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ABSTRACT: Application of nanoparticles (NPs) in environ-
mental remediation such as water purification requires a
detailed understanding of the mechanistic aspects of the
interaction between the species involved. Here, an attempt was
made to understand the chemistry of noble metal nano-
particle−pesticide interaction, as these nanosystems are being
used extensively for water purification. Our model pesticide,
chlorpyrifos (CP), belonging to the organophosphorothioate
group, is shown to decompose to 3,5,6-trichloro-2-pyridinol
(TCP) and diethyl thiophosphate at room temperature over
Ag and Au NPs, in supported and unsupported forms. The degradation products were characterized by absorption spectroscopy
and electrospray ionization mass spectrometry (ESI MS). These were further confirmed by ESI tandem mass spectrometry. The
interaction of CP with NP surfaces was investigated using transmission electron microscopy, energy dispersive analysis of X-rays,
Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). XPS reveals no change in the oxidation state of silver after
the degradation of CP. It is proposed that the degradation of CP proceeds through the formation of AgNP−S surface complex,
which is confirmed by Raman spectroscopy. In this complex, the P−O bond cleaves to yield a stable aromatic species, TCP. The
rate of degradation of CP increases with increase of temperature and pH. Complete degradation of 10 mL of 2 ppm CP solution
is achieved in 3 h using 100 mg of supported Ag@citrate NPs on neutral alumina at room temperature at a loading of ∼0.5 wt %.
The effect of alumina and monolayer protection of NPs on the degradation of CP is also investigated. The rate of degradation of
CP by Ag NPs is greater than that of Au NPs. The results have implications to the application of noble metal NPs for drinking
water purification, as pesticide contamination is prevalent in many parts of the world. Study shows that supported Ag and Au
NPs may be employed in sustainable environmental remediation, as they can be used at room temperature in aqueous solutions
without the use of additional stimulus such as UV light.

■ INTRODUCTION
Modern agriculture requires tons of pesticides and insecti-
cides worldwide to protect plants and produce from pests and
insects. It is estimated that about 2 million tons of organo-
phosphorus (OP) pesticides are used in a year throughout
the world.1 Because of indiscriminate and extensive use of
pesticides, they persist in soil, ground, surface waters, air,
and agricultural products.2 Chlorpyrifos, O,O-diethyl O-(3,5,6-
trichloro-2-pyridyl) phosphorothioate (C9H11Cl3NO3PS)
(CP), is a well-known organophosphorothioate pesticide that
is used in agricultural and nonagricultural areas.3 It is available
in various formulations under the trade names such as Lorsban,
Pyrinex, Spannit, Tricel, Dursban, Piridane, Silrifos, and Talon.4

In the European Community (EC) countries, 0.1 and 0.5 ppb
are set as the maximum admissible quantities for individual and
the total amount of pesticides, respectively, in drinking water.5

Exposure of CP for long periods results in serious harm to the
human nervous system, respiratory tract, and cardiovascular
systems.6,7 The effects of CP have been observed about 24 km
away from the place of application.8 Therefore, the degradation
of CP present in environment has become a public concern.
The government of India has banned several chlorinated

hydrocarbon insecticides, such as dichlorodiphenyltrichloro-
ethane (DDT), aldrin, and chlordane, and the use of CP has
increased as an alternative.6 Corn, tree nuts, and soybeans are
the major crops on which CP is used.9 Although reliable data of
the presence of pesticides in groundwater of different parts of
the world are rare, limited information is available from some
regions. Studies were conducted on the contamination of soil
and groundwater quality of Roorkee area, Haridwar district,
India, due to intense agricultural activities. Nine organophos-
phorous and 17 organochlorine pesticides were present in
groundwater much above the limits of Indian drinking water
standards.10

The major pathways of chemical transformation of CP and
its analogues like CP-methyl are oxidation, hydrolysis, and nuc-
leophilic substitution reactions.11 CP can be oxidized by various
oxidizing agents, such as ozone, dinitrogen tetroxide, peracid,
and chlorine, which give CP oxon after the replacement of S by
oxygen in the thiophosphoryl bond (PS).12−15 CP oxon is
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substantially more toxic compared to its parent compound, as it
inhibits acetylcholinesterase (AChE, an enzyme necessary for
proper function of the nervous system).16 CP readily undergoes
hydrolysis in basic pH,17,18 whereas it persists in neutral and
slightly acidic conditions typical of soils, surface waters, and
aquifer sediments.19 There are several methods to degrade CP
in the literature, such as photolytic,20 enzymatic,21 electro-
enzymatic,22 ultrasonic,23 and biodegradative24 paths. Divalent
metal ion catalyzed hydrolysis of CP has been reported in
which Cu2+ is found to show high catalytic activity.25

Nanotechnology is important in the context of environ-
mental remediation.26,27 We have shown that noble metal nano-
particles cause dehalogenation of several halocarbons and the
chemistry can be extended to halocarbon pesticides.28

