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Enhanced visual detection of pesticides using gold

nanoparticles

KINATTUKARA PARAMBIL LISHA, ANSHUP and THALAPPIL PRADEEP
Department of Chemistry and Sophisticated Analytical Instrument Facility, Indian Institute of Technology Madras,

Chennai, India

The presence of parts per billion (ppb) levels of chlorpyrifos (O, O-Diethyl- O-(3,5,6-trichloro-2-pyridyl) phosphorothioate) and
malathion (S-1,2-bis(ethoxycarbonyl) ethyl O, O-dimethyl phosphorodithioate), two common pesticides found in the surface waters
of developing countries, have been visually detected using gold nanoparticles. Visual detection of the presence of pesticide is possible
when the color change occurring by the adsorption of pesticides on gold nanoparticles is enhanced by sodium sulfate. The method
presented here is simple and there is no need of sample preparation or preconcentration. The response occurs within seconds and
the color change is very clear. The detection is possible if chlorpyrifos and malathion are present up to a concentration of 20 and
100 ppb, respectively. The method shows great potential for on-site pesticide monitoring. The method is also applicable as a qualitative
technique for the performance evaluation of various household water filters, which claim pesticide removal.

Keywords: Water; gold nanoparticles; chlorpyrifos; malathion; sodium sulfate.

Introduction

Chlorpyrifos is a broad-spectrum organophosphorus in-
secticide, widely used for crop protection and mosquito
control. It can act as an inhibitor for cholinesterase en-
zyme, an enzyme that catalyzes the hydrolysis of neuro-
transmitter acetyl choline into choline and acetic acid.
Once cholinesterase enzyme is inactivated, acetyl choline
will accumulate in nervous system which results in over
stimulation of acetyl choline receptors. This will result in
disorders in the central nervous system, cardiovascular sys-
tem and respiratory system.[! Malathion is a degradable
pesticide which breaks down in the environment by hy-
drolysis, biodegradation and photolysis.”! It is suspected
to cause kidney problems, human birth defects and child
leukemia.l’! Water pollution due to pesticides is a critical
problem in developing countries. Several methods exist to
monitor the presence of pesticides in water samples. Es-
tablished techniques, such as liquid and gas chromatogra-
phy and mass spectrometry provide limits of detection at
the ppb level.*~7 These techniques are highly sensitive but
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time consuming and expensive. Demand for trained techni-
cians for the analysis and the difficulty in on-site or in-field
applications are some of the limits of these techniques, al-
though portable devices are available. Biosensors are also
explored for the detection of organophosphate pesticides
in water.8~10

Gold nanoparticles are highly attractive materials for
optical applications due to the localized surface plasmon
resonance (LSPR). It is the collective oscillation of sur-
face electrons induced by visible light which results in an
extinction band in the visible region of the optical spec-
trum. The extinction band can be tuned by the particle
size, shape and structure as well as the distance between
the particles, refractive index of the surrounding medium
and presence of adsorbed molecules on the particle surface.
The intense red color of aqueous gold solution is an expres-
sion of LSPR.I'I2I Gold nanoparticles have been effec-
tively utilized for the detection of many pollutants present
in the environment. Mercury has been detected in water
samples by various research group using different types of
gold nanoparticles.!'* 1 Similarly, the presence of copper
ions in water samples has been detected by azide and termi-
nal alkyne-functionalized gold nanoparticles.'”? Our group
has already shown the possibility to detect endosulfan at
parts per million (ppm) levels using gold nanoparticles.!'®!
Gold nanoparticles are covalently coupled with acetyl-
cholinesterase (AChE) to create a biosensor and have been
used for the detection of paraoxon.l'”) AChE electrode was
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stabilized by an electrodeposited gold nanoparticle layer
and has been used for the detection of carbofuran.% A
stable AChE biosensor, formed by the assembly of gold
nanoparticles on a sol-gel derived silicate network for im-
mobilization of AChE has been investigated for the detec-
tion of monocrotophos, methyl parathion and carbaryl.[!l
AChE was immobilized on gold nanoparticle-chitosan in-
terface and was tested for the detection of malathion.*?)
Gold nanoparticle-based surface enhanced fluorescence
has been studied for the detection of organophosphorus
agents by Dasary et al.[>’]

