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rohydride stabilized silver
nanoparticles with sulfur-containing
organophosphates†

Shalini Shikha,a Samit Dureja,a Rachit Sapra,b Jisha Babu,b V. Haridas b

and Sudip K. Pattanayek*a

Understanding the interactions between nanoparticles and organophosphates is the key to developing

cost-effective colorimetric pesticide detection. We have studied the interaction between three different

organophosphates containing the P]S group and borohydride stabilized silver nanoparticles. Three

different organophosphates, namely phorate, chlorpyrifos, and malathion, have been used. The

colorimetric changes are corroborated with UV-visible absorption studies along with the change in

particle size and zeta potential. This effect persists in the presence of NaCl solution also. The

chlorpyrifos and malathion do not show significant interactions with uncapped nanoparticles over time,

while phorate undergoes degradation due to the scission of the S–CH2 linkage. A reaction mechanism,

wherein a silver and sulfur (Ag/S) complex is formed, which is in agreement with Raman spectroscopic

studies is proposed. The orientations of phorate near Ag nanoparticles are discussed from the adsorption

energy calculation using density functional theory.
1. Introduction

Organophosphates, the most widely used pesticide, enter the
body through the food chain. Due to their low solubility in water,
they accumulate in cells, leading to various diseases.1,2 Phorate,
chlorpyrifos, and malathion are among the few primarily used
organophosphates in India. As per US Food and Drug Adminis-
tration (FDA) guidelines, the intake limit of phorate, chlorpyrifos,
and malathion is 0.0007 mg kg�1, 0.01 mg kg�1, and 0–0.3 mg
kg�1 of body weight per day, respectively.3 In the current
scenario, it is highly necessary to check the presence of these
pesticides in consumable products. Some commonly used tech-
niques for their detection are gas chromatography (GC), GC
coupled with mass spectrometry,4,5 high-performance liquid
chromatography.6 However, these techniques require extended
time and trained professionals to handle the equipment. There-
fore, there is an increasing thrust for the development of
methods for user-friendly onsite detection techniques.

One of the current methods for detecting pesticides is by
using metal nanoparticles such as silver and gold nano-
particles.7–18 The studies are based on the specic interactions
between pesticides and nanoparticles. The yellow color of 4-
aminobenzenethiol stabilized silver nanoparticles changes due
lhi, Hauz Khas, New Delhi 110016, India.

Khas, New Delhi 110016, India

tion (ESI) available. See DOI:

2294
to their instability in the presence of carbendazim, a fungicide.19

The amine group of the stabilizing agent binds with carbendazim
through strong ion-pair interactions. Also, the p–p interaction
between two phenyl groups leads to the aggregation of nano-
particles. The citrate capped negatively charged silver nano-
particles in alkaline solution were found to be destabilized in the
presence of positively charged pesticide terbuthylazine due to the
binding through opposite charges.20 They have also reported the
stabilization of the citrate-capped silver nanoparticles with
a negative surface charge in the presence of uncharged dimeth-
oate, an organophosphate. Endosulfan, a pesticide, is reported to
cause aggregation of citrate capped gold nanoparticles resulting
in the shi of peak from 524 nm to 643 nm, along with a decrease
in absorbance. The color of the mixture changes from pink to
blue, which further fades away.21 Another organophosphate, tri-
azophos, was also found to destabilize the citrate capped silver
nanoparticle.22 The colorimetric detection of chlorpyrifos and
malathion was done using alumina-loaded citrate-capped gold
nanoparticles and sodium sulfate.23

The role of metal core in the nanoparticles is not explored in
these techniques. The metal surface is buried and is prevented
from interacting the pesticides. A detailed understanding of the
nanoparticle's interaction mechanism with pesticides is needed
to develop a user-friendly colorimetric detection technique.
Although there are a few studies24–26 on photodegradation of
phorate in the presence of metal NPs and TiO2, its detection
using the NP system is not reported in the literature.