Subsequently, noble metal (especially silver and gold)
nanostructures have been used in water purification applica-
tions, especially because the chemistry occurs at room tempera-
ture and at high efficiency.29−34 Absorption spectra of these
NPs show that they are highly sensitive to toxic species present
in water, such as heavy metal ions35,36 (Hg2+, Cd2+, and
Pb2+, etc.) and pesticides37,38 (endosulfan, chlorpyrifos, and
malathion, etc.). It is very much essential to understand the
pathways of degradation of pesticides and the toxicity of the
transformed products in order to design better nanomaterials-
based remediation strategies.
In this report, we have studied the degradation of this pesti-

cide at different concentrations by silver and gold NPs in
supported (on neutral alumina) and unsupported forms. The
system was chosen as a model as CP has well-defined spectros-
copic, elemental, and mass spectrometric features that allow
precise identification of the species involved. The degrada-
tion products of CP, 3,5,6-trichloro-2-pyridinol (TCP) and
diethyl thiophosphate (DETP), have been identified. TCP is
less toxic39 when compared to CP, whereas other oxidation
products like CP oxon are more toxic16 than parent CP. We
have also studied the effects of monolayer protection, support,
temperature, and pH on the degradation of CP. A mechanism
has been proposed on the basis of the formation of a surface
complex involving AgNP−S binding. As the preparation of
Ag and Au nanoparticle-supported alumina is easy and degrada-
tion of CP in aqueous solutions occurs at room temperature by
simply stirring without any additional irradiation of light, the
application of noble metal nanoparticles in water purification
applications is sustainable.

■ EXPERIMENTAL SECTION
Materials. Silver nitrate, tetrachloroauric acid trihydrate (CDH, India),

trisodium citrate (TSC, Qualigens), mercaptosuccinic acid (MSA), CP
(Fluka), sodium borohydride (Sigma Aldrich), and methanol were
received from various vendors and used as such without further
purification. Neutral alumina (60−325 mesh BSS) was supplied by
SRL, India. The surface area of alumina was 900 ± 50 cm2/g and
the mean particle size was 0.13 mm. Adsorption capacity was at least
1 mg/g for o-nitroaniline. Pore size distribution is 50−60 Å.
Synthesis of Ag NPs. The Ag@citrate NPs were prepared

according to the literature.35 In this method, to a boiling 50 mL silver
nitrate (1 mM) solution, 2 mL of 1 wt % trisodium citrate was added,
and heating was continued further for a few minutes. The solution
turned light yellow, indicating the formation of NPs. The solution was
cooled in an ice bath. Later, the solution was centrifuged, and the
precipitate was washed with distilled water to remove excess citrate.
MSA-protected Ag NPs were prepared as follows.36 About 448.9 mg of
MSA was dissolved in 100 mL of methanol with stirring, at 0 °C. To
this was added AgNO3 solution (85 mg of AgNO3 in 1.7 mL of
distilled water). Then 25 mL of 0.2 M aqueous NaBH4 was added

dropwise, and stirring was continued for 1 h. The precipitate of NPs
was centrifuged and washed several times with methanol to remove
excess sodium borohydride and MSA. Finally, the solvent methanol
was evaporated with a rotavapor to get NPs in the powder form.

Supporting Ag NPs on Neutral Alumina. The loading of Ag@
citrate NPs was done by adding NPs solution to a calculated amount
of neutral alumina followed by gentle shaking. The adsorption of
NPs on alumina was noticed by the disappearance of color of the
supernatant. Addition of NPs solution was stopped when there was no
change in color of the supernatant. This was monitored using absorp-
tion measurements of the supernatant also. The loading of Ag NPs
was ∼0.5 wt %. Similarly, MSA-protected Ag NPs were also loaded on
alumina at ∼0.5 wt % by adding a stock solution of Ag@MSA NPs.

Interaction of Supported and Unsupported Ag@Citrate NPs
with CP. A 6 mL portion of Ag@citrate NPs solution was centrifuged
at 10 000 rpm for 6−7 min to remove excess citrate. To the centri-
fugate was added the required volume of CP in a 1:1 water−methanol
mixture. Typically, 5 mL of Ag@citrate−CP solutions (at 1, 10, and
50 ppm concentrations of CP) was stirred at 1500 rpm. In the case of
alumina-supported Ag@citrate, 100 mg of material and 10 mL of
2 ppm CP solutions were stirred at 1500 rpm.

Instrumentation. UV−vis absorption spectra were recorded with
a PerkinElmer Lambda 25 instrument in the spectral range of
200−1100 nm. High-resolution transmission electron microscopy
(HRTEM) of the samples was carried out using a JEOL 3010 in-
strument with a UHR pole piece. TEM specimens were prepared by
drop-casting one or two drops of aqueous solution to carbon-coated
copper grids and allowed to dry at room temperature overnight. All
measurements were done at 200 kV to minimize the damage of
the sample by the high-energy electron beam. Raman spectra were
measured using WiTec GmbH confocal micro Raman equipped with a
CCD detector. The light source was a Nd:YAG laser of 532 nm
wavelength. X-ray photoelectron spectroscopy (XPS) measurements
were done using an Omicron ESCA Probe spectrometer with
polychromatic Mg Kα X-rays (hν = 1253.6 eV). The X-ray power
applied was 300 W. The pass energy was 50 eV for survey scans and 20
eV for specific regions. Sample solution was spotted on a molybdenum
sample plate and dried in vacuum. The base pressure of the instrument
was 5.0 × 10−10 mbar. The binding energy was calibrated with respect
to the adventitious C 1s feature at 285.0 eV. Most of the spectra were
deconvoluted to their component peaks, using the software CASA-
XPS. The ESI MS measurements were done in the negative and
positive modes using an MDX Sciex 3200 QTRAP MS/MS instru-
ment having a mass range of m/z 50−1700, in which the spray and the
extraction are orthogonal to each other. The samples were electro-
sprayed at a flow rate of 10 μL/min and ion spray voltage of 5 kV. The
spectra were averaged for 100 scans. MS/MS spectra were collected at
optimized collision energies in the range of 35−45 eV.

