DPV analyses demonstrate the
efficient sensing capability of nZVI@Biochar towards
glyphosate.

3.3. Stability and reusability studies

To check the stability, we have carried out a long-term constant

current test, ie., chronopotentiometry analysis, which

(b)o.s-

0.4
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o
e

o
N
1

o
-
1

0.04
1 2 3 4 5 6
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Fig. 8 (a) Chronopotentiometric plot of the nZVI@Biochar electrode for 2 hours at a 10 mA cm™2 scan rate. (b) The current response shows the
stability of the nZVI@Biochar electrode for 7 days with an inset bar graph depicting the slight change in current after being reused again and again.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv., 2023, 5, 742-755 | 749


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00610c

Open Access Article. Published on 05 January 2023. Downloaded on 1/12/2026 11:38:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Advances Paper

Table 1 Limit of detection of various modified electrode sensors for the detection of glyphosate

S. no. Sensors Method Limit of detection (LOD) References

1 CuAl-LDH/Gr Stripping voltammetry 1x10°M 13
nanocomposite

2 Graphite powder/mineral oil Square wave voltammetry 2x10°°M 32
paste electrode

3 Cu-BTC MOF Differential pulse 1.4 x107° M 11

voltammetry

4 Carbon paste electrode- Square wave voltammetry 2x10°%M 33
modified biochar copper(u)
hexadecafluoro-29H,31
phthalocyanine complex

5 Organophilic silane in the Square wave voltammetry 9.8 x 107’ M 34
interlayer space of acid-
treated smectite

6 Horseradish peroxidase Cyclic voltammetry 1.7 x 10°° M 35
polymeric matrix

7 Copper nanoparticles and Differential pulse 1.9 x 10’ M 36
reduced graphene oxide voltammetry

8 Cu-BTC MOF/g-C;N, Photocurrent 1.3 x 10 *M 37

9 Graphite oxide sensor Square wave voltammetry 1.7 x 107*M 38

10 nZvi@Biochar Differential pulse 7 x 1077 M (0.13 ppm) This work

voltammetry

demonstrated a stable current for more than 2 hours (see
Fig. 8a). The chronopotentiometry stability curve after the
initial voltage drop, also known as polarization loss from 0.4 V
to —0.3 V, maintains a flat trace demonstrating a very stable
electron transfer process between the electrode and electrolyte,
which is essential for the electrochemical sensor. Moreover, to
access the stability of the modified (nZVI@Biochar) electrode,
the electrodes were kept covered in a dry environment for 7 days
and the voltammetric response was analyzed for 7 consecutive
days (see Fig. 8b). It was observed that there was no sharp drop
in the current intensity of the nZVI@Biochar electrode, which
suggested that the electrode can be reused again and again.

In addition to this, the limit of detection of the nZVI@-
Biochar sensor towards glyphosate was compared with other
sensors already reported in the literature as shown in Table 1.

3.4. Computational studies

To get an insight into electrochemical studies, DFT studies were
carried out by using the Lee-Yang-Parr correlation functional
(B3LYP) and LanL2DZ basis set for the Fe atom and 6-311 g
(d,p) for non-metal atoms. For biochar, we have selected coro-
nene (Cy4Hj,) as a model material,**° and the optimized
geometries of glyphosate-biochar, nZvVIi@Biochar, and the
nZVIi@Biochar-glyphosate composite system are shown in
Fig. 9(a-c). The cartesian coordinates of these optimized
geometries are shown in the table (T1, ESI}).

After optimizing the geometries of each of the materials, we
calculated the interaction energies of glyphosate with biochar
and the composite. As for the electrochemical transformations,
favorable interaction between glyphosate and the material is
a prerequisite. The interaction energies of glyphosate with both
biochar and composite materials were calculated based upon
optimized geometries. The interaction energy of the

750 | Nanoscale Adv, 2023, 5, 742-755

energetically favorable configuration of glyphosate-biochar (Eg,-
Bc), NZVI@Biochar (Epcnzvi), and nZVI@Biochar-glyphosate
(Egiy-sc-nzvi) Was calculated by using the following equation
shown:

AE = Ecomplex - [Egly»BC + Egly-BC-nZVI] (2)

Moreover, to validate our results and for higher accuracy, we
have calculated basis set superposition error (BSSE)*' by
employing eqn (3)

gly-BC-nZVI
AEiy (Egly-BC-nZVI) =E 7gly-BC-nZVI (gly-BC-nZVI)
BC-nZVI
— E———(Egca
BC-nzvi (Frenen)
gly-BC
—FE ly-B
2ly-BC (gly-BC) (3)
gly-BC-nZVI BC-nZVI
h E=———(gly-BC-nZVI) — E————  (Epc-
where B B Gmzv B BCZVL) — e oui Brenz)
ly-B
g%y ¢ (gly-BC) represents the energies of nZVI@Biochar-
gly-BC
glyphosate, nZvVIi@Biochar, and glyphosate-biochar
respectively.

