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 Abstract: Highly stable silver nanoparticles capped with p-hydroxybenzoic acid were 
synthesized by reducing silver ion with p-hydroxybenzoic acid and used for the detection of 
paraquat. The synthesized silver nanoparticles, which are yellow, exhibited an absorption 
peak at 420 nm when measured with a UV-visible spectrophotometer due to the surface 
plasmon resonance. In the presence of paraquat, the color of silver nanoparticles changed 
from yellow to purple accompanied by the appearance of a new peak at 580 nm in addition 
to the peak at 420 nm. In order to obtain optimum experimental conditions, temperature, 
and time of reaction were optimized, and the ratio of absorbance obtained at 580 nm and 
420 nm (A580/A420) were monitored. The A580/A420 is proportional to the concentration of 
paraquat. Under the most favorable condition, the calibration curve showed a high level 
of linearity ranging from 6.0 × 10–4 to 1.0 × 10–3 M, and the detection limit was found to 
be 8.30 × 10–6 M. Silver nanoparticles capped with p-hydroxybenzoic acid was found to 
be useful for the colorimetric determination of paraquat in the aqueous medium. 
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■ INTRODUCTION 

Over the past few years, scientific publications have 
shown a significant increase in research on the exploration 
of nanoparticles. Among the metal nanoparticles, silver 
nanoparticles have attracted significant interest. Silver 
nanoparticles have been familiar as an antibacterial agent 
[1]. In addition to being an antibacterial agent, silver 
nanoparticles have been used in the development of 
analytical methods. 

There is an increase in research using silver 
nanoparticles as a colorimetric sensor. The basis of 
measurement is a change in surface plasmon resonance 
spectra of silver nanoparticles caused by the aggregation 
of nanoparticles which results from the interaction of an 
analyte with the capping agent molecules covering the 
surface of the nanoparticles [2-3]. 

Surface plasmon resonance is an optical property of 
metal nanoparticles originating from the interaction of 

light with the mobile conduction electron of the metal 
and is spectrally observed as a maximum absorbance in 
the visible range. Silver and gold nanoparticles display 
different positions of absorbance maxima, e.g., at the 
wavelength of 415 and 525 nm, respectively [4]. In 
addition to the type of metal, the position of absorbance 
maxima is dependent on the size of particles that could 
be controlled by the reducing and capping agent used in 
the synthesis [5-6]. 

Many methods for the synthesis of silver 
nanoparticles are available. In the chemical reduction 
method, the precursor of silver, the reducing agent, and 
the stabilizer or capping agent are needed [7]. Sodium 
borohydride and sodium citrate are usually used in the 
reduction of silver ions to produce silver nanoparticles, 
and polymers such as polyvinyl alcohol stabilize the 
silver nanoparticles during and after the formation of 
nanoparticles [5]. 
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Silver nanoparticles were used as colorimetric 
sensors for metal ions such as Cu(II) [8], Cr(VI) [2], 
Mn(II), Hg(II) [9], Cr(III) [10], and Fe(III) [11]. The 
application of silver nanoparticles as a colorimetric sensor 
for organic compounds is still limited. They were used for 
the determination of melamine [12] and herbicide 
sulfurazon-ethyl [13]. In this paper, silver nanoparticles 
capped with p-hydroxybenzoic acid were used for the 
development of a colorimetric paraquat determination. 

Paraquat (1,1′-dimethyl-4-4′-bipyridinium dichloride) 
is one of the most widely used herbicides in agriculture. 
However, it is a highly toxic herbicide. The risk of 
Parkinson’s disease has been associated with exposure to 
paraquat [14-15]. In considering the effect of paraquat, it 
is essential to monitor the existence of paraquat in the 
environment. Several analytical methods have been available 
for paraquat determination such as liquid chromatography/ 
electrospray ionization-mass spectrometry [16], ultra-
performance liquid chromatography-mass spectrometry/ 
mass spectrometry (UPLC-MS/MS) [17]. Because of the 
high cost of the equipment for determination, it is necessary 
to replace it with a rapid and straightforward method. 