Many organophosphates like chlorpyrifos, malathion, and
phorate contain sulfur. The sulfur is linked as P]S in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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chlorpyrifos, S–P]S in malathion, and –SCH2S–P]S in
phorate. Can this difference in the structure lead to different
interactions with metal NP? To study this, we chose metal NP,
because of the large accessible surface. We envisioned that
borohydride (BH4

�) stabilized silver NP could be utilized for
this purpose. We envisaged that these pesticides bind to silver
nanoparticles by displacing the borohydride ions.

In this report, we have studied the interaction between the
borohydride-stabilized silver nanoparticles with sulfur-bearing
organophosphates such as phorate, chlorpyrifos, and mala-
thion. The analyses were carried out by monitoring the colori-
metric changes, UV-visible spectra, surface charge variation and by
dynamic light scattering measurements (DLS) at different time
intervals. The nanoparticles showed little interaction with chlor-
pyrifos and malathion, while the phorate gets degraded aer
interaction with the silver nanoparticle. The NP–phorate mixture
showed color change from yellow to green, while the other two
pesticides did not show color change even aer 12 hours of mix-
ing. The interaction of silver and sulfur results in the scission of
the S–CH2 bond of the phorate molecule,25 and is veried by
calculating the adsorption energy of binding using density func-
tional theory (DFT). The complex formation is supported by
Raman spectroscopic studies.
2. Experimental section
2.1. Materials and instrumentation

Silver nitrate (>99%) and sodium borohydride (>99%) were
purchased from Sigma Aldrich Pvt. Ltd. Double distilled water
was used for preparing the solutions. Chlorpyrifos, phorate,
malathion, and acetonitrile were also procured from Sigma
Aldrich Pvt. Ltd.

UV-visible spectra were recorded using Biotek Epoch 2
microplate reader spectrophotometer. Particle size and zeta
potential analyses were done on Malvern Zetasizer Nano ZS.
Raman spectra were acquired with a 532 nm laser.

Gold and silver nanoparticles show a color change on
interaction with pesticides. Silver nanoparticles show higher
surface plasmon resonance (SPR) than gold nanoparticles
because of the large difference in the energy levels of conduc-
tion bands. Silver metal is comparatively harder and less
reective than gold. The SPR of silver nanoparticles appears at
a smaller wavelength, allowing it to undergo wide variation
upon interaction with analyte molecules. These properties
make silver nanoparticles more suitable than gold nano-
particles to study the colorimetric response of given organo-
phosphate molecules.27
2.2. Synthesis of bare silver nanoparticles

Bare silver nanoparticles were prepared by the previously re-
ported method using sodium borohydride as the reducing
agent.28 To 30 ml of a well-stirred ice-cold solution of sodium
borohydride (2 mM) in Milli Q water, a freshly prepared 10 ml
volume of 1 mM silver nitrate solution was added dropwise (1
drop per second). The color of the solution changed from
colorless to light yellow and nally to yellow during addition.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The clear yellow solution obtained was stable and stored in
a glass vial in refrigerator at 4 �C.

The chemical reduction of the silver nitrate with sodium
borohydride can be represented as:

2AgNO3 + 2NaBH4 / 2Ag + H2 + B2H6 + 2NaNO3

Sodium borohydride played a dual role, rst in reducing the
silver nitrate and then stabilizing the silver nanoparticles. The
adsorption of borohydride on the surface of nanoparticles leads
to a negative surface charge, which prevents aggregation due to
inter-particle repulsive forces.

2.3. Preparation of pesticide solution

Pesticides are highly soluble in many organic solvents including
acetonitrile4 (ACN). The choice of ACN as the solvent is based on
two factors: (i) high solubility of pesticides in ACN and (ii) solu-
bility of ACN in water. The stock solution of three different pesti-
cides with 100 ppm concentration was prepared and stored at 4 �C.
Further dilution with ACN was carried out to obtain the required
concentration (5 ppm).