■ RESULTS AND DISCUSSION
Interaction of Ag@Citrate NPs with CP. Ag@citrate35

NPs show plasmon absorption at 424 nm in water (inset of
Figure 1A, trace a). The absorption features of CP are seen at
229 and 289 nm in a 1:1 water:methanol mixture (inset of
Figure 1A, trace b). The peaks at 229 and 289 nm may be
attributed to the substituents in the pyridine ring.8 CP solutions
of different concentrations (1, 10, and 50 ppm) were treated
with Ag@citrate NPs and the absorption spectra of the solu-
tions were recorded after 24 and 48 h (Figure 1). After 24 h,
the silver plasmon peak was shifted to 436 and 650 nm in the
50 ppm case (Figure 1A, trace c), which may be due to the
aggregation of NPs due to adsorption38 of CP, and the intensity
of the spectrum decreased drastically. The CP peak at 289 nm
disappeared completely and a new peak appeared at 320 nm,
which may be the product after the complete degradation of
CP. In the 10 ppm CP case, a slight decrease in intensity of
surface plasmon resonance of NPs is seen and a weak hump at
320 nm in CP was observed. After 48 h, a clear peak at 320 nm
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is seen in the 10 ppm CP case (Figure 1B, trace b) and the
silver plasmon peak is shifted to 457 and 700 nm, which is due
to aggregation of NPs.38

To understand the red shift of surface plasmon of silver NPs
after the treatment of CP, TEM analysis was performed. TEM
images of the as-prepared and 10 ppm CP treated Ag@citrate
NPs (after 48 h) are shown in Figure 2. A larger area TEM
image of the CP-treated sample is shown in the Supporting
Information (Figure S1). The average size of Ag@citrate NPs is
30 ± 10 nm (Figure 2A). Figure 2B is a small area TEM image
where we can see clear aggregation of Ag NPs induced by CP.
To see the elemental composition of the surface of NPs in

the aggregates, one of those aggregates was imaged as shown in
Figure 3. Figure 3A is the TEM image, and parts B, C, D, and E
are the elemental maps of Ag, Cl, S, and P, respectively.
Part F is the TEM image of single NP, and the Ag(111) lattice
(0.234 nm) is marked.40 The presence of P confirms the
presence of CP on the surfaces of the NPs. The energy disper-
sive analysis of X-rays (EDAX) spectrum corresponding to the
image is shown in the Supporting Information (Figure S2). It
shows the presence of elements Ag, S, P, and Cl.
To determine the origin of the new peak at 320 nm in the

absorption spectrum, the suspension of 10 ppm CP solution
and Ag@citrate was centrifuged (after 48 h) and the super-
natant was analyzed using electrospray ionization mass spectro-
metry (ESI MS). For comparison, ESI MS of CP was also
measured, and the data are shown in Figures 4 and 5. Figure 4A
is the ESI MS in the positive mode. Traces a and b correspond

to parent CP and the reaction products, respectively. In trace
a, the molecular ion peak of CP is at m/z 350.5. The major
fragments of CP are at m/z 323, 295, and 277, which are due
to losses of m/z 28 (C2H4), 56 (2C2H4), and 74 (2C2H4 +
H2O), respectively, from m/z 350.5 (Figure 4A, trace a). The
other major specie noticed is at m/z 198, which may be due
to protonated TCP. The positive mode ESI MS of the
reaction product shows the disappearance of m/z 350.5,
which is due to CP (Figure 4A, trace b). This confirms that
CP has degraded. The major peaks are noticed at m/z 220
and 198. The m/z 198 peak may be due to TCP. To confirm
this further, tandem mass spectrometry of m/z 198 was
performed. The MS2 of m/z 198 is shown in Figure 4B. In
TCP, there are three chlorine atoms. Due to the existence of
35Cl and 37Cl isotopes, for TCP, three peaks at m/z 198, 200,
and 202 are seen. The calculated mass spectral positions for
TCP and the peaks in the m/z 198 region are compared in
inset of Figure 4A. They are in good agreement. The peaks at
m/z 198, 200, and 202 are due to 35Cl3,

35Cl2
37Cl, and

35Cl37Cl2 isotopomers of TCP, respectively. The MS2 of m/z
198 peak (Figure 4B, trace a) gives fragments at m/z 180,
162, 144, 134, and 107, which are due to the loss of H2O, Cl,
H2O + Cl, CO + Cl, and CO + Cl + HCN, respectively.
Here, 35Cl is lost in the fragmentation. However, in the MS2

of m/z 200, the ion can lose 35Cl or 37Cl, so we see peaks
separated by 2 mass units higher than all the peaks seen in
trace a (Figure 4B, trace b). In MS2 of m/z 202 there is also a
possibility to lose either 35Cl or 37Cl (Figure 4B, trace c). All

Figure 2. TEM images of Ag@citrate NPs (A) and NPs treated with 10 ppm CP solution after 48 h (B).