Here we make use of the color change of gold nanopar-
ticles from red to blue by salt induced aggregation for
the monitoring of the presence of two common pesticides,
chlorpyrifos and malathion, in ppb levels. The developed
method is very simple and doesn’t need any expensive chem-
icals. The response is very fast and observable to the naked
eye. It doesn’t demand laborious sample preparation and
can be done by inexperienced hands. This colorimetric
method can be effectively utilized for on-site monitoring
of pesticides. The key to this detection strategy is to make
the nanoparticle system sensitive by the addition of a suit-
able salt.

Materials and methods

Chemicals used

Technical grade chlorpyrifos (O, O-Diethyl-O-(3,5,6-
trichloro-2-pyridyl) phosphorothioate) and malathion (S-
1,2-bis(ethoxycarbonyl) ethyl O, O-dimethyl phospho-
rodithioate) were purchased from Tropical Agro Systems
(India Limited). Stock solutions (100 ppm) of each pes-
ticide were prepared in 2-propanol. These solutions were
diluted in water and used for further experiments. Tetra-
chloroauric acid trihydrate (HAuCly.3H,0) was purchased
from CDH India. Trisodium citrate was purchased from
SRL India and used as received. Sodium sulfate (Na;SOy),
sodium chloride (NaCl), potassium sulfate (K,SO4), am-
monium sulfate ((NH4),SO,4) and silver nitrate (AgNO3)
were purchased from E. Merck India Limited. Activated
alumina was purchased from a local source. Triply distilled
water was used throughout the experiment.

Instrumentation

Ultraviolet-visible (UV-vis) absorption spectra were mea-
sured on a Perkin-Elmer Lambda 25 spectrometer. High
Resolution Transmission Electron Microscopy (HRTEM)
was carried out using a 300 kV JEOL-3011 instrument
with a ultra high resolution (UHR) polepiece. The samples
for HRTEM were prepared by dropping the dispersion on
amorphous carbon films supported on a copper grid and
dried in ambience. Scanning Electron Microscopic (SEM)
image was taken using a FEI QUANTA-200 SEM instru-

Lisha et al.

ment. For the SEM measurement, the sample was drop-
casted on an indium tin oxide (ITO) conducting glass and
dried.

Synthesis of gold nanoparticles

Gold nanoparticles (Au@citrate) with an average diam-
eter of 10-20 nm were synthesized by the reduction of
HAuCl4.3H,0 with trisodium citrate.?*! In this method,
10 mL of 5 mM HAuCl:.3H,O was diluted with 180
mL of distilled water and heated until it begins to boil.
An amount measuring 10 mL of 0.5% trisodium citrate
solution was added and continued heating until the so-
lution turned wine red. It was cooled under ambient
conditions.

Synthesis of silver nanoparticle supported on alumina

Silver nanoparticles with an average diameter of 40-60 nm
were synthesized by the citrate reduction method.”’! In
this method 500 mL of 1 mM AgNOj; solution was allowed
to boil. An amount measuring 20 mL of 1% trisodium
citrate solution was added into this and continued heat-
ing until the solution turned pale yellow. It was cooled
in a water bath. Supported silver nanoparticles were pre-
pared by the following procedure. An amount measur-
ing 10 g of neutral activated alumina was soaked in 25
mL of silver nanoparticle suspension well for 10 minutes
and allowed to stand for half an hour. The supernatant
became colorless. It was replaced with another fresh 25
mL suspension. This procedure was repeated until there
was no color change for the supernatant. After decant-
ing the supernatant, silver nanoparticle-coated alumina
were washed thoroughly with distilled water and dried un-
der ambient condition. The silver loading on alumina was
2200 ppm.