Previously, we have successfully synthesized highly 
stable silver nanoparticles capped with p-hydroxybenzoic 
acid [18], however their application has not been explored. 
As presented in this paper, we have developed an 
analytical method for paraquat determination using silver 
nanoparticles capped with p-hydroxybenzoic acid. The 
data presented in this paper is taken from the doctoral 
dissertation submitted to the Department of Chemistry 
Universitas Gadjah Mada by one of the authors [19]. 

It is predicted that paraquat initiates the aggregation 
of silver nanoparticles capped with p-hydroxybenzoic 
acid. Paraquat interacts with the p-hydroxybenzoic acid 
covering the silver nanoparticles through the mechanism 
of ion-pair as well as the formation of charge transfer 
complex. Paraquat acts as a bridge between the 
nanoparticles and causes the distance between the particles 
to become closer and produces a change in surface plasmon 
resonance spectra. The change of surface plasmon 
resonance spectra is estimated to be proportional to the 
concentration of paraquat. Therefore, silver nanoparticles 

capped with p-hydroxybenzoic acid was used for the 
quantitative determination of paraquat. 

■ EXPERIMENTAL SECTION 

Materials 

Sodium hydroxide (Merck), silver nitrate (Merck), 
potassium chloride (Merck), ammonium chloride 
(Merck), disodium hydrogen phosphate (Merck), p-
hydroxybenzoic acid (Sigma-Aldrich), and paraquat 
(Sigma-Aldrich) were used as received without any 
further purification. Throughout the experiment, we 
used double distilled water. 

Instrumentation 

UV-visible spectrophotometer (Shimadzu UV-1700 
PharmaSpec) was used to obtain the surface plasmon 
resonance spectra, and the transmission electron 
microscope (JEOL JEM-1400) was used to determine the 
size and morphology of the silver nanoparticles. 

Procedure 

Synthesis of silver nanoparticles 
Silver nanoparticles capped with p-

hydroxybenzoic acid were synthesized through the 
chemical reduction of silver nitrate with p-
hydroxybenzoic acid as a reducing agent without 
additional capping agents in an aqueous medium [20]. 
A 5-mL of 2.0 × 10–4 M silver nitrate were added to 5 mL 
pH 11-adjusted 4.0 × 10–3 M p-hydroxybenzoic acid and 
was then heated in a boiling water bath for 1 h. A UV-
visible spectrophotometer and a transmission electron 
microscope were used to characterize the synthesized 
silver nanoparticles. 

Colorimetric detection of paraquat 
The procedure for the colorimetric detection of 

paraquat is as follows: 1 mL of paraquat standard was 
introduced to 2 mL of synthesized silver nanoparticles 
and heated in a boiling water bath for 10 min. When the 
reaction was complete, the mixture was then cooled in 
tap water. The color of the solution changed from yellow 
to purple, and the change of color and absorbance 
intensity was monitored using a UV-visible  
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spectrophotometer. The performance of silver 
nanoparticles capped with p-hydroxybenzoic acid in the 
detection of paraquat was evaluated. 

■ RESULTS AND DISCUSSION 

Synthesis of Silver Nanoparticles 

The formation of silver nanoparticles was visible 
because of the appearance of the yellow color in the 
mixtures of reaction. The color was due to the surface 
plasmon resonance and confirmed by measurement with 
a UV-visible spectrophotometer. The UV-visible spectra 
of silver nanoparticles synthesized by the reduction of 
silver nitrate with p-hydroxybenzoic acid are shown in 
Fig. 1(a). The spectra exhibited absorbance maxima at a 
wavelength of 420 nm. The transmission electron 
microscope image, as shown in Fig. 2, proves the formation 
of silver nanoparticles. In a previous paper, we reported 
that the reduction of silver nitrate with p-hydroxybenzoic 
acid without additional capping agents produced silver 
nanoparticles capped with p-hydroxybenzoic acid with an 
average size of 26 ± 11 nm [20]. 

