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Abstract

The presence of nickel in our water sources presents a danger to human health and aquatic organisms alike.
Therefore, there is a need to detect and monitor nickel concentration in these sources. Current detection methods
use instruments that are costly, resource intensive and require skilled personnel. Alternative methods that are
simple and fast are needed. This study reports for the first time the development of a simple colorimetric assay for
the detection of Ni** in aqueous solution using citrate-stabilized silver nanoparticles. Chemical synthesis method
was employed using sodium borohydride and trisodium citrate as reducing and stabilizing agents, respectively. The
characterization techniques used for obtaining spectral and morphological properties were ultraviolet-visible
spectroscopy and transmission electron microscopy. The resultant silver nanoparticle solution was yellow in color
and exhibited an absorbance peak at 392 nm. The full width at half maximum value was 57.8 + 1.3 nm indicating
particle monodispersity. For the morphology, the nanoparticles were spherical in shape with an average size of
104 + 4.5 nm. Furthermore, the colorimetric properties of the silver nanoparticles for Ni** detection was
investigated. Ni** was visually detected through a fast solution color change from yellow to orange. Monitoring of
the absorbance showed a decrease in the original 392 nm peak and broadening of the surface plasmon absorption
band. These changes are attributed to the aggregation of the nanoparticles due to Ni** addition which was
confirmed by the transmission electron microscopy imaging. The absorption ratio (As;o/Asg,) was plotted against
varying Ni** concentration and it exhibited a good linear correlation from 0.7 to 1.6 mM with an R of 0.9958. The
limits of detection and quantification were 0.75 and 1.52 mM, respectively. Additionally, the assay was tested against
other common ions and showed excellent selectivity for Ni**. Finally, the assay was successfully tested to detect
Ni** in tap water samples with an average difference of 16% from prepared concentrations. Overall, the study
showed the potential of using citrate-stabilized silver nanoparticles as a colorimetric reagent for detecting Ni** in
aqueous solution.
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Introduction

Nickel is a naturally-occurring element in the environ-
ment that can be extracted from ores through mining.
In recent years, the demand for nickel has increased
resulting in a significant rise in global nickel production.
Based on the report of Nakajima et al. [1], countries rich
in nickel reserves, such as Indonesia and the Philippines,
have seen increase in mining activity since the late
1990s. Inevitably, due to the increased mining activity,
nickel reaches aquatic environments through spillage,
dam seepage, and direct discharge. In the human body,
nickel at high concentration can cause lung, brain and
kidney damage among many others. Long-term exposure
can also lead to muscular damage and neurological dis-
orders as discussed by Jaishankar et al. [2]. Therefore,
there is a need to detect and monitor nickel contamin-
ation levels especially in waters nearest to humans and
food sources.

Current detection methods for heavy metals involve
the use of sophisticated techniques such as those
described by Helaluddin et al. [3] which include atomic
absorption spectrometry, atomic fluorescence spectros-
copy, and inductively coupled plasma optical emission
spectroscopy, among others. However, these techniques
are often time-consuming, resource intensive, require
high capital cost and trained analysts. Hence, there is a
need to explore other methods that are fast, simple and
easy to use.

The development of sensors using nanotechnology is
an attractive alternative because of its simplicity and via-
bility for on-site applications. Typically, noble metal par-
ticles such as gold and silver nanoparticles are
synthesized in aqueous solution and used as chemical
nanosensors for various analytes. Lee et al. [4] discussed
that between the two, silver nanoparticles have higher
extinction coefficient and sharper extinction bands. Sil-
ver precursor metals also have lower cost compared to
gold and are easier to synthesize.

Vilela et al. [5] explained the general mechanism of
how nanoparticles can be used as a colorimetric sensor.
Silver nanoparticle-based sensors work via colorimetry
by exploiting a property called localized surface plasmon
resonance, a phenomenon where the free electrons in
the conduction band of the metal nanoparticles oscillate
upon interaction with light. Due to this phenomenon,
the silver nanoparticle solution exhibits a unique color
dependent on its morphology. When the target analyte
interacts with the solution, interparticle linking induces
aggregation resulting in a change in the morphological
state from dispersed to aggregated. Consequently, this
results in a change in solution color which can then be
detected by the naked eye.