Figure 1. UV−vis absorption spectra of Ag@citrate NPs treated with 1, 10, and 50 ppm CP solutions (traces a, b, and c, respectively) after 24 and 48
h (A and B, respectively). The inset of A is UV−vis absorption spectra of Ag@citrate NPs and 1 ppm CP (a and b, respectively).
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these losses are possible from the TCP structure, which is
shown in Figure 4B. In the positive mode, the other major
peak seen is at m/z 220. This may be due to the replacement
of H in the −OH group of the TCP structure by Na, as we
used trisodium citrate in the synthesis of Ag@citrate NPs.
The calculated mass spectral positions of the sodium salt of
TCP and m/z 220 peak are compared, and they are in very
good agreement (Supporting Information, Figure S3A). To
confirm the structure of m/z 220, its MS2 spectrum was
measured, but we did not observe any positively charged
fragments, as only Na+ loss occurs, giving a neutral fragment
(Supporting Information, Figure S3B).
In the negative mode ESI MS of CP, the major fragment

is m/z 196, due to loss of one proton from TCP (Figure 5A,
trace a). The ESI MS of the product of 10 ppm CP solution

and Ag@citrate NPs shows major peaks at m/z 196 and 169
(Figure 5A, trace b). The peak at m/z 196 is assigned to the
structure mentioned (shown in Figure 5A). To verify this,
calculated mass spectral positions were compared with the
experimental spectrum of the anion of TCP (inset of Figure 5A).
Both are in good agreement. Although MS/MS analysis of
m/z 196, 198, and 200 were carried out, we did not observe
any negatively charged fragments (Supporting Information,
Figure S4A). The other major peak is m/z 169. This may be
due to the anion of DETP. To check the assignment, calculated
mass spectral positions were compared with the experimental
spectrum of the anion of DETP (Supporting Information, Figure
S4B), and they were in good agreement. To confirm the structure,
MS2 of m/z 169 was performed and it gives peaks at 141 and 95,
which are due to the loss of C2H4 and 2C2H4 + H2O, respectively.

Figure 3. TEM image and elemental maps of Ag@citrate NPs after treating with 10 ppm CP solution (after 48 h). Part A is the TEM image of an
aggregate. Parts B, C, D, and E are elemental maps of Ag, Cl, S, and P, respectively. Part F is the TEM image of a single NP, and the Ag(111)
interplanar distance is marked in the inset. The elemental maps are rotated nearly 90° with respect to the TEM.

Figure 4. (A) ESI MS of CP (trace a) and supernatant of reaction mixture of Ag@citrate NPs and 10 ppm CP solution (trace b) after 48 h in
positive mode. The inset of A is a comparison of calculated mass spectral positions (red trace) of protonated TCP and the experimental mass
spectral region in m/z 198 (black trace). (B) MS/MS spectra of m/z 198, 200, and 202 (traces a, b, and c, respectively) in the reaction product. The
chemical structure of m/z 198 is shown in B.
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The chemical structures of m/z 169 and 95 are shown in Figure
5B. On the basis of these assignments, we can postulate an
equation for the degradation of CP in presence of Ag@citrate
as follows:

After the treatment of CP, NPs were subjected to XPS ana-
lysis to see whether there is a change in oxidation state of silver

in Ag@citrate NPs due to the degradation of CP. The XPS
data of 10 ppm CP treated and untreated Ag@citrate NPs are
shown in Figure 6. The C 1s features of as-synthesized Ag@
citrate NPs are seen at 285.0, 286.7, 288.5, and 289.6 eV, which
may be due to C−C, C−O, O−C−O, and OC−O carbons,
respectively (Figure 6A, trace a).41 The Ag 3d5/2 peak is
observed at 368.2 eV, assigned to silver in the zerovalent state
(Figure 6B, trace a). After the treatment of CP, the features of
C 1s and Ag 3d5/2 are unaltered (traces b in Figures 6A and B,
respectively). They indicate that after the conversion of CP
there is no change in carboxylate protection and oxidation state
of silver. As noticed in TEM analysis, the adsorption of CP on
NPs is confirmed by XPS also. A peak of S 2p3/2 is observed at
161.6 eV, which may be due to chemisorbed42 CP or metal
sulfide43 as shown in Figure 6C. The Cl 2p region is shown in
Figure 6D, where the distinct features are deconvoluted and
labeled. The 2p3/2 peaks at 197.8 and 201.1 eV may be due to
different chemical environments. The latter peak may be due to
organic chlorides,43 which may be from adsorbed CP. The P
2p3/2 peak is seen at 133.2 eV, which can be assigned to organo-
phosphate species44 (Figure 6E). The N 1s features are

Figure 5. (A) ESI MS of CP (trace a) and supernatant of reaction mixture of Ag@citrate NPs and 10 ppm CP solution (trace b) after 48 h in
negative mode. The inset of A is a comparison of the calculated mass spectral positions (red trace) of TCP and experimental mass spectral region in
the m/z 196 range (black trace). (B) Tandem mass spectrum of m/z 169 of the reaction product. The chemical structures of m/z 196, 169, and 95
are also shown.