2.4. Samples and their preparation

An equal volume of 5 ppm pesticide solution and bare silver
nanoparticle solution are mixed. In the control analysis, bare
silver nanoparticle solution is mixed with ACN in an equal
volumetric ratio. The four samples utilized for sensing studies
with silver nanoparticles are NP–ACN, NP–phorate, NP–chlor-
pyrifos, and NP–malathion. These solutions correspond to NPs
alone and a mixture of NPs with phorate, chlorpyrifos, and
malathion in acetonitrile solvent.

2.5. Colorimetric and UV-visible spectra analysis

The silver nanoparticles and organophosphate are mixed in
a 1 : 1 volumetric ratio at room temperature and kept for two
minutes. A color change was observed and was veried further
by analyzing the shi in UV-visible spectra. Control experiments
were carried out to check the effect of acetonitrile on nano-
particles. All three pesticides were studied separately to monitor
their interaction with the bare silver nanoparticles.

2.6. DLS and zeta potential analysis

The color change of nanoparticles, upon interaction with pesti-
cides, is attributed to the aggregation of nanoparticles. The
aggregation state was determined by analyzing surface charge and
the size of nanoparticles. Malvern Zetasizer Nano ZS was used to
determine the change in hydrodynamic radius and zeta potential
of nanoparticles aer interactionwith pesticides. Nanoparticle and
pesticide solution were mixed in the ratio mentioned earlier. The
zeta potential and size changes were observed for 12 hours.

2.7. Raman spectroscopy

The structural changes in pesticides upon nanoparticle–pesticide
interaction are studied by Raman spectroscopy. Nanoparticle–
RSC Adv., 2021, 11, 32286–32294 | 32287
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pesticide solutions were deposited on the glass slide. The suspen-
sions were analyzed at different time intervals to monitor structural
changes: (i) immediately and (ii) aer 12 hours of mixing (when
complete decolorization of NP–phorate happens). Raman spectros-
copy was performed using a Renishaw Invia Raman spectrometer
with 532 nm laser excitation, and a microscopic module. The laser
beamwith 10 percent laser powerwas focused on the spots observed
using a 10� objective lens. An exposure time of 20 s was used for all
the measurements. The spectra were recorded in the wavenumber
range 200–2000 cm�1.

The Raman spectra were acquired using WiRE single scan
measurement soware and further processed by baseline
correction. Also, to remove noise, Origin Pro 9 soware was
used wherever required.
2.8. Electrospray ionization mass spectrometry (ESI-MS)

The change in color of NP–phorate solution with time is due to
degradation of phorate in the presence of bare silver nano-
particles. The degradation product of NP–phorate was analyzed
by centrifuging the mixture aer incubation of 12 hours, and
the supernatant was used for ESI-MS analysis. The measure-
ments were done using MicrOTOF-Q 10262 MS/MS instrument
in the mass range of m/z of 50–1500.
2.9. Adsorption energy calculation

Density Functional Theory (DFT) calculations have been per-
formed using the Vienna Ab initio Simulation Package (VASP)
V6.1.0. Ultra-so pseudopotentials, a plane wave basis set (Ecut
¼ 396 eV), and generalized-gradient approximation for the
exchange-correlation functional have been utilized for the
simulation. The metal surface has been simulated using a 4-
layer bulk terminated slab with the bottom two layers xed.
Geometry optimization has been performed using the Perdew–
Burke–Ernzerhof of (PBE) exchange-correlation functional.
Grimme's dispersion correction (DFT-D3) has been found
suitable for modelling and improving the characterization of
the S–Ag interaction. Adsorption energy is given by the differ-
ence between the energy of metal–phorate (Ag–P) and the
individual energies of metal (Ag) surface and phorate (P)
molecule and is given as:

Adsorption energy ¼ EAg�P � EAg � EP

All the simulations have been performed using a 4 � 4 unit
cell for the gold/silver slab. A (1 � 1 � 1) k-point mesh has been
used for the molecular geometry optimization, while a (3 � 3 �
1) k-point mesh has been used for geometry optimization of Ag (1
1 1) surface and adsorbed molecule on the Ag (1 1 1) surface.29,30
3. Results and discussion
3.1. Characterization of nanoparticles