In literature, silver nanoparticles have been functional-
ized in a variety of ways and used to detect different
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heavy metals. Nsengiyuma et al. [6] have used function-
alized silver nanoparticles to detect copper ions. Shrivas
et al. [7] also reported that they can be employed as
sensor for chromium in various aqueous solutions and
vegetable samples. Lee et al. [4] concluded that label-
free silver nanoparticles can be used in the detection of
zinc ions. Finally, He and Zhang [8] and Jarujamrus et
al. [9] also reported of the capability of unmodified silver
nanoparticles as sensors for manganese and mercury, re-
spectively. However, some studies use potentially toxic
reagents and numerous instruments in reducing, stabil-
izing and functionalizing the silver nanoparticles. Some
also require post-synthesis modification involving high
power energy-intensive equipment. For the detection of
Ni**, there are limited studies available regarding the
use of silver nanoparticles. Current studies have
employed different chemical reagents to stabilize and
functionalize the silver nanoparticles for Ni** detection
such as those reported by Li et al. [10] and Shang et al.
[11]. However, aside from using less commonly available
reagents, the synthesis method involved time-consuming
processes requiring long hours of stirring time to ensure
assemblage of functionalizing agents with the nanoparti-
cle. There is also limited study regarding the application
to real water. The use of readily available nontoxic sta-
bilizing agents that require simpler synthesis method is
sought.

In this study, the development of a silver nanoparticle
assay for Ni** sensing that uses trisodium citrate as a
commonly available reagent and environmentally benign
stabilizer is reported for the first time. The synthesis
method with citrate is also simplified. There is also no
further need for post-synthesis modifications. The col-
orimetric performance of the citrate-stabilized silver
nanoparticles for Ni** detection was evaluated by inves-
tigating resultant changes in color, absorbance behavior
and morphology. Selectivity test over other common
ions was also conducted to ensure preference for Ni**.
Finally, to extend application to real water samples, it
was used to detect Ni** in tap water.

Materials and methods

Chemicals and instruments

The following chemicals were used in the experiments:
silver nitrate (99.9% Silver nitrate (AgNO3), Loba Chemie,
Mumbai, India), sodium borohydride (97% sodium borohy-
dride (NaBH,), Loba Chemie, Mumbai, India), trisodium
citrate dihydrate (99% Na3CgHs0,-2H,O, Loba Chemie,
Mumbai, India), nickel sulfate (= 96% NiSO,4, Ajax Fine-
Chem), calcium chloride (= 96% CaCl,, Sigma-Aldrich),
magnesium sulfate heptahydrate (= 98% MgSO,7H,0,
Ajax FineChem) and lithium chloride (99% LiCl, Techno
PharmChem). Ultraviolet-visible (UV-Vis) absorbance spec-
tra were determined using Thermo Scientific GENESYS
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10S UV-Vis Spectrophotometer. The morphology and size
of the nanoparticles were characterized using JEOL JEM
1010 transmission electron microscope (TEM) from Pea-
body, MA. All aqueous solutions were prepared with dis-
tilled water unless otherwise stated. All glasswares were
thoroughly cleaned and rinsed prior to use.

Synthesis of citrate-stabilized silver nanoparticles
Colloidal citrate-stabilized silver nanoparticles were syn-
thesized using the modified Creighton method [12].
AgNO;, NaBH, and trisodium citrate dihydrate
(NazCeH50,2H,0) were used as precursor metal, redu-
cing agent and stabilizing agent, respectively. Initially,
30 mL of 2 mM cold NaBH, solution was placed inside a
250 mL Erlenmeyer flask together with a magnetic stir
bar. The flask was then placed in an ice bath mounted
on a stir plate. Under continued stirring at 450 rpm, 10
mL of 1 mM AgNO; was added dropwise. After adding
all the AgNO;, 5mL of 1mM trisodium citrate dihy-
drate solution was added in the same manner. The stir-
ring was stopped when all the citrate has been added.
The citrate-stabilized silver nanoparticle solution was
stored at room conditions for 1 h prior to use.