Figure 6. XPS of Ag@citrate NPs and the sample treated with 10 ppm CP solution for 48 h. Parts A, B, C, D, E, and F are C 1s, Ag 3d, S 2p, Cl 2p, P
2p, and N 1s regions, respectively. Traces a and b (in A and B) are before and after treatment of CP, respectively.
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observed at 398.8 and 400.2 eV (Figure 6F). The latter peak
may be due to the organic N 1s signal, due to adsorbed CP.42

The former peak may be due to the involvement of N in the
formation of a surface complex.
To understand the mechanism of interaction of CP with Ag

NPs surface, Raman spectroscopy was performed. Raman
spectra of CP and Ag@citrate NPs treated with 10 ppm CP
solution are shown in Figure 7 (traces a and b, respectively).

Major Raman features of CP are noticed at 640 and 1580 cm−1.
The former is due to C−Cl and the latter is due to PS vibra-
tions, respectively.38 Parent Ag@citrate NPs exhibit Raman
peaks at 1372 and 1572 cm−1, which are due to carbonaceous
species such as citrate (inset of Figure 7).28 NPs treated with
10 ppm CP solution show all the Raman features of CP. The
PS and C−Cl features are broadened and shifted (Figure 7,
trace b), which confirm the adsorption of CP on NPs, leading
to aggregation. This is also confirmed by TEM and XPS. A new
peak at 248 cm−1 is noticed that may be assigned to AgNP−S
interaction, possibly in the form of an Agn

+←S complex.45−47

Effect of Temperature on the Degradation of CP. For
this study, 5 mL of 10 ppm CP solution (in 1:1 methanol:water)
was treated with the centrifugate obtained after centrifuging
5 mL of Ag@citrate NPs (at 10 000 rpm for 6−7 min) at 15,
25, and 35 °C. After 12 h, solutions were centrifuged at
6000 rpm and supernatants were analyzed using UV−vis ab-
sorption spectroscopy. In 35 °C solution, NPs were preci-
pitated, whereas in 25 and 15 °C solutions, no precipita-
tion of NPs was seen. The data are shown in the Supporting
Information (Figure S5). For a given concentration of NPs and
CP, the rate of degradation was increased with an increase of
temperature. After 12 h, at 15 and 25 °C, 50 and 68% of
CP was degraded, respectively (traces b and c, respectively
in Supporting Information, Figure S5). At 35 °C, complete
degradation of CP was noticed, as indicated by the presence
of a peak at 320 nm (Supporting Information Figure S5,
trace d).48 In all cases, the red shift of surface plasmon of NPs
due to aggregation was seen.38

Interaction of Alumina Supported Ag@Citrate NPs
with CP. In applications, it is necessary to use supported
nanoparticles. Alumina-supported Ag@citrate NPs were treated

with CP (in 1:1 methanol + water). The samples were analyzed
with UV−vis, ESI MS, and XPS techniques. Ten mL of 2 ppm
CP solution was treated with 100 mg of alumina-supported
Ag@citrate NPs, and the solution was analyzed with absorption
spectroscopy as a function of time (Figure 8). After 5 min, only

features of CP (229 and 289 nm) are seen (Figure 8, trace a).
After 3 h, a new peak appeared at 320 nm, which is due to
the formation of TCP, and the 289 nm peak due to CP
almost disappeared (Figure 8, trace b).48 After 4 h, complete
disappearance of the CP peak was seen (Figure 8, trace c). The
rise in background of absorption may be due to the pre-
sence of nanoscale particulates of alumina (even in the centri-
fuged sample).

Recycling of Alumina Supported Ag@Citrate NPs.
Reuse of NPs supported on alumina (100 mg) for the degrada-
tion of 2 ppm CP solution (10 mL) was studied for four cycles.
In each cycle, reaction was done for 4 h by stirring at 1500 rpm.
After the reaction, material was centrifuged in each cycle at
8000 rpm for 6−7 min, and the resulting centrifugate was
washed with methanol two times to remove any adsorbed CP
or degraded product of CP. The percentage of degradation of
CP was calculated using the area under the peak at 289 nm in
the absorption spectrum of the supernatant. In the first cycle,
complete degradation was seen and it decreased to 53, 28, 10%
in the second, third, and fourth cycles, respectively (inset of
Figure 8). The decrease in percentage of decomposition of CP
may be due to the coverage of CP on the nanoparticle surface,
which was not removed even after washing twice.
The ESI MS analysis of supernatant solutions in the first

cycle revealed the formation of TCP and DETP as products of
degradation of CP (data not shown). The XPS data of alumina-
supported Ag@citrate NPs treated with 2 ppm CP solution for
4 h are shown in the Supporting Information: parts A, B, C, and
D of Figure S6 are C 1s, Ag 3d, O 1s and Al 2p regions,
respectively. Traces a and b correspond to alumina-supported
Ag@citrate NPs before and after treatment of CP, respectively.
The C 1s peaks at 285.0, 286.0, 288.5, and 290.0 eV may
be due to C−C, C−O, O−C−O, and OC−O carbons,
respectively41 (Supporting Information, Figure S6A, trace a).
After treatment of CP, C 1s peaks are noticed at the same
positions, which indicate no change in citrate protection

Figure 7. Raman spectra of CP and Ag@citrate NPs treated with 10
ppm CP solution for 1 day (traces a and b, respectively). The inset is
the Raman spectrum of Ag@citrate NPs.