The calculated interaction energy value of glyphosate bio-
char was found to be —598.614 k] mol " and its counterpoise
interaction energy values were found to be —631.9965 k] mol .
Similarly, the interaction energy value for nZVI@Biochar-
glyphosate was found to be —1417.77 k] mol ' and its cor-
rected counterpoise interaction energy was determined to be
—1575.3 k] mol ", Therefore, the basis set superposition error
was found to be —33.3825 k] mol™* and —157.53 kJ mol™* for
glyphosate-biochar and nZvVI@Biochar-glyphosate, respectively.
This error is found to be very small, which is indicative of the
accuracy of our calculated results.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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single point energy plot for nZVi@Biochar with glyphosate.

In addition to this, the interaction energy of glyphosate-
biochar got enhanced with the incorporation of nZVI in the
complex, predicting better chemical interaction between the
biochar-glyphosate functional moieties with Fe(0). To confirm
these interactions, we have carried out theoretical IR (Fig. 9d),
which is in line with IR carried out experimentally. In addition
to this, the preferential site of interactions in the composite
material was found to be the feat (positon-16) of nZVI and
oxygen at position 24 (0-24) of glyphosate. Single point energy
(SPE) scans were carried out to find the bond distance between
Fe-16 nZVI and O-24 at which the interaction is maximum
(Fig. 9e). All of these suggest a favorable interaction between Fe
and glyphosate, which is not the case with the biochar.

Apart from interaction, the critical factor that decides elec-
tron transfer between the electrode and analyte is the HOMO-
LUMO energy gap of biochar-glyphosate and nZvVI@Biochar-
glyphosate systems. The lower the HOMO-LUMO gap the
smaller the energy barrier for electron transfer (the activation
overpotential) between the electrode and analyte in the elec-
trolyte. To get an insight into this, we explored the frontier
molecular orbitals (FMOs) and performed molecular electro-
static potential (MEP) calculations upon the interaction of
biochar and nZVI@Biochar with the glyphosate system (see
Fig. 10a). The calculated band gap energy values and other
possible HUMO-LUMO orientations shown in (T2, and Fig. S4,
ESIT) demonstrate that the band gap decreases noticeably by
the incorporation of zero-valent Fe into the biochar-glyphosate
system. Furthermore, we also calculated the band gap energy

© 2023 The Author(s). Published by the Royal Society of Chemistry

values of Fe(0), Fe,03, and Fe;0, with glyphosate (Fig. S5, ESIT).
The band gap energy value was found to be more in the case of
the Fe,Oz-glyphosate and Fe;O,-glyphosate systems in
comparison to Fe(0)-glyphosate, which is not suitable for
feasible electron transfer. From these observations, we can also
conclude that Fe(0) plays a major role in the electrochemical
catalysis of glyphosate.

To verify the results, we calculated the density of states (DOS)
in the biochar-glyphosate composite with and without nZVI. In
the case of biochar-glyphosate, the density of states is low, but
the incorporation of nZVI in the composite results in a sudden
jump in the DOS (see spectra in Fig. 10b). It is known that an
increase in the DOS results in a decrease in the band gap, which
is a direct representation of a reduction in the energy gap. All
these results suggest facile electron transport between glyph-
osate and the nZVI@Biochar composite, which could be
exploited for designing an efficient sensing platform for
glyphosate in aqueous media. This positive interaction between
the nZVI@Biochar composite and glyphosate is also supported
by a low HOMO-LUMO gap and high DOS, thus strengthening
the results obtained through CV and DPV (Fig. 6 and 7).

The same is further supported by MEP, which allows us to
visualize the variable charge distribution within the molecule.
The red regions indicate electron-rich regions, whereas the
green regions indicate neutral areas. As is evident from Fig. 10c
with the incorporation of nZvI in GLY-BC (Glyphosate-Biochar),
the red region around the biochar increases compared to the
parent biochar materials on account of the presence of iron in

Nanoscale Adv., 2023, 5, 742-755 | 751
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(a) DFT calculated HOMO and LUMO of (1) nZVI@Biochar, (2) upon the interaction of biochar with glyphosate and (3) nZVIi@Biochar with

glyphosate. (b) The DOS spectra of (1) nZVi@Biochar and (2) biochar with glyphosate and nZVIi@Biochar with glyphosate. (c) Molecular elec-
trostatic potential images of (1) nZVI@Biochar, (2) the interaction of biochar with glyphosate and (3) nZVIi@Biochar with glyphosate.

the biochar indicating a negative electrostatic potential. The
increase in the electron density due to the incorporation of nZvI
results in higher reducing power of the composite towards the
glyphosate, which is in line with the electrochemical data.

Taken together, both experimental and theoretical calcula-
tions suggest better electrochemical reduction dynamics
compared to the biochar alone. In the case of nZVI@Biochar,
the Fe center acts as a mediator as no reduction peak was
observed with biochar alone (see Fig. 6a). Since it is an inner
sphere electron transfer reaction, the analyte is required to have
a favorable interaction with the electrocatalyst. As mentioned
above, the interaction energy of glyphosate-biochar got
enhanced with the incorporation of nZVI in the complex, pre-
dicting better chemical interaction between the biochar-
glyphosate functional moieties and Fe(0).

