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Abstract: An environmentally safe, efficient, and economical microwave-assisted technique was
selected for the production of silver nanoparticles (AgNPs). To prepare uniformly disseminated
AgNPs, xanthan gum (XG) was utilized as both a reducing and capping agent. UV-Vis spectroscopy
was used to characterize the formed XG-AgNPs, with the absorption band regulated at 414 nm
under optimized parameters. Atomic force microscopy was used to reveal the size and shape of
XG-AgNPs. The interactions between the XG capping agent and AgNPs observed using Fourier
transform infrared spectroscopy. The XG-AgNPs were placed in between glassy carbon electrode and
Nafion® surfaces and then deployed as sensors for voltammetric evaluation of mercury ions (Hg?*)
using square-wave voltammetry as an analytical mode. Required Nafion® quantities, electrode
behavior, electrolyte characteristics, pH, initial potentials, accumulation potentials, and accumulation
durations were all comprehensively investigated. In addition, an electrochemical mechanism for
the oxidation of Hg?* was postulated. With an exceptional limit of detection of 0.18 ppb and an
R? value of 0.981, the sensors’ measured linear response range was 0.0007-0.002 M Hg2+. Hg2+
evaluations were ultimately unaffected by the presence of many coexisting metal ions (Cd?*, Pb%*,
CryOy, Co?*,Cu?*, CuSOy). Spiked water samples were tested using the described approach, with
Hg?* recoveries ranging from 97% to 100%.

Keywords: silver nanoparticles; xanthan gum; voltammetric sensor; mercury chloride; water samples

1. Introduction

Heavy metals including mercury, considered substantially toxic, are found in the
environment due to heavy industrial applications such as the manufacturing of batteries,
electrical equipment, paints, and the extraction of metals from mines and rivers [1-5].
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Mercury harms human health even at low concentrations because of its volatility and
solubility in water as well as in living cells [6,7]. Therefore, it has become mandatory to
detect mercury at a trace level. The USA Environmental Protection Agency (EPA) and the
World Health Organization (WHO) have established acceptable mercury limits in drinking
water of 0.03 ppb and 0.01 ppb, respectively [8]. Various reliable and accurate analytical
techniques have been used for the detection of mercury, such as cold-vapor atomic absorp-
tion spectroscopy, spectrofluorimetry, mercury analyzer, inductively coupled plasma-mass
spectrometry, and inductively coupled plasma-atomic emission spectrometry; however,
these techniques possess some limitations such as expensive instrumentation, complex
steps of sample preparation, and a professionally trained technician [1,6,7]. Square wave
voltammetry among many electrochemical methods is preferred for the determination of
mercury because of its simplicity, low cost, rapid analysis time, and high sensitivity [9-12].
Various studies have revealed that many chemically modified electrodes have been used
for the determination of heavy metal ions. For example, carbon paste electrodes (CPEs)
modified with N-p chlorophenylcinnamohydroxamic acid (CPCHA) were used to detect
Hg2+ ions under ideal square wave voltammetry (SWV) with a limit of detection (LOD) of
12.9 nM [1]. With a glassy carbon electrode (GCE) modified with nitrogen-doped reduced
graphene (NRGO), the differential pulse anodic stripping voltammetric (DPASV) method
was applied for the measurement of mercury with LOD of 0.58 nM [6]. A GCE was modified
using silver nanoparticles (AgNPs) and the tribenzamides; SWV was followed to evalu-
ate how well the modified electrode detected mercuric ions with LOD 1 x 10715 M [12].
Tannic acid-capped gold nanoparticles (AuNP@TA) were deposited on a glassy carbon
electrode for electrochemical detection of Hg?* ions; the given analytical method displays a
“measurable lower limit” of 100.0 fM under SWV conditions [11]. AgNPs and folic acid
(FA) were used to modify the surface of the pencil graphite electrode (PGE). Utilizing elec-
trochemical impedance spectroscopy (ECIS) and cyclic voltammetry (CV), each step of the
surface modification process was examined and described (EIS). By using the CV approach,
the limit of detection (LOD) for Hg?* was determined and discovered to be 8.43 mM [13].
A glassy carbon electrode modified with carboxymethylcellulose-protected silver nanopar-
ticles (CMC@AgNPs/GCE) was used to examine the electrochemical detection of Hg?*,
and the DPASV method was used to find an elevated peak current; it was discovered that
the detection limit was 0.19 nM [14]. For the detection of Hg?*, a screen-printed electrode
(SPE) was modified with a carbon black-gold nanoparticle (CBNP-AuNP); SWASV was
followed for the determination of Hg?* ions with LOD 14 pA ppb~! cm~2 and 3 ppb,
respectively [15]. The 141 nM LOD of mercury (II) ions was determined utilizing a SWV
approach using hydroxyapatite (HA) nanoparticles for the modification of a glassy carbon
electrode (GCE) [16]. The modified AuNPs-GC electrode was employed with a SWV with a
limit of detection of 80 pM [17]. Gold nanoparticles (AuNPs) constructed on sulfur-doped
graphitic carbon nitride (Au@S-g-C3N4) nanocomposite were used to examine the col-
orimetric recognition of mercury ions Hg?* with LOD 0.275 nM [18]. The determination
of Hg?* ions by SWV was performed using the modified electrode EDTA-CPE, whose
detection limit was 16, 6 x10~? mol L~! [7]. Each of these approaches has resulted in the
successful development of mercury ion electrochemical sensors, although they have the
drawbacks of high ligand costs and extended detection periods. As a result, a ligand-free
electrochemical sensor for the detection of Hg* ions is required [19].

The goal of the current work was to demonstrate the effectiveness of silver nanoparti-
cles using natural gums (produced using green technology) as an electrochemical probe
for Hg?" in water samples. Natural gums are polysaccharides of natural origin that can
significantly improve the viscosity of a solution even at low concentrations. Botanical
gums are primarily found in the woody parts of plants or in seed coverings. Xanthan gum
(XG) is a polysaccharide that exists outside of cells. At a molar ratio of 2.0:2.0:1.0, xanthan
gum’s primary structure consists of pentasaccharide repeat units, mannose, and glucuronic
acid [20]. Xanthan gum’s morphological, physicochemical, structural, and rheological
properties have been extensively researched. Xanthan gum-capped AgNPs have recently
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been demonstrated to have antibacterial properties against E. coli and Staphylococcus aureus,
as well as catalytic efficiency for 4-nitrophenol reduction [21], and XG-PdNPs have been
employed as catalysts for 4-nitrophenol reduction [22].

The goal of this research was to synthesize xanthan gum (XG) reduced/stabilized
AgNPs in a microwave oven at 700 W for 30 s. In comparison to previously reported green
approaches, this method is found to be more efficient and rapid. The XG-AgNPs were then
utilized as an electrochemical sensor to detect Hg?* in aqueous media with high sensitivity.
In addition, a search of the literature reveals that no attempt has been made to report the
measurement of Hg?* using xanthan gum-capped silver nanoparticles until this study.

2. Experimental Section
2.1. Chemicals and Reagents

Xanthan gum was purchased from Biological Technology Co., Ltd (Shanghai, China).
Silver nitrate (AgNOs3) and other chemical reagents such as cadmium chloride (CdCly),
copper chloride (CuCl,-5H,0), lead chloride (PbCl,), copper sulphate (CuSO4-5H;0),
chromate (Cr,O4), hydrochloric acid (HCI 37%), ethanol (Co,H50OH 97%), nitric acid (HNOs
98%), Nafion and sodium hydroxide pellets (NaOH 98%) of analytical grade reagents were
purchased from Sigma-Aldrich Chemical Company (