Figure 8. UV−vis absorption spectra of solutions of 2 ppm CP treated
with alumina-supported Ag@citrate NPs after 5, 180, and 240 min of
exposure (traces a, b, and c, respectively). Inset shows the percentage
of degradation of CP in each cycle. The error bar is 4%.
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(Supporting Information, Figure S6A, trace b). The peak of
Ag 3d5/2 is noticed at 368.3 eV before and after treatment of
CP (traces a and b, respectively, in Supporting Information,
Figure S6B) due to silver in the zerovalent state. The O 1s
peaks are noticed at 529.3, 531.2, and 532.8 eV before and after
treatment of CP (traces a and b, respectively in Supporting
Information, Figure S6C). The peaks at 529.3, 531.2, and
532.8 eV may be assigned to oxygen of alumina, hydroxyl groups
of citrate, and oxygen of carboxylate groups, respectively.35 The
Al 2p peak at 74.6 eV due to alumina appears before and after
treatment of CP (traces a and b, respectively of Supporting
Information, Figure S6D).
Mechanism of Decomposition. A mechanism is proposed

on the basis of results obtained from UV−vis absorption, ESI
MS, TEM, XPS, and Raman measurements and is depicted in
Scheme 1. The NP can bind with sulfur and nitrogen atoms to
form a surface complex,25 as they have a lone pair of electrons.
The formation of the Agn

+←S bond is confirmed by Raman
spectroscopy (Figure 7).45 Due to the electron polarization
in the proposed surface complex, the side chain link to the
pyridine ring may get weakened.25 The P−O bond may cleave,
which results in the attack of water (nucleophile) at the
electrophilic phosphorus site.19 Since TCP is a stable aromatic
compound, nitrogen will withdraw electrons from a coordina-
tion bond (to Agn) to produce TCP. Then, DETP, which is
also a stable molecule, may form after withdrawing sulfur elec-
trons from the coordination bond. Aggregation of Ag NPs due
to adsorption of CP molecules was confirmed by TEM images
and the red shift of the UV−vis spectra. The adsorbed CP
molecules are shown with a star symbols in the scheme.
Presence of adsorbed species has been confirmed by elemental
mapping and various spectroscopic studies.

Effect of pH on the Degradation of CP. CP is known to
undergo degradation to give TCP and DETP at basic pH.19

The results shown above are at neutral pH. The same degrada-
tion is also noticed at basic pH, in the presence of supported
nanoparticles. However, unsupported Ag NPs are unstable at
high basic pH. In the acidic pH range, NPs leach into the
solution, resulting in a decrease in the rate of degradation com-
pared to basic pH (data not shown).

Reaction of CP with Au@Citrate NPs. Au@citrate NPs
were synthesized38 similar to Ag@citrate NPs. A 5 mL solu-
tion of as-synthesized Au@citrate NPs was centrifuged at
10 000 rpm for 6−7 min to remove excess citrate. To the
residue, 5 mL of 10 ppm CP solution (in 1:1 water:methanol
mixture) was added and the mixture was stirred at 1500 rpm.
The absorption spectra of the reaction mixtures were collected
at different times and data are shown in Figure 9A. The
absorption feature of NPs at 522 nm got shifted to 530 and
690 nm, which may be due to aggregation. The red color of
Au NPs turned to blue. The background of the spectra in-
creased with time, which may be due to aggregation of NPs
leading to the formation of turbidity in the solution. After 7 h
(trace b), a hump at 320 nm is noticed that may be due to
TCP.48 A very small conversion of CP to TCP was noticed as
parent CP was still observed even after 6 days, whereas in the
case of Ag NPs, conversion was complete in 2 days. The ESI
MS data also revealed the presence of CP in the solution after 6
days (data not shown). Aggregation of NPs was confirmed by
TEM analysis after reaction for 7 h. A large-area TEM image is
shown in Figure 9B. Small-area TEM images of Au@citrate
NPs before and after treatment of 10 ppm CP solution for 7 h
are shown in the Supporting Information (Figure S7, parts A
and B, respectively).

Scheme 1. Representation of Degradation of CP on Ag NPsa

aAdsorbed CP molecules are shown with red stars.
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Control Experiments. To prove the degradation of CP in
the presence of NPs, several control experiments were per-
formed. The possibility of degradation of CP at room tempera-
ture in 1:1 water:methanol mixture was checked by measuring
the absorption spectrum of CP with time. No change in the
absorption spectrum was seen, even after 5 days at room tem-
perature (Supporting Information, Figure S8A). The effect of
alumina substrate on the degradation of CP was also checked
using 3 ppm CP solution. The absorption spectrum of CP after
24 h showed a small (∼10%) conversion to TCP (Supporting
Information, Figure S8B, trace b). Unprotected NPs were syn-
thesized by reducing silver nitrate with ice-cold sodium boro-
hydride, which show surface plasmon absorption at 390 nm
(data not shown). As-synthesized Ag NPs were immediately
loaded on neutral alumina and were used for the degradation of
1 ppm CP. CP was completely degraded to give a peak at 320
nm in the absorption spectrum after 24 h (Figure S8B, trace c).
Monolayer-protected Ag@MSA NPs were synthesized accord-
ing to the literature36 and loaded on alumina. These NPs were
used for degradation of CP (2 ppm). After 3 h, the TCP peak at
320 nm was seen in the absorption spectrum (Supporting
Information, Figure S9, trace c).48 After 5 h, the CP peak at
289 nm disappeared completely, indicating the complete de-
gradation of CP (Supporting Information, Figure S9, trace e).
All these studies were done at neutral pH. The importance of
NPs is verified by using bulk silver powder (black in color),
which was obtained by reducing AgNO3 with sodium boro-
hydride. In this case, only ∼5% of CP was converted to TCP
even after 2 days (data not shown). All these control experi-
ments revealed that Ag NPs, both unprotected and monolayer-
protected, in supported and unsupported forms, help in the
degradation of CP.