The yellow color of the aqueous nanoparticle solution is due to
the localized surface plasmon resonance (LSPR).31 The UV-
visible spectrum of silver nanoparticles showed the LSPR at
32288 | RSC Adv., 2021, 11, 32286–32294
390 nm (shown in the appendix, Fig. A1†). The nanoparticle has
a stable particle size with a z-average of around 18–20 nm, with
most particles having a hydrodynamic diameter of approxi-
mately 90–94 nm. These stabilized nanoparticles (NPs) showed
a zeta potential of around �25 mV.

The stability of BH4
� stabilized silver nanoparticles was

studied for 15 days at both room temperature (25 �C) and 4 �C.
The nanoparticles were found to be stable at both temperatures.
Table A1† shows the nanoparticle's absorbance at two different
storage temperatures for 15 days. It is observed that the SPR is
stable until the 5th day at both temperatures, while the absor-
bance is more stabilized at 4 �C compared to 25 �C.
3.2. Colorimetric and UV-visible spectra changes of
nanoparticles–pesticide interaction

We observed that the color of the solution changed from yellow
to dark green within half an hour of mixing phorate solution
and bare silver nanoparticles. The color of the solution subse-
quently turned colorless aer 12 hours of incubation. Similar
experiments were conducted with chlorpyrifos and malathion,
and no color change was observed. In a control experiment,
ACN was used instead of the pesticide.

The color and UV-visible spectra of NP–ACN at a different
times are shown in Fig. 1(a). The NPs were stable and showed no
shi in the wavelength of the SPR band for 12 hours (shown in
the appendix, Fig. C2†). However, a slight decrease in intensity
was observed with incubation time. The appearance of a small
shoulder at�450 nm was attributed to the presence of few large
nanoparticles.32 From these observations, it can be inferred that
the NPs are stable in ACN (see Fig. 1(a) and C2(a)).† The
molecules of ACN has surfactant-like structure, with a polar CN
head group and a short CH3 tail. The ACN displaces the boro-
hydride ions and gets adsorbed on metal core, distributing the
electron density to a more stable state. The adsorption of
nucleophilic solvents increases the Fermi level of silver
nanoparticles.33

Fig. 1(b) shows the color and UV-visible spectra of NP–
phorate solution at different time intervals. It is observed that
a new peak appeared at the wavelength around 600 nm and the
overall intensity reduced aer 2 hours of incubation. The
appearance of the absorption band around 600 nm was
corroborated with the color change of NP–phorate mixture,
from yellow to green and then decolorization over 12 hours of
incubation (shown in appendix Fig.C1†). The bathochromic/
redshi is due to a shi in LSPR to lower energy levels.27

Broadening of the peak is correlated with the increase in the
size of NP on interaction with phorate leading to aggregation.
The dark green color of the NP–phorate mixture remains for
almost two hours. The color intensity decreases steadily leading
to a colorless solution aer 12 hours. The intensity of the LSPR
band decreases as the number of particles decreases in the
solution.28 Other characterization techniques including Raman
spectroscopy and mass spectrometry were used to further
analyze the observed colorimetric and spectral changes, and to
outline the reaction mechanism between silver nanoparticles
and pesticides.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Image showing color change and corresponding UV-visible
spectral changes for (a) NP–ACN and (b) NP–phorate solution mixture
after 0.5, 1, and 2 hours of incubation at 4 �C.