UV-vis analysis and colorimetric detection

Two mL of 5000 ppm Na,SO4 solution was mixed with
1 mL of Au@citrate. To this 1 mL of chlorpyrifos or
malathion solution was added and the color change was
noted. The chlorpyrifos concentrations used in the ex-
periment were 12, 25, 125 and 250 ppb, respectively. The
malathion concentrations used in the experiment were 25,
125, 250 and 500 ppb, respectively. A control experiment
was done with water instead of the pesticide solution.

The absorption spectra of the samples before and after
the pesticide addition were recorded at a wavelength of
400-900 nm.

For finding the effect of Na,SO,4 on the color change,
pesticide solution was added to Au@gcitrate and the ab-
sorption spectrum was measured. Effect of other salts such
as NaCl, K,SO,4 and (NH4),SO, instead of Na,SO4 on the
enhanced detection of pesticide was also studied.
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Analysis of real water

The performance of the system in a complex environment
was studied using ground water samples collected from
Chennai, India. This sample was spiked with the two pes-
ticides chosen for the present study. Colorimetric detection
was done with 20 and 25 ppb chlorpyrifos and 100 and 125
ppb malathion.

Detection of treated samples

In order to study the effectiveness of this colorimetric detec-
tion for practical applications, 1 ppm chlorpyrifos solution
was passed through a syringe filter containing 1 g of sil-
ver nanoparticle-coated alumina. The input was tested for
pesticide. The output was collected at an interval of 10 mL
and tested for pesticide. The real water sample spiked with
a mixture of 1 ppm each chlorpyrifos and malathion was
passed through silver nanoparticle-coated alumina column
and colorimetric detection of the filtrate was carried out.

HRTEM and SEM analyses

For understanding the structural and morphologi-
cal changes, HRTEM analysis of Au@citrate and
Au@citrate/Na,SO4 mixture with and without chlorpyri-
fos were done. SEM analysis of the Au@citrate/Na;SO4
mixture with chlorpyrifos was done for understanding the
morphology.

Results and discussion

UV-vis analysis and colorimetric detection

Detection of chlorpyrifos and malathion in different water
samples followed colorimetric methods and the results are
depicted in Figures 1 to 5.

UV-vis spectra of the Au@citrate before and after the
addition of chlorpyrifos showed significant variation. Fig-
ure 1A shows the UV-vis spectra of Au@citrate and
Au@citrate/Na,SO4 mixture before and after chlorpyrifos
addition. Trace ‘a’ is the UV-vis spectrum of Au@gcitrate
and it exhibits a characteristic absorption at 520 nm due
to surface plasmon resonance. Trace ‘b’ is the UV-vis spec-
trum of Au@citrate/Na,;SO4 mixture. Trace ‘¢’ is the UV-
vis spectrum of 12 ppb chlorpyrifos in Au@citrate/Na,;SO4
mixture. Traces ‘d-f* are the UV-vis spectra of 25, 125 and
250 ppb chlorpyrifos in Au@citrate/Na,SO4 mixture, re-
spectively. Traces ‘b’ and ‘c’ are almost the same and they
showed plasmon absorption at 526 nm, a slight difference
from the Au@citrate as prepared. This may be due to the
aggregation of nanoparticles by the adsorption of cationic
species on the surface.[*®! For 12 ppb chlorpyrifos, low con-
centration may be responsible for the lack of significant
change from Au@citrate/Na,;SO,4 absorption spectrum.
But from 25 ppb onwards the intensity of the plasmon ab-
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sorption at 526 nm decreased and another broad plasmon
emerged at longer wavelength. The plasmon at longer wave-
length showed red shift and an increase in intensity with
increase in concentration. The emergence of longer wave-
length plasmon and the decrease in intensity of the 526
nm plasmon may be due to the adsorption of chlorpyrifos
on the Au@gcitrate surface.’’! Figure 1B shows the pho-
tographs of Au@citrate (a), Au@citrate/Na,SO4 mixture
(b) and the mixture with 12, 25, 125 and 250 ppb chlorpyri-
fos (c-f), respectively. The wine red color of the Au@qcitrate
turns to purple by the addition of Na,SOj, solution. In the
mixture with 12 ppb chlorpyrifos, the color remains purple.
But in 25 ppb chlorpyrifos solution, the color immediately
changes to blue. For 125 and 250 ppb chlorpyrifos, the
color change is very fast. Thus visual observation of the
presence of pesticide is possible. Figure 1C shows the plot
of wavelength of absorption maximum versus chlorpyrifos
concentration and the linear dynamic range of calibration is
20-125 ppb. The high correlation coefficient of 0.993 shows
the linear relationship between chlorpyrifos concentration
and maximum wavelength. The excellent reproducibility of
the measurements was confirmed by the lower values of rel-
ative standard deviations (<1%). The lower detection limit
(LOD) was found to be 10.8 ppb, which was calculated us-
ing the equation, LOD = 3S/m, where ‘m’ is the slope of
the calibration curve and ‘S’ is the standard deviation for
reference signal [l