The size of the particles and the position of the peak 
maxima at the surface plasmon resonance spectra of the 
silver nanoparticles varies with reducing and capping 
agents used in the synthesis. The reduction of the silver 
ion with glucose using polyvinylpyrrolidone as a capping 
agent produces silver nanoparticles with a peak at 420 nm 
and a size of 50 nm [21]. The synthesis of silver 
nanoparticles using aniline and dodecylbenzene sulfonic 
acid as a reducing and capping agent resulted in silver 
nanoparticles of 10 nm and a peak at 410 nm [22]. The 
reducing and capping agent determines the size and shape 
of the silver nanoparticles, and the position of the 
maximum peak depends on the size and shape of the 
nanoparticles [23]. 

Interaction of Silver Nanoparticles and Paraquat 

Silver nanoparticles have been used for colorimetric 
detection of chemical compounds. The property of silver 
nanoparticles used in the detection of chemical 
compounds is the change in surface plasmon resonance 
spectra due to the interaction of silver nanoparticles with 
an analyte. In general, surface plasmon resonance spectra 

 
Fig 1. The surface plasmon resonance spectra of silver 
nanoparticles capped with p-hydroxybenzoic acid; (a) 
after synthesis and (b) after addition of paraquat 

 
Fig 2. The TEM image of silver nanoparticles capped 
with p-hydroxybenzoic acid 

of nanoparticles are sensitive to composition, size, shape, 
media, and the degree of aggregation of nanoparticles [24]. 

The addition of analytes to silver nanoparticles 
causes aggregation of silver nanoparticles. Surface 
plasmon resonance spectra of silver nanoparticles that 
experience aggregation are different when compared to 
the spectra of silver nanoparticles which do not 
experience aggregation. The difference that arises as a 
result of aggregation is the decrease in absorbance 
intensity at the main peak and the presence of secondary 
peaks at larger wavelengths. The ratio between the 
secondary peak and the main peak is used as a parameter 
for determining the amount of analyte because it 
represents the degree of aggregation due to the presence 
of the analyte [25]. 
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The addition of paraquat to silver nanoparticles 
resulted in a change in the color of the nanoparticles from 
yellow to purple. This change was followed by changes in 
the surface plasmon resonance spectra of the nanoparticles, 
as shown in Fig. 1(b). The intensity of the main peak at 
420 nm decreased, and there was a new peak at 580 nm. 
The existence of secondary peaks at larger wavelengths 
indicates the presence of larger silver nanoparticles due to 
aggregation [26]. The change of spectra represented by 
the ratio of absorbance obtained at 580 nm and 420 nm 
(A580/A420) was used as the basis for paraquat determination. 

It is predicted that paraquat interacts with silver 
nanoparticles capped with p-hydroxybenzoic acid 
through the mechanism of ionic interaction between the 
positive charge of paraquat with the anionic group p-
hydroxybenzoic acid covering silver nanoparticles and 
the formation of charge transfer complexes by π-π 
stacking of aromatic rings. In the formation of charge 
transfer complexes, paraquat with high electronegativity 
acts as an electron acceptor, and the aromatic ring of p-
hydroxybenzoic acid which caps silver nanoparticles acts 
as electron donors [27-28]. The interaction between 
paraquat and p-hydroxybenzoic acid covering silver 
nanoparticles places paraquat as a bridge between 
nanoparticles and results in a closer distance between the 
nanoparticles. This causes changes in the surface plasmon 
resonance spectra [29]. The model of interaction between 
paraquat and silver nanoparticles capped with p-
hydroxybenzoic acid, which causes aggregation is 
proposed as shown in Fig. 3. 