■ CONCLUSIONS
The degradation of CP by Ag and Au NPs was investigated at
room temperature. The degradation products, TCP and DETP,
were confirmed using tandem ESI MS. A mechanism of
degradation of CP was proposed based on TEM, EDAX, XPS,
and Raman results. To the best of our knowledge, this is the
first report on the chemistry of Ag NPs for the degradation of
CP. Unsupported Ag and Au@citrate NPs show aggregation
after adsorption of CP, leading to the red shift of surface
plasmon of NPs. The activity of Ag NPs is greater than that of
Au NPs in the degradation of CP. Unprotected and monolayer-
protected Ag NPs are also found to show degradation of CP.

Supported Ag and Au NPs can be used to degrade CP effi-
ciently, because these may be reused, as aggregation of particles
is avoided. The rate of degradation of CP can be increased with
an increase of temperature and pH of the solution. However,
the fact that degradation occurs at room temperature and on
supported NPs is important, as these allow the utilization of
such materials for water purification. In such applications, it is
necessary that there is a postdegradation step to remove the
degradation products by adsorbents such as activated carbon.
The degraded products may undergo subsequent chemistry
with nanoparticles, and this aspect needs to be explored. It
is also necessary to extend this work to other pesticides of
relevance so that viable technologies are developed.

■ ASSOCIATED CONTENT

*S Supporting Information
TEM images, EDAX, ESI MS, UV−vis, and XPS data of Ag
NPs and reaction products of CP. This material is available free
of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: pradeep@iitm.ac.in.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the Department of Science and Technology (DST),
Government of India, for constantly supporting our research
program on nanomaterials. M.S.B. thanks the CSIR for a
research fellowship.

■ REFERENCES
(1) Zhang, K.; Mei, Q. S.; Guan, G. J.; Liu, B. H.; Wang, S. H.;
Zhang, Z. P. Anal. Chem. 2010, 82, 9579−9586.
(2) Sharma, D.; Nagpal, A.; Pakade, Y. B.; Katnoria, J. K. Talanta
2010, 82, 1077−1089.
(3) Kamel, A.; Byrne, C.; Vigo, C.; Ferrario, J.; Stafford, C.;
Verdin, G.; Siegelman, F.; Knizner, S.; Hetrick, J. Water Res. 2009, 43,
522−534.
(4) Murillo, R.; Sarasa, J.; Lanao, M.; Ovelleiro, J. L. Water Sci.
Technol. 2010, 10, 1−6.
(5) Garcia-Reyes, J. F.; Gilbert-Lopez, B.; Molina-Diaz, A.;
Fernandez-Alba, A. R. Anal. Chem. 2008, 80, 8966−8974.

Figure 9. UV−vis absorption spectra (A) of Au@citrate NPs + 10 ppm CP reaction mixture at different times. Traces a−c are at 5 min, 7 min, and
150 h, respectively. B is the large-area TEM image of above reaction mixture after 7 h.