Characterization of citrate-stabilized silver nanoparticles
The absorbance spectra of the citrate-stabilized silver
nanoparticles were recorded using a UV-Vis spectropho-
tometer. Cuvettes of 1.5 mL volume capacity and 10 mm
path lengths were used in the study. Absorbance was
read from 350 to 700 nm wavelength for each sample.
To analyze the morphology, samples were sent to the
Southeast Asian Fisheries Development Center in Tig-
bauan, Iloilo, Philippines. TEM was employed to reveal
the size and morphological properties of the silver nano-
particles. A sample was prepared by drying a small drop
of freshly synthesized citrate-stabilized silver nanoparti-
cle solution on a Formvar-coated 200-mesh copper grid.
The sample was then mounted on the JEOL JEM-1010
TEM and a 100-kV electron beam passed through the
sample.

Nickel sensing experiment

Ni** solutions of different concentrations from 0.6 to
1.6mM were prepared. Then, 3mL of the citrate-
stabilized silver nanoparticle solution was transferred to
a 5-mL glass vial. Afterwards, 0.5 mL of the Ni** solu-
tion was added to the glass vial containing the nanopar-
ticle solution. The effects of the varying Ni**
concentrations were evaluated by investigating the
changes in color, absorbance curve behavior, and
morphology. A calibration curve was then generated to
determine the relationship between the absorbance be-
havior and Ni** concentration. The limits of detection
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and quantification were then calculated using the linear
regression method discussed by Sanagi et al. [13].

Selectivity tests

The following ions were used in the selectivity test: Ca>*
from CaCl,, Mg** from MgSO,7H,0, Ag' from
AgNO;, Li* from LiCl, and Ni?* from NiSO,. Initially,
0.5 mL of the different metal cation solutions at 1 mM
were separately added to 3 mL of the synthesized citrate-
stabilized silver nanoparticles for a final cation concen-
tration of 0.14 mM. The resultant solutions were then
tested for absorbance from 350 to 700 nm using a UV-
Vis spectrophotometer. Photos were also taken to ob-
serve the color changes after the addition of the metal
cation solutions.

Nickel sensing in tap water

The tap water from the School of Technology, Univer-
sity of the Philippines Visayas in Iloilo, Philippines was
used in the experiment. The tap water was analyzed for
initial nickel concentration using a Flame Atomic Ab-
sorption Spectrophotometer (FAAS), Varian 55B. No
nickel was detected by the FAAS in the tap water sam-
ples. Therefore, in the nickel sensing, tap water samples
spiked with Ni** ions were used.

Three Ni* concentrations (1.1, 1.2, and 1.6 mM) were
prepared using tap water. Initially, 0.5 mL of the nickel-
contaminated tap water was added to 3mL of the
citrate-stabilized silver nanoparticle solution. The result-
ant solutions were then tested for absorbance from 350
to 700 nm using a UV-Vis spectrophotometer. Photos
were also taken to observe the color changes after the
addition of the contaminated tap water.

Results and discussion
Characterization of citrate-stabilized silver nanoparticles
Optical and spectral properties
Citrate-stabilized silver nanoparticles were successfully
synthesized as supported by the optical and spectral
properties of the resulting solution. As shown in Fig. 1,
the solution is bright yellow in color and exhibits a max-
imum UV-Vis absorbance peak at 392 nm.
Monodispersed citrate-stabilized silver nanoparticles
exhibit yellow color in solution due to the excitation of
the local surface plasmon resonance band in the UV-Vis
region. Specifically, for silver nanoparticles, this plasmon
resonance produces an absorption peak around 400 nm
but may slightly vary depending on nanoparticle size.
According to previously published works of Paramelle et
al. [14] and Alula et al. [15], smaller sized nanoparticles
approximately 10 nm in diameter produce a maximum
absorption band around 392 nm while larger sized nano-
particles such as those 30 nm in diameter exhibit absorp-
tion peak around 406 nm.
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Fig. 1 Bright yellow citrate-stabilized silver nanoparticle solution with absorbance peak at 392 nm
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Additionally, other properties can be determined from
the absorbance spectra of the solution. The width of the
absorbance curve can be used to roughly estimate the
size of the silver nanoparticles. For a monodispersed
solution, nanoparticles of approximately the same size
will absorb similar wavelength of light resulting to a nar-
row absorbance curve. For polydispersed nanoparticle
solution, the particles will absorb varying wavelengths
resulting in a wider curve. This can be mathematically
estimated by calculating the full width at half maximum
(FWHM) which is the width of the absorbance curve at
half of the maximum absorbance peak. The FWHM can
be analytically determined using the formula shown in

Eq. (1).
FWHM = |>\0.5 max_xmax| X 2 (l)

where:

Mo.smax = wavelength corresponding to half of the max-
imum absorbance.