A similar principle in the detection of chemicals 
using silver nanoparticles has been applied. The binding 

 
Fig 3. Model of interaction between paraquat and silver 
nanoparticles capped with p-hydroxybenzoic acid which 
causes aggregation 

between melamine as an analyte with dopamine 
functionalized the surface of silver nanoparticles and 
produces the aggregation of nanoparticles [12]. 
Interaction of Cr(III) with trisodium citrate that acts as 
a capping agent of silver nanoparticles induces the 
aggregation of silver nanoparticles [2]. The aggregation 
of silver nanoparticles causes a change in the surface 
plasmon resonance spectra, and the change of spectra is 
proportional to the concentration of the analyte. 

Optimization of Temperature and Reaction Time 
for the Reaction of Silver Nanoparticles with 
Paraquat 

The reaction of synthesized silver nanoparticles 
capped with p-hydroxybenzoic acid with paraquat (1.0 × 
10–3 M) was performed under room temperature and 
heating in a boiling water bath. The reaction was 
monitored during a specific time by determination of 
A580/A420 to obtain the best experimental condition. Fig. 
4 shows the change of surface plasmon resonance 
spectra of silver nanoparticles during the incubation. For 
the reaction under room temperature, the A580/A420 
continually increases until 150 min of incubation. On 
the other hand, stable aggregate formation was faster 
when the reaction was kept in a boiling water bath. The 
data shows that temperature affected the formation of a 
stable aggregate. We used 10 min incubation in a boiling 
water bath as the optimum condition for the reaction of 
paraquat with silver nanoparticles capped with p-
hydroxybenzoic acid. 

Analytical Performance of Paraquat 
Determination 

The analytical performance parameter such as 
linear range or linearity, the limit of detection, precision, 
and accuracy were evaluated to validate the performance 
of silver nanoparticles capped with p-hydroxybenzoic 
acid for the determination of paraquat. Linearity shows 
that the measured response is proportional to the 
quantity of analyte. Linearity study was performed by 
plotting the A580/A420 toward the concentration of 
paraquat. In this study, the concentration of paraquat 
used was varied from 1.0 × 10–4 M to 1.0 × 10–3 M with 
three  replications.  As shown in  Fig. 5, the intensity of  
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Fig 4. The change of surface plasmon resonance spectra and variation of A580/A420 of silver nanoparticles capped with 
p-hydroxybenzoic acid with the presence of paraquat during the incubation under (a) room temperature and (b) 
heating in boiling water bath 

 
Fig 5. The surface plasmon resonance spectra of silver nanoparticles capped with p-hydroxybenzoic acid after the 
addition of paraquat with different concentration and the plot of A580/A420 towards the concentration of paraquat 
 
spectra at 420 nm decreased gradually by the increase of 
paraquat concentration and followed by the increase in 
peak intensity at 580 nm. The A580/A420 increased linearly 
with the concentration of paraquat ranging from 6.0 × 10–4 
to 1.0 × 10–3 M and the coefficient of regression (r) was 0.984. 

The limit of detection was evaluated by 
measurement of several replications of a blank solution 
and defined as three times the standard deviation (n = 7). 
The limit of detection obtained was 8.30 × 10–6 M. 

The evaluation of precision was carried out by 
measurement of a known concentration of paraquat 
with several replications. The precision was represented 
by the coefficient of variance from seven replications of 
measurement. The coefficient of variance obtained was 
3%. 

Accuracy was determined by spiking the standard 
solution of paraquat with the real water sample. The 
water sample was collected from the small canal in the 
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area of the chili farm. The amount of paraquat spiked into 
the water sample was estimated, and then the recovery 
percentage was calculated. The recovery percentage for the 
determination of paraquat in the water sample was 121%. 