UV-vis spectra of Au@citrate before and after the ad-
dition of malathion are shown in Figure 2A. Trace ‘a’ is
the UV-vis spectrum of Au@citrate. Trace ‘b’ is the UV-vis
spectrum of Au@citrate with Na;SOy. Trace ‘¢’ is the UV-
vis spectrum of 25 ppb malathion in Au@citrate/Na,;SOy
mixture. Traces ‘d-f” are the UV-vis spectra of 125, 250
and 500 ppb malathion solution in Au@citrate/Na;SO4
mixture, respectively. Traces ‘b’ and ‘c’ are almost the
same and they showed characteristic absorption at 526 nm.
But from 125 ppb onwards, the intensity of the 526 nm
plasmon absorption started decreasing and an additional
peak emerged at longer wavelength. The additional peak
showed bathochromic shift and an increase in intensity
with respect to the increase in concentration. The pho-
tograph of Au@citrate (a), Au@citrate/Na,SO4 mixture
(b) and malathion-Au@citrate/Na,SO, mixture (c-f) are
shown in Figure 2B. The wine red color of the Au@qcitrate
turns to purple by the addition of Na,SO4. With 25 ppb
malathion in the Au@citrate/Na,SO,4 mixture, the color
remains as purple. The presence of 125 ppb malathion so-
lution changes it to blue. For 250 and 500 ppb malathion,
the color change to blue is rapid. Figure 2C is the plot of
wavelength of absorption maximum versus malathion con-
centration and the linear dynamic range of the calibration
1s 100 -250 ppb. The observed correlation coefficient is 0.99
and the relative standard deviation is less than 1%. The
LOD calculated from calibration curve is 40.36 ppb.