Langmuir Article

dx.doi.org/10.1021/la2050515 | Langmuir 2012, 28, 2671−26792678

http://pubs.acs.org
mailto:pradeep@iitm.ac.in


(6) Sinha, S. N.; Pal, R.; Dewan, A.; Mansuri, M. M.; Saiyed, H. N.
Int. J. Mass Spectrom. 2006, 253, 48−57.
(7) Farag, A. T.; El Okazy, A. M.; El-Aswed, A. F. Reprod. Toxicol.
2003, 17, 203−208.
(8) Devi, L. G.; Murthy, B. N.; Kumar, S. G. J. Mol. Catal. A 2009,
308, 174−181.
(9) Eaton, D. L.; Daroff, R. B.; Autrup, H.; Bridges, J.; Buffler, P.;
Costa, L. G.; Coyle, J.; McKhann, G.; Mobley, W. C.; Nadel, L.;
Neubert, D.; Schulte-Hermann, R.; Spencer, P. S. Crit. Rev. Toxicol.
2008, 38, 1−125.
(10) Agarwal, A.; Joshi, H. Rec. Res. Sci. Technol. 2010, 2, 51−57.
(11) Wu, T.; Jans, U. Environ. Sci. Technol. 2006, 40, 784−790.
(12) Berkelhammer, G.; Dauterman, W. C.; O’Brien, R. D. J. Agric.
Food Chem. 1963, 11, 307−8.
(13) Bellet, E. M.; Casida, J. E. J. Agric. Food Chem. 1974, 22, 207−
211.
(14) Ohashi, N.; Tsuchiya, Y.; Sasano, H.; Hamada, A. Jpn. J. Toxicol.
Environ. Health 1994, 40, 185−192.
(15) Duirk, S. E.; Tarr, J. C.; Collette, T. W. J. Agric. Food Chem.
2008, 56, 1328−1335.
(16) Wu, J. G.; Laird, D. A. Environ. Toxicol. Chem. 2003, 22, 261−
264.
(17) Faust, S. D.; Gomaa, H. M. Environ. Lett. 1972, 3, 171.
(18) Macalady, D. L.; Wolfe, N. L. J. Agric. Food Chem. 1983, 31,
1139−1147.
(19) Smolen, J. M.; Stone, A. T. Environ. Sci. Technol. 1997, 31,
1664−1673.
(20) Barcelo, D.; Durand, G.; Bertrand, N. D. Toxicol. Environ. Chem.
1993, 38, 183−99.
(21) Li, X.; He, J.; Li, S. Res. Microbiol. 2007, 158, 143−149.
(22) Tang, T.; Dong, J.; Ai, S.; Qiu, Y.; Han, R. J. Hazard. Mater.
2011, 188, 92−97.
(23) Zhang, Y.; Xiao, Z.; Chen, F.; Ge, Y.; Wu, J.; Hu, X. Ultrason.
Sonochem. 2010, 17, 72−77.
(24) Anwar, S.; Liaquat, F.; Khan, Q. M.; Khalid, Z. M.; Iqbal, S. J.
Hazard. Mater. 2009, 168, 400−405.
(25) Mortland, M. M.; Raman, K. V. J. Agric. Food Chem. 1967, 15,
163.
(26) Warner, C. L.; Addleman, R. S.; Cinson, A. D.; Droubay, T. C.;
Engelhard, M. H.; Nash, M. A.; Yantasee, W.; Warner, M. G.
ChemSusChem 2010, 3, 749−757.
(27) Campelo, J. M.; Luna, D.; Luque, R.; Marinas, J. M.; Romero, A.
A. ChemSusChem 2009, 2, 18−45.
(28) Nair, A. S.; Pradeep, T. Curr. Sci. 2003, 84, 1560−1564.
(29) Pradeep, T.; Anshup. Thin Solid Films 2009, 517, 6441−6478.
(30) Gupta, R.; Kulkarni, G. U. ChemSusChem 2011, 4, 737−743.
(31) Nair, A. S.; Pradeep, T. U. S. Patent 7,968,493B2, 2011.
(32) Nair, A. S.; Pradeep, T. Indian Patent 200767.
(33) Das, S. K.; Das, A. R.; Guha, A. K. Langmuir 2009, 25, 8192−
8199.
(34) Ratliff, J. S.; Tenney, S. A.; Hu, X.; Conner, S. F.; Ma, S.;
Chen, D. A. Langmuir 2009, 25, 216−225.
(35) Bootharaju, M. S.; Pradeep, T. J. Phys. Chem. C 2010, 114,
8328−8336.
(36) Sumesh, E.; Bootharaju, M. S.; Pradeep, A. T. J. Hazard. Mater.
2011, 189, 450−457.
(37) Nair, A. S.; Tom, R. T.; Pradeep, T. J. Environ. Monit. 2003, 5,
363−365.
(38) Nair, A. S.; Pradeep, T. J. Nanosci. Nanotechnol. 2007, 7, 1871−
1877.
(39) Richardson, S. D. Anal. Chem. 2007, 79, 4295−4323.
(40) Zhang, F. X.; Guan, N. J.; Li, Y. Z.; Zhang, X.; Chen, J. X.; Zeng,
H. S. Langmuir 2003, 19, 8230−8234.
(41) Bootharaju, M. S.; Pradeep, T. Langmuir 2011, 27, 8134−8143.
(42) Pemberton, J. E.; Buck, R. P. Anal. Chem. 1982, 54, 1355−62.
(43) Domazetis, G.; Raoarun, M.; James, B. D.; Liesegang, J.; Pigram,
P. J.; Brack, N.; Glaisher, R. Energy Fuels 2006, 20, 1556−1564.

(44) Zhang, X. F.; Shu, C. Y.; Xie, L.; Wang, C. R.; Zhang, Y. Z.;
Xiang, J. F.; Li, L.; Tang, Y. L. J. Phys. Chem. C 2007, 111, 14327−
14333.
(45) Imai, Y.; Tamai, Y.; Kurokawa, Y. J. Sol-Gel. Sci. Technol. 1998,
11, 273−278.
(46) Liu, B.; Han, G.; Zhang, Z.; Liu, R.; Jiang, C.; Wang, S.;
Han, M. Y. Anal. Chem. 2012, 84, 255−261.
(47) Sanchez-Cortes, S.; Domingo, C.; Garcra-Ramos, J. V.;
Aznarez, J. A. Langmuir 2001, 17, 1157−1162.
(48) Dilling, W. L.; Lickly, L. C.; Lickly, T. D.; Murphy, P. G.;
McKellar, R. L. Environ. Sci. Technol. 1984, 18, 540−543.

Langmuir Article

dx.doi.org/10.1021/la2050515 | Langmuir 2012, 28, 2671−26792679