Effect of Other Substances 

The universal inorganic and organic matrix in water 
from the farm area such as ammonium (NH4Cl), 
phosphate (Na2HPO4), potassium (KCl), and humic acid 
was tested to check whether they could interfere in the 
determination of paraquat using silver nanoparticles 
capped with p-hydroxybenzoic acid. The NH4Cl, Na2HPO4, 
KCl, and humic acid, individually were mixed with 
paraquat. The concentration of NH4Cl, Na2HPO4, KCl in 
the mixture was 1.0 × 10–3 M and the concentration of 
humic acid was 1 ppm. Fig. 6 shows the interference effect 
of these matrices to the spectra of the mixture of silver 
nanoparticles and paraquat. The NH4Cl, Na2HPO4, and 
KCl changed the A580/A420 by 1%, 21%, and 7%, respectively. 

The presence of Na2HPO4 resulted in a significant 
interference effect on the A580/A420. The presence of  
 

Na2HPO4 decreased the intensity of the main peak at  
420 nm. Because phosphate is in the same group with 
carboxylic as hard bases[30], it is predicted that phosphate 
interacted with the surface of silver nanoparticles capped 
with p-hydroxybenzoic acid and replaced the p-
hydroxybenzoic acid that acts as capping agent on the 
surface of the silver nanoparticles. This caused the 
destabilization of silver nanoparticles followed by 
aggregation. 

The presence of humic acid in the mixture of silver 
nanoparticles and paraquat changed their spectra. There 
was an increase in the peak at 420 nm, but the peak at 
580 nm disappeared. These results indicate that humic 
acids inhibit the aggregation of silver nanoparticles by 
paraquat. It is predicted that the interaction of paraquat 
with humic acid was stronger than that of silver 
nanoparticles so that the aggregation of silver 
nanoparticles capped with p-hydroxybenzoic acid 
facilitated by paraquat became blocked. Paraquat can 
interact with humic acid through ionic interactions as 
well as the formation of charge transfer complex [28]. 

 
Fig 6. Effect of inorganic and organic matrices on the surface plasmon resonance spectra of the mixture of silver 
nanoparticles and paraquat 
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Comparison with another Method 

The result of the determination of paraquat using 
silver nanoparticles capped with p-hydroxybenzoic acid 
was compared to another spectrophotometric method 
[31]. In this method, paraquat is reduced by ascorbic acid 
in alkaline solution resulting in the blue paraquat radical. 
The paraquat radical is measured with a UV-visible 
spectrophotometer at 600 nm. 

Four concentrations of standard paraquat ranging 
from 1.0 × 10–3 to 4.0 × 10–3 M were measured by these 
two methods. A comparison of the result of the 
determination from different methods can be made by 
plotting the result in an x-y graph. The confidence interval 
for the slope and intercept of the line is used to find out 
whether these two methods produce the same or different 
results [32]. Our results are presented in Fig. 7. The 
equation of the line obtained is y = 0.9105x - 0.00005 (r = 
0.9991). The confidence interval for the slope and 
intercept of the line lies between 0.9278 to 1.1508 and  
-0.00033 to 0.00025, respectively. Because the confidence 
interval for the slope and intercept includes one and zero, 
it is concluded that the difference of the results obtained 
using silver nanoparticles capped with p-hydroxybenzoic 
acid and ascorbic acid method is not significant. Because 
of the instability of the paraquat radical, silver 
nanoparticles capped with p-hydroxybenzoic acid is more 
suitable for the determination of paraquat. 

 
Fig 7. Comparison of the result of the determination 
obtained using ascorbic acid and silver nanoparticles 
capped with p-hydroxybenzoic acid 

■ CONCLUSION 

In this work, a simple method for the 
determination of paraquat in aqueous medium was 
developed based on the aggregation of silver 
nanoparticles capped with p-hydroxybenzoic acid. 
Paraquat acts as a bridge between the nanoparticles and 
causes the aggregation of nanoparticles followed by the 
change of the ratio of absorbance obtained at 580 and 
420 nm. The absorbance ratio is linearly correlated with 
the concentration of paraquat. Validation of the 
developed method indicates that this method could be 
useful for the colorimetric determination of paraquat in 
the aqueous medium. 
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