In the absence of Na,SOy there is no color change for
Au(@citrate by the addition of pesticide. Figure 3 shows the
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Fig. 1. (A) Ultraviolet-visible (UV-vis) spectra of Au@pcitrate before and after the addition of Na,SOy4 and chlorpyrifos. Trace ‘a’ is
the UV-vis spectrum of Au@citrate. Trace ‘b’ is the UV-vis spectrum of Au@citrate/Na,SO4 mixture. Traces ‘c-f” are the UV-vis
spectra of 12, 25, 125 and 250 ppb chlorpyrifos in Au@citrate/Na,SO4 mixture, respectively. (B) Photographs of Au@citrate before
and after the addition of Na,;SO4 and chlorpyrifos. (a) Au@citrate, (b) Au@citrate/Na,SO4mixture and (c-f) 12, 25, 125 and 250
ppb chlorpyrifos in Au@citrate/Na,SO4 mixture, respectively. (C) Plot of the wavelength of second plasmon absorption versus
chlorpyrifos concentration.
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Fig. 2. (A) Ultraviolet-visible (UV-vis) spectra of Au@citrate before and after the addition of Na;SO4 and malathion. Trace ‘a’ is the
UV-vis spectrum of Au@citrate. Trace ‘b’ is the UV-vis spectrum of Au@citrate/Na,SO4 mixture. Traces ‘c-f” are the UV-vis spectra
of 25, 125, 250 and 500 ppb malathion in Au@citrate/Na,SO4 mixture, respectively. (B) Photographs of Au@citrate before and
after the addition of Na,SO, and malathion. (a) Au@citrate, (b) Au@citrate/Na;SO4 mixture and (c to f) 25, 125, 250 and 500 ppb
malathion in Au@citrate/Na,SO4 mixture, respectively. (C) Plot of the wavelength of second plasmon absorption versus malathion
concentration.
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Fig. 3. Ultraviolet-visible (UV-vis) spectra of Au@citrate before
and after the addition of chlorpyrifos. Trace ‘a’ is the UV-vis
spectrum of Au@citrate and trace ‘b’ is the UV-vis spectrum of
Au@citrate with 250 ppb chlorpyrifos. Inset is the photograph
of Au@citrate before and after the addition of chlorpyrifos, (a)
Au@citrate and (b) Au@citrate with 250 ppb chlorpyrifos.
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UV-vis spectra of Au@citrate before and after the addi-
tion of chlorpyrifos solution. Trace ‘a’ is the UV-vis spec-
trum of Au@citrate and trace ‘b’ is 250 ppb chlorpyrifos
in Au@citrate. Both the spectra are exactly the same and
show the characteristic absorption at 520 nm, attributed to
LSPR of Au@citrate. The concentration of chlorpyrifos is
not enough to change the surface properties of Au@citrate
particles. Inset is the photograph of Au@citrate before and
after the addition of chlorpyrifos. The colors are same for
both before and after adding chlorpyrifos.

The response of other salts to color change is not as good
as compared to Na,SO,. By adding salts like NaCl, K>SO,
and (NHy4)>SOq, the time required for the color change is
longer. Similarly, the detection limit is also high-i.e. 125
ppb for chlorpyrifos and 250 ppb for malathion.

Analysis of ground water

Table 1 shows the quality parameters of ground water used
for the analysis. The UV-vis spectra of Au@citrate/Na,; SOy
mixture before and after the addition of chlorpyrifos-
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Fig. 4. (A) Ultraviolet-visible (UV-vis) spectra of Au@citrate/Na,SO4 mixture before and after the addition of chlorpyrifos-spiked
water. Trace ‘a’ is the UV-vis spectrum of Au@citrate/Na,SO,4 mixture. Traces ‘b’ and ‘c’ are the UV-vis spectra of 20 and 25 ppb
chlorpyrifos in Au@citrate/Na,SO4 mixture, respectively. Photographs are of (a) Au@citrate/Na,SO4 mixture and (b, ¢) 20 and 25
ppb chlorpyrifos in Au@citrate/Na,SO4 mixture, respectively. (B) UV-vis spectra of Au@citrate/Na,SO4 mixture before and after the
addition of malathion-spiked water. Trace ‘a’ is the UV-vis spectrum of Au@citrate/Na,SO4 mixture. Traces ‘b’ and ‘c’ are the UV-vis
spectra of 120 and 125 ppb malathion in Au@citrate/Na,SO4 mixture, respectively. Photographs are of (a) Au@citrate/Na;SOq4
mixture and (b, ¢) 120 and 125 ppb malathion in Au@citrate/Na,SO4 mixture, respectively.



04: 47 15 Septenber 2010

Downl oaded By: [University of Alberta] At:

702

Table 1. Quality parameters of the ground water sample used for
the study.