With this, we came to a conclusion why nZVI@Biochar is
better suited compared to biochar alone. Secondly, the inner
sphere electrochemical transformations occur via interaction
between the analyte and catalytic site on the electrocatalyst. The
preferential site of interactions in the composite material was
found to be Fe at (positon-16) of nZVI and oxygen at position 24
(0-24) of glyphosate as discussed above. This is in line with our
experimental results that suggest a facile electrochemical

752 | Nanoscale Adv, 2023, 5, 742-755

charge transfer incorporation of nZVI on biochar. Thus, nZVI
acts as both an interaction site and an electrocatalytic reaction/
sensing site.

0.000
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Fig. 11 Linear sweep voltammograms of spiked samples of milk and
juice with a known amount of glyphosate.
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Table 2 Sensing of glyphosate in environmental samples by using the nZVi@Biochar sensor

Before spiking

After spiking

Glyphosate (real) (unspiked) (spiked) Recovery factor
Milk 0.0105 mA 0.0102 mA 0.0204 mA 97%
Juice 0.0105 mA 0.0106 mA 0.0212 mA 101%

e transfer

b SN

Glyphosate

@ nZVI

e
Porous
"' . .
- diffusion

_» H-Bonding

.~ Electrostatic attraction

Scheme 2 Probable mechanism for sensing of glyphosate by nZVi@Biochar.

3.5. Real sample analysis

To analyze the practical applicability of the sensor for real
sample analysis, we calculated the recovery factor.*>** This was
estimated through linear sweep voltammetry by spiking juice
and milk samples with known amounts of glyphosate (see
Fig. 11). The as-synthesized composite demonstrated excellent
results in glyphosate detection with an excellent recovery rate in
the range of 101-90% (Table 2), and the relative standard
deviation was less than 3%. Moreover, to check the selectivity of
the composite material towards glyphosate sensing, we carried
out cyclic voltammetry with similar molecules, Fig. S6, ESL.{ As
can be seen from cyclic voltammograms (Fig. S6, ESIt), the
response of these molecules falls in different potential regions
with the least chances of interference with a glyphosate elec-
trochemical reaction. Both the interference studies and spiking
and recovery method suggest the feasibility of the present
sensing platform for electrochemical sensing of glyphosate.

3.6. Mechanism of sensing of glyphosate by nZvVI@Biochar

Based on the experimental and DFT calculations, a plausible
mechanism for glyphosate sensing requires the presence of
both biochar and nZVI in the electrode. As the charge transfer is

© 2023 The Author(s). Published by the Royal Society of Chemistry

highly enhanced due to the incorporation of nZVI in the
composite, it points towards the fact that the metal atom acts as
a site of electron transfer between the electrode and glyphosate.
The presence of biochar with a cavity-like structure and nega-
tively charged surface functional groups (like OH as suggested
by IR) attracts the glyphosate and provides a surface site by
holding the analyte through hydrogen bonding and electro-
static interactions (Scheme 2). Thus the high surface area in
combination with the electrostatic and hydrogen bonding
interactions of the biochar complements the excellent charge
transfer properties of the catalytic Fe metal center. Further-
more, it can be deduced that the synergetic effect of biochar and
zerovalent iron is essential for the effective sensing of glyph-
osate. In general, the probable mechanisms for the sensing of
glyphosate with the Fe-based biochar seems to be primarily
porous diffusion, electrostatic and H-bonding interactions, and
importantly complexation by the iron metal center.

4. Conclusions

To summarise, we report a composite material based upon
biochar and a zero-valent metal, which exhibited efficient
sensing properties towards glyphosate in an aqueous medium.

Nanoscale Adv., 2023, 5, 742-755 | 753
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The parent material biochar was obtained from a naturally
occurring lotus stem by carbonizing in a muffle furnace. The
nZVi@Biochar composite, through analysis with various phys-
icochemical techniques, suggested a cavity and tubular-like
structure with oxygen-rich functionalities. The presence of zer-
ovalent metal ions in the cavity of biochar resulted in highly
favorable interaction with glyphosate, as suggested by the
interaction energies from DFT calculations. The as-synthesized
composite exhibited high activity toward electrochemical
sensing of glyphosate in the aqueous medium. LSV as well as
DPV analysis suggested a linear increase in current with
concentration, which leads to increased sensitivity and a LOD of
0.13 ppm, which are well within the WHO guidelines. The
composite exhibited not only quite a high efficiency but also
very high stability as suggested by chronopotentiometry.
Moreover, the prepared sensor also exhibits excellent recovery
close to or above 1 for biological samples. We believe that this
report brings light to the design of new materials based on
naturally occurring raw materials with simple synthetic path-
ways and zero-valent metal ions, which are usually un-utilized
for electrochemical transformations.
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