Amax = wavelength corresponding to the maximum
absorbance.

The FWHM calculated for the synthesized citrate-
stabilized silver nanoparticle is 57.8 £ 1.3 nm. In litera-
ture, this FWHM value corresponds to monodispersed

and uniform nanoparticle size around 10-14 nm as re-
ported by Solomon et al. [16].

Morphological properties

Shown in Fig. 2 is the TEM image of the silver nanopar-
ticles confirming successful synthesis of spherical nano-
particles. The average diameter is 10.4 + 4.5 nm, which is
consistent with the size corresponding to the FWHM
calculated earlier. The uniform size distribution and
sphericity of the silver nanoparticles can be attributed to
the reduction of silver nitrate with the use of sodium bo-
rohydride as a strong reducing agent as discussed by
Abou El-Nour et al. [17]. The small nanoparticle sizes
also result from excess borohydride used since it in-
creases nucleation sites, reducing the sizes of particles
produced.

Stability

A stabilizing agent is added to silver nanoparticles in
order to prevent aggregation prior to its use in sensing
applications. To evaluate the effect of trisodium citrate
as a stabilizing agent, a time-lapse analysis was con-
ducted which compared the color changes of the solu-
tions of synthesized silver nanoparticles with citrate and
without citrate.
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Fig. 2 TEM image of spherical citrate-stabilized silver nanoparticles at 400,000X magnification
.

J

As shown in Fig. 3, there was eventual discoloration in
solutions of silver nanoparticles without the citrate. This
discoloration indicates early stages of aggregation of
nanoparticles as reported by Solomon et al. [16]. This
confirms that unprotected silver nanoparticles with only
sodium borohydride as reducing agent is not enough to
prevent particle aggregation, which is consistent with
the review of Terenteva et al. [18]. This renders the solu-
tion unfit for colorimetric sensing application as it
darkens immediately after synthesis. Meanwhile, silver
nanoparticles with citrate retained bright yellow color
for long periods of time. The stable yellow color of the
nanoparticles is attributed to its non-aggregated state
due to the electrostatic repulsion provided by the nega-
tive charges of the carboxyl groups of citrate present in
the surface of the silver nanoparticles [19].

Nickel sensing

The performance of the citrate-stabilized silver nanoparti-
cles as a colorimetric sensor for nickel as Ni** was evalu-
ated through investigation of the various changes in the
properties of the solution namely, color, absorbance spectra
and morphological changes.

Color response

Effective colorimetric nanosensors should display fast, sharp
and appreciable color change to aid in analyte detection.
Upon interaction with varying concentrations of Ni**, the
color of the citrate-stabilized silver nanoparticles changed
from yellow to deep orange almost immediately upon
addition of the heavy metal. The variation in concentrations

yielded color changes of increasing gradient from yellow to
deep orange as shown in Fig. 4.

Shang et al. [11] suggested that the addition of Ni**
causes the silver nanoparticles to aggregate due to the
strong coordination bonds formed between Ni** ions and
the carboxyl groups attached on the surface of the nanopar-
ticles which in this case are provided by the citrate ions.
The aggregation causes the visible color change of the solu-
tion from yellow to deep orange. The increasing intensity
of the orange color with increasing Ni** concentrations also
indicates increasing aggregation state. This color change is
associated with the changes in the surface plasmon absorp-
tion band, which is dependent on particle size, shape, and
distances between particles.

Absorbance curve response

The effect of varying Ni** concentrations on the UV-Vis
absorbance curve of the citrate-stabilized silver nanoparti-
cles was also investigated. As presented in Fig. 5, as the
Ni** concentration is increased, there is reduction of
absorbance value at the original 392 nm peak with eventual
broadening of the surface plasmon absorption band.