Lisha et al.

spiked water are shown in Figure 4A. Trace ‘a’ is the UV-
vis spectrum of Au@citrate/Na;SO4 mixture. The pres-
ence of absorbance at 565 nm, in addition to the char-
acteristic absorption of gold nanoparticles, may be due
to the presence of other ions in water. Traces ‘b’ and ‘¢’
are the UV-vis spectra of 20 and 25 ppb chlorpyrifos in
Au@citrate/Na,SO4 mixture. The appearance of a broad
plasmon absorption at higher wavelength indicates the
presence of chlorpyrifos. The photographs are correspond-
ing to Au@citrate/Na,SO4 mixture (a) and chlorpyrifos-
Au@citrate/Na,SO4 mixture (b, ¢). The color change of
samples spiked with chlorpyrifos is obvious. Figure 4B
shows the UV-vis spectra of Au@citrate/Na;SO4 mixture
before and after the addition of malathion-spiked water.
Trace ‘a’ is the UV-vis spectrum of Au@citrate/Na;SOy
mixture. Traces ‘b’ and ¢’ are the UV-vis spectra of 100 and
125 ppb malathion in Au@citrate/Na,SO4 mixture and the
plasmon of longer wavelength is observable. The photo-
graph of Au@citrate/Na,;SO4 mixture (a) and malathion-
Au@citrate/Na,SO,4 mixture (b, ¢) are shown in the figure.

c
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Fluoride 2.30 ppm
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Total hardness (as CaCOs3) 178 ppm
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Total Dissolved Solids 384 ppm
Calcium (as Ca) 36 ppm
Magnesium (as Mg) 22 ppm
Sulfate (as SO4) 25 ppm
Chloride (as CI71) 13 ppm
Phosphate ( as PO;3) <0.02 ppm
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Fig. 5. (A) Schematic representation of the syringe filter used for chlorpyrifos removal. (B) Ultraviolet-visible (UV-vis) spectra of
chlorpyrifos solution before and after passing through the filter. Trace ‘a’ is the UV-vis spectrum of 1 ppm chlorpyrifos (input)
mixed with Au@citrate/Na,SO4 mixture. Traces ‘b-e’ are the UV-vis spectra of the eluent mixed with Au@citrate/Na,;SO4 mixture
corresponding to the passage of 50, 100, 110 and 125 mL, respectively. (C) UV-vis spectra of ground water spiked with chlorpyrifos
and malathion before and after passing through the filter. Trace ‘a’ is the UV-vis spectrum of 1 ppm each chlorpyrifos and malathion
(input) mixed with Au@citrate/Na,SO, mixture. Trace ‘b’ is the UV-vis spectra of the eluent mixed with Au@citrate/Na,SOy4
mixture. Photographs are of (a) 1 ppm each chlorpyrifos and malathion with Au@citrate/Na,SO4 mixture and (b) eluent with

Au@citrate/Na, SO, mixture, respectively.
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Fig. 6. High Resolution Transmission Electron Microscopy (HRTEM) images of (A) Au@citrate, (B) Au@citrate after the addition
of Na;SO4 (C) Au@citrate/Na,SO4 mixture with 250 ppb chlorpyrifos and (D) SEM image Au@citrate/Na,SO,4 mixture with 250

ppb chlorpyrifos.

The change in color in presence of malathion is clearly
distinguishable.

Detection of treated samples

Silver nanoparticle-coated alumina showed a very high
chlorpyrifos adsorption capacity.’”! Figure 5A shows a
schematic diagram of a syringe filter unit used for extraction
and detection studies of chlorpyrifos. The filter unit used
was 3.5 cmin length and 1.5 cm in diameter. The adsorbent,
silver nanoparticle-coated alumina, was packed in it. The
flow of pesticide solution through the filter unit was con-
trolled by the syringe. Figure 5B shows the UV-vis spectra
of the solution after interaction with Au@citrate/Na;SOy
mixture. For this, output water was collected after passing
definite volume of 1 ppm chlorpyrifos through the syringe
filter. Trace ‘a’ shows the absorption spectrum when 1 ppm
chlorpyrifos was mixed with Au@citrate/Na,SO4 mixture.
Traces ‘b-¢’ are the absorption spectra of the eluent col-
lected after passing 50, 100, 110 and 125 mL chlorpyrifos
solution, respectively. The 50 and 100 mL sample after mix-
ing with Au@citrate/Na,SO4 mixture appeared in purple
color. The spectra of these samples showed the plasmon ab-
sorption at 526 nm alone which is a clear evidence of the ab-