Table 2 Zeta potential for NP, NP–ACN, NP–phorate, NP–chlorpyr-
ifos, and NP–malathion mixture at 4 �C incubated for different time
intervals

Samples

Zeta potential (mV)

0.5 hour 2 hour 12 hour

NP �25.2 � 1.7 �24.4 � 0.4 �22.7 � 0.7
NP–ACN �17 � 1.4 �16 � 2.4 �16 � 2.1
NP–phorate �10 � 0.4 �10 � 0.5 �10 � 1.3
NP–chlorpyrifos �15 � 2.8 �12 � 3.2 �12 � 2.4
NP–malathion �15 � 1.1 �14 � 0.4 �16 � 0.6
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Unlike chlorpyrifos andmalathion, the presence of sulde in
phorate (Appendix B) may have induced the aggregation of
nanoparticles. To verify this hypothesis, the variation in pH,
particle size, and zeta potential of the nanoparticle–pesticide
mixture over time were monitored.
3.3. Effect in pH

The pH of various solutions during our experiments is listed in
Table 1. The pH of borohydride stabilized silver nanoparticle
solution at 4 �C is 6.92, while pH of the solution is 6.84 for the
Table 1 pH values of NP and NP–pesticides mixture at different
incubation times

Samples

pH of the solution at 4 �C

0.5 hours 2 hours 12 hours

NP 6.92 6.92 6.92
NP–ACN 6.84 6.84 6.83
NP–phorate 6.22 6.23 6.22
NP–chlorpyrifos 6.81 6.79 6.79
NP–malathion 6.83 6.80 6.80

© 2021 The Author(s). Published by the Royal Society of Chemistry
control (ACN in water). Immediately aer mixing nanoparticles
with three organophosphates, the pH value remains around 6.8.
Aer incubation for 30 minutes, the value of pH decreases to
6.22 for NP–phorate, mixture the pH remains stable for NP–
chlorpyrifos and NP–malathion mixture. Aer further incuba-
tion for 12 hours, no signicant change in the pH of solutions
was observed. The observed pH values (pH 7 to 6.22) of the NPs,
do not impart much effect on the corresponding behavior of NP
and the used pesticides and is suitable for performing the
studies.
Fig. 2 Particle size distribution of (a) NP–ACN and (b) NP–phorate
with time.

RSC Adv., 2021, 11, 32286–32294 | 32289
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The pH variation may affect the behavior of chlorpyrifos,
which contains a pyridine group. At low pH, the pyridine group
will be protonated, and chlorpyrifos will strongly attract nega-
tively charged NPs. This process may lead to the strong desta-
bilization of silver nanoparticles. Malathion is reported to be
hydrolyzed at pH <5 or >7. Phorate is hydrolyzed at high pH >8
but remains stable at low pH.34 The effect of hydrolyzed prod-
ucts35,36 of these pesticides on the stabilization of silver nano-
particles is unknown and requires further investigation.
3.4. Size and surface charge of nanoparticles in the presence
of pesticides

The particle size and surface charge of nanoparticle–pesticide
mixtures were measured at 4 �C. The zeta potential of various
samples is shown in Table 2. The variation in the size distri-
bution of nanoparticles in ACN and phorate solution is shown
in Fig. 2. The control sample, NP–ACN, has a stable particle size
over time with a z average of around 20 nm, with most particles
having hydrodynamic diameter of approximately 90 nm37,38 and
zeta potential ��16 mV throughout the incubation. However,
ACN slowly displaces the borohydride ion, probably through the
nitrogen atom of the nitrile group. In the presence of pesticides,
the borohydride ions get replaced by pesticide molecules. There
is also a possibility that the pesticides may not displace all
Fig. 3 Raman spectra of phorate and NP–phorate mixture after 0.5
hours and 12 hours of incubation.

Table 3 Raman spectroscopic data of phorate and NP–Phorate mixture

Peak assignments

Wavenumber (c

Phorate

C–S stretching 569 [608]
P¼S stretching 772 [730]
P–O–C anti-symmetric stretch 1083 [1142]
B–H stretching
S–CH2 stretch, O–CH2 stretching mode 1396 [1348]
R–CH3 scissors vibration 1450 [1450]

32290 | RSC Adv., 2021, 11, 32286–32294
borohydride ions leading to negative potential on aggregated
surfaces.