The gradual decrease in absorbance value at 392 nm peak
suggests an increase in size of the originally monodispersed
citrate-stabilized silver nanoparticles due to aggregation
[14]. Correspondingly, the widening of the plasmon absorp-
tion band indicates the transition of the solution from
monodispersed to an aggregated state. This supports the
earlier premise that silver nanoparticle interaction with the
Ni** ions could lead to the formation of carboxyl-nickel
complexes that eventually caused the particles to aggregate,
thus, reducing interparticle distance [10].
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Fig. 3 Silver nanoparticles without citrate (right panel) and with citrate (left panel) for (a) 5, (b) 10, (c) 20 and (d) 30 min

Morphological response

To confirm the aggregation behavior of the silver nano-
particles upon interaction with Ni** ions, samples with
and without the heavy metal were analyzed using TEM.
The Ni** concentration used in the analysis was the
highest concentration used in the assay which is 1.6
mM. Figure 6 presents the TEM imaging results.

The TEM images confirm that citrate-stabilized silver
nanoparticles aggregate in the presence of Ni** ions.
This also confirms the cause of the color changes and
absorbance curve changes exhibited by the solution.

Aside from the formation of carboxyl-nickel complexes,
the addition of Ni** could have reduced the negative
surface charge of the silver nanoparticles thereby redu-
cing the stability of the particles leading to aggregation
[11].

Proposed mechanism

The presence of citrate ions on the surface of the silver
nanoparticles provides electrostatic stability to the nano-
particle solution. This prevents the nanoparticles from
prematurely aggregating keeping the solution bright

-

-.1::':’-"“%' — ) = -
PEEU0 0 08 09

’ .

g -

00 ) )

Fig. 4 Color changes in citrate-stabilized silver nanoparticles after addition of varying Ni** concentrations (mM)
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yellow as previously shown in Fig. 3. Munro et al. [20]
explained the potential configuration of a citrate ion on
the surface of a silver colloid. They explained that when
a citrate ion bonds with a silver nanoparticle, two of the
three carboxyl groups are associated with the surface of
the silver nanoparticle.

However, this configuration changes when Ni** ions
are introduced. Wyrzykowski and Chmurzynski [21] dis-
cussed that in the presence of Ni**, citrate ions act as a
ligand and bind to the metal ion forming nickel-carboxyl
complexes. During the metal binding, two carboxyl
groups and a hydroxyl group participate in the forma-
tion of coordination complex with a Ni** ion. Specific-
ally, the oxygen atoms of the two carboxyl groups and
the oxygen atom of the hydroxyl group coordinate with
Ni?* in the process.

Each citrate ion has 4 potential arms for bonding,
however, two of the carboxyl groups are already associ-
ated with the silver nanoparticle surface. Hence, a citrate
ion can potentially coordinate with one or two Ni** ions

with its remaining free carboxyl and hydroxyl group.
The metal binding process occurs on the surface of all
the silver nanoparticles resulting in a decrease in inter-
particle distance and a change in the morphology of the
nanoparticles from a dispersed state to an aggregated
state. This proposed mechanism is presented in Fig. 7.

The aggregation of the citrate-stabilized silver nano-
particles causes a visible color change in the solution
attributed to the localized surface plasmon resonance of
silver nanoparticles which is heavily dependent on par-
ticle morphology. When the silver nanoparticles change
in state from dispersed state to an aggregated state, the
absorbance behaviour of the solution changes and con-
sequently its color.

Calibration curve

A calibration curve aids in quantitatively determining
the amount of target analyte detected by the assay. In
this case, the calibration curve was generated as a plot of
absorbance ratio (As;o/Asep) versus concentration. A

Fig. 6 Silver nanoparticles at 50,000X magnification (a) without Ni** and (b) with Ni** showing intense aggregation
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Fig. 7 Proposed mechanism of aggregation of citrate-stabilized silver nanoparticles through Ni** binding with citrate ions

strong linear relationship was observed for Ni** concen-
tration from 0.7 to 1.6 mM with a calibration equation
y =0.9702x + 0.6054 and a coefficient of determination
of 0.9958.

The limits of detection and quantification were also
determined using the linear regression method suggested
by Sanagi et al. [13]. The limits of detection and quanti-
fication are 0.75 and 1.52 mM, respectively.