sence of chlorpyrifos. But from 110 mL onwards blue color
appeared in samples by mixing with Au@citrate/Na;SO4
mixture and the spectra showed the emergence of plas-
mon absorption at longer wavelength, which indicated that
the presence of chlorpyrifos is detectable by this method.
Figure 5C shows the UV-vis spectra of real water samples
spiked with pesticides before and after passing through the
silver nanoparticle-coated alumina filter. Trace ‘a’ is the ab-
sorption spectrum for a mixture of 1 ppm each chlorpyri-
fos and malathion in Au@citrate/Na,SO,4 mixture. Trace
‘b’ is the absorption spectrum of the sample after passing
through the filter (along with Au@citrate/Na;SO4 mix-
ture). It matches exactly with the spectrum obtained for
analysis with distilled water. The photographs of sample
before (a) and after (b) passing through the filter (along
with Au@citrate/Na,SO4 mixture) are shown in the fig-
ure. The color change of the sample before and after the
treatment is apparent.

HRTEM and SEM analyses

HRTEM images show the effect of addition of Na,SOy4-
pesticide solution into Au@citrate. Figure 6A is the
HRTEM image of Au@citrate. The nanoparticles are
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Fig. 7. Schematic representation of the changes in the Au@citrate
by the addition of Na,SO4 and pesticide. (A) Au@citrate, (B)
Au(@citrate after the addition of Na;SO4 and (C) Au@gcitrate
after the addition of Na,SO,4 and pesticide.

spherical in shape and are uniformly distributed as typical
of citrate synthesis. Their size distribution is remarkably
narrow and all particles are within 16 & 2 nm. Figure 6B
is the HRTEM image of Au@citrate treated with Na,SOy4
which shows the aggregation of nanoparticles. Figure 6C
is the HRTEM image of Au@citrate/ Na,SO4 mixture
with 250 ppb chlorpyrifos. The particles are highly aggre-
gated by the addition of chlorpyrifos. SEM image of the
Au@citrate/Na,SO4 mixture with 250 ppb chlorpyrifos is
shown in Figure 6D. The highly aggregated morphology is
clear in the image.

A schematic representation of the sequence of changes
by the addition of Na;SOy4 and the pesticide molecules into
Au@citrate is shown in Figure 7. The aggregation and re-
spective color changes are indicated. Scheme (A) represents
Au(@citrate. (B) and (C) represent Au@citrate with Na; SOy
and Na;SOy4/pesticide mixture, respectively. Increased ag-
gregation is suggested to be the reason for the distinct color
change with pesticides.

Au(@citrate assisted colorimetric method proposed here
does not require any expensive chemicals and the response
occurs within 2 minutes. For a typical test, only a few mL
Au@citrate is needed and the cost of the entire test is under
2 Indian Rupees or 2.5 cents. The rapid screening possibil-
ity, long term stability of the reagents at atmospheric con-
ditions and their non-toxic nature are added advantages of
this method for the on-site visual detection of chlorpyrifos
and malathion. Pesticide detection kit can be developed
on the basis of this and is useful for demonstrating the
performance of pesticide removing materials and filters.

Conclusions

Gold nanoparticle treated with Na,SOy is an effective sys-
tem for the visual detection of chlorpyrifos and malathion
up to ppb levels. The response of this method is observable
as a color change and is very fast. UV-vis spectroscopy,
HRTEM and SEM analysis were used for understanding
the mechanism. Tests with ground water samples show the

Lisha et al.

usefulness of the system in real-life situations. Although it
is necessary to lower the limits further, the current study
shows that reasonable monitoring is achievable even with
the visual detection method.
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