There is a progressive increase in size distribution for the
NP–phorate mixture, as shown in Fig. 2(b). The hydrodynamic
diameter of the NP–phorate mixture increases up to around
600 nm within half an hour and to about 1100 nm within 2
hours. The colors change observed for the NPs solution upon
interaction with pesticides, roughly corroborates the variation
in particle size with time. However, no considerable change in
the size of particles for NP–chlorpyrifos and NP–malathion
mixtures (in the appendix, Fig. C3†). Further, the variation of
particle charge at three different time points time i.e., 0.5, 2, and
12 hours was also studied. The charge on the particle may not
follow the colorimetric change with time. However, it can tell
about the nal nature of the material.

The zeta potential of NP–chlorpyrifos and NP–malathion
remains in the range of �12 mV to �16 mV. NP–phorate shows
a lower zeta potential of�10 mV. Phorate has a higher tendency
to bind the silver nanoparticles, thus shows a lower negative
value. The presence of more sulfur atoms, causes attraction
towards the silver.39 The surface charge for the NP–phorate
system is the least negative among the three NP–pesticide
systems. The lowest charge leads to the aggregation of nano-
particles. However, during the aggregation process, phorate
could decompose in the presence of nanoparticles.
3.5. Raman spectroscopic analysis of nanoparticle–pesticide
mixture

The Raman spectra of NP–phorate samples were taken aer 0.5
and 12 hours of incubation to get information on pesticide–
nanoparticles interaction.

The increase in the intensity of phorate peaks (Fig. 3) is to
due silver nanoparticle's strong Raman enhancement effect.
The strong bands obtained for phorate and NP–phorate solu-
tion are listed in Table 3.40–44 The major peaks of phorate are
assigned based on the literature precedence.39 The major peaks
in the Raman spectra for NP–phorate mixture are at 572, 814,
1007, and 1107 cm�1 and are assigned to C–S stretching, P]S
stretching, B–H stretching, P–O–C anti-symmetric stretching,
respectively.45–48 This shows binding of phorate to NPs. The
intensity of these peaks decreases with time indicating the
degradation of phorate. The intensity of B–H stretching
decreases as phorate molecules replace borohydride ions. The
m�1) [literature value39]

NP–phorate (0.5 h) NP–phorate (12 h)

572 572
814 813
1107 1103
1007 1001

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 High-resolution ESI-MS spectra of (a) phorate in ACN and (b) NP–phorate mixture after 12 hours of incubation.

Table 4 Observed mass/charge (m/z) values for phorate and NP–phorate solution

Compounds Calculated m/z

MS peaks (m/z)

Phorate NP–phorate

Phorate 260.36 260 (298.99 includes weight of K+)
O,O-Diethyl phosphorodithioic ester 186 188
[(C2H5O)2P(S)]

+ 153 164
[(C2H5O)P(S)(OH)]+ 125 128
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intensity of the Raman peak corresponding to B–H stretching
decreases with time. However, even aer 12 hours, B–H
stretching was observed, indicating that phorate molecules
could not replace all borohydride ions.

The NP–chlorpyrifos and NP–malathion (shown in the
appendix, Fig. C4†) do not show signicant changes in the
Raman spectra upon addition of nanoparticles, except the
enhancement of the intensity of peaks in the presence of bare
silver nanoparticle.44,45 The decrease in the intensity of Raman
peaks and the increase in the particle size with time for the NP–
Phorate system indicate the destabilization of nanoparticles in
the presence of phorate. The destabilization of the NP–phorate
system may also arise due to the degradation of phorate.24

Phorate has three sulfur atoms, which strongly bind to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
surface of bare silver nanoparticles leading to degradation of
phorate. Interestingly, the other two pesticides do not show
similar behaviour with silver nanoparticles.
3.6. Identication of intermediates and degradation
products

In the event of phorate degradation in the presence of silver
nanoparticles, we expect the formation of various compounds in
the supernatant of the NP–phorate mixture, which can be identi-
ed by ESI-MS.23 We tested the supernatant of the NP–phorate
mixture and phorate solution. The spectra obtained for phorate
and NP–phorate aer 12 hours of incubation in positive mode are
shown in Fig. 4. The species detected in themass spectra at various
m/z are listed in Table 4. The molecular ion peak of phorate is
RSC Adv., 2021, 11, 32286–32294 | 32291
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Fig. 5 Proposed mechanism of phorate degradation in the presence of silver nanoparticles.

Fig. 6 Equilibrated structure showing interactions between silver
metal and phorate.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/4
/2

02
4 

7:
25

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
expected atm/z 260.0128. We note that the degradation of phorate
may lead to the breakdown of molecules into various constituents.

Peaks were also obtained at around m/z of 199 and 149,
which corresponds to loss of [($CH2)S(CH2)]. The presence of
peaks at m/z 188, 164, and 128 supports phorate degradation.
These results indicate that phorate degradation occurs in the
presence of Ag nanoparticles due to the presence of S–CH2–S–
CH2 linkage.24
Fig. 7 UV-Visible spectra of NP–phorate mixture after addition of diffe
incubation at 4 �C.

32292 | RSC Adv., 2021, 11, 32286–32294
3.7. Proposed reaction mechanism of phorate degradation

A possible pathway of degradation is schematically shown in
Fig. 5. Interestingly, it is which is similar to the degradation of
phorate in the presence of TiO2 nanoparticles.24 The C–S bond
strength is the least among the various other bonds present in
the phorate. It is expected to break easily, leading to phorate
degradation on the silver nanoparticle surface. Degradation of
phorate leads to its cation radicals, and it combines with the
silver nanoparticle to form a complex which further leads to the
degradation product, O,O-diethyl phosphorodithioic ester.

The adsorption energy is �37.46 kcal mol�1 when both the
sulfur atoms (yellow) of the phorate interact with the silver (blue)
metal surface. The simulation is carried out for multiple probable
conformations of phorate (shown in the appendix, Table D1 and
D2†). The energy value suggests that chemisorption may have
occurred with radical formation and deprotonation reaction,47

which aligns with the proposed mechanism. The equilibrated
structure of the phorate on the silver bed is given in Fig. 6.
3.8. Effect of sodium chloride (NaCl) as interfering
substance

We have done experiments to see the effect of sodium chloride
(NaCl) on the NP–phorate interactions. We used NaCl solutions
of 0 mM, 2 mM, 4 mM, and 8 mM. The pesticides in salt
rent concentrations of NaCl solution at (a) 5 min and (b) 0.5 hours of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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solution was mixed with the nanoparticles solution, while
keeping all the experimental conditions the same. The UV-
visible spectra were recorded for six different incubation
times (5 min, 0.5 hours, 1 hour, 2 hours, 8 hours, and 12 hours)
for all the pesticide nanoparticles mixture. Fig. 7 shows the UV-
visible spectra of the NP–phorate mixture in the presence of
different salt concentrations aer 5 min and 30 min of incu-
bation. The results show that the presence of low NaCl
concentration does not affect the NPs-phorate binding. It is
known that many salts such as NaCl, potassium sulfate (K2SO4)
and ammonium sulfate ((NH4)2SO4) do not cause aggregation of
nanoparticles for a very long time.38,49 However, we are working
on this front and will communicate the results in future.
4. Conclusions

We have studied the interactions between borohydride stabi-
lized silver nanoparticles and organophosphate containing
sulfur. The presence of the S–CH2–S–CH2 group in phorate
causes the aggregation and the color change. Subsequently,
degradation of phorate is observed, producing O,O-diethyl
phosphorodithioic ester. However, chlorpyrifos and malathion
are not interacting signicantly with the nanoparticles. The
study explains the chemistry behind interaction of phorate with
the surface of silver nanoparticles. This interaction is not
affected by presence of NaCl. The present study will be step
towards developing colorimetric sensors for organophosphates
such as phorate.
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