Assay selectivity for nickel

In order to ensure assay preference for detecting Ni**
ions in possible real water application, a selectivity study
was conducted. The selectivity of the assay for Ni** was
investigated by testing the color response and the
absorbance ratio (As;o/A3z9,) response of the citrate-
stabilized silver nanoparticles to different common ions.
Metals used were representative of the different groups
such as Li* for alkali metals, Mg>* and Ca** for alkaline

earth metals and for hard water interference examin-
ation, and Ag" for transition metals. The Ni** concen-
tration used for the selectivity test was 1mM. As
observed in Fig. 8, only Ni** induced an observable color
change from yellow to orange that is distinguishable to
the naked eye. Other solutions remained bright yellow in
color suggesting that no aggregation took place. This
confirms that visually, the assay has excellent preference
for Ni** over other representative metals. Their individ-
ual absorbance curve responses were consistent with the
visual observation.

To further investigate and quantify the selectivity of
the silver nanoparticle assay to Ni**, the resulting
absorbance ratio (As;o/Azes) of the solution upon
interaction with the metal ions were treated as re-
sponses. The percent response for each metal ion was
obtained by setting the response (Agjo/Azey) for Ni**
at 100%. As shown in Fig. 9, all the other metal ions
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Fig. 8 Color and absorbance curve responses of the assay for various ions at 1 mM concentration of metal cation added
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produced a significantly lower response of less than
35%.

Based on color, absorbance behavior and relative re-
sponse, the results suggest that the assay can be used in
real water to detect Ni** with minimal interference from
the various representative metal ions.

Practical application: Ni** sensing in tap water
To test the practicability of the citrate-stabilized silver
nanoparticles in detecting Ni** in real water samples,
the assay was applied to determine the heavy metal
using the tap water collected from the School of Tech-
nology, University of the Philippines Visayas in Iloilo,
Philippines. Ni** solutions of varying concentrations
were prepared using tap water. Figure 10 shows the
comparison of the color response of the assay in detect-
ing Ni** in distilled water and in tap water.

The respective changes in the nanoparticle solution
with the addition of distilled water and tap water con-
taining Ni** showed slight differences in color. The

nanoparticle solution mixed with tap water containing
Ni** produced deeper orange color when compared to
the nanoparticle solution mixed with distilled water con-
taining Ni**. The concentrations of Ni** detected by the
assay from the tap water and distilled water, were calcu-
lated using the calibration equation generated previously.
The calculated values are tabulated in Table 1.

The detected Ni** concentration in distilled water is in
excellent agreement with the prepared concentrations.
For tap water, the assay returned modest values with an
average of 16% difference. The slight interference can be
due to the presence of organic matter and combined ef-
fects of other ions present in the tap water. Overall, the
results show the potential of citrate-stabilized silver
nanoparticles as colorimetric sensor for detecting Ni**
in tap water.

Conclusions
The potential of using citrate-stabilized silver nanoparti-
cles for Ni** detection was investigated. Small, spherical,

Fig. 10 Silver nanoparticle solution upon addition of (a) 1.1 mM, (b) 1.2 mM, and (c) 1.6 mM of Ni** in distilled water (DI) and tap water
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Table 1 Concentrations of Ni" detected in distilled water and
tap water (n=3)

Prepared concentration (mM) Detected in distilled Detected in

water (mM) tap water (mM)
1.1 1.1 13
1.2 12 14
1.6 1.6 14

monodispersed, and stable silver nanoparticles were pro-
duced using sodium borohydride as reducing agent and
trisodium citrate as capping agent. The addition of
increasing concentrations of Ni** to the nanoparticle so-
lution caused the nanoparticles to aggregate, resulting in
changes in color and absorbance curve in the solution. A
calibration curve was generated for Ni** concentrations
from 0.7 to 1.6 mM. A strong linearity was observed
supported by a coefficient of determination of 0.9958.
The limits of detection and quantification were deter-
mined to be 0.75 and 1.52 mM, respectively. In the test
for real water applicability, the assay showed excellent
preference for Ni** over other metal ions tested as
shown in the color, absorbance curve and relative re-
sponse results. Furthermore, the assay was proven to be
capable of detecting Ni** in tap water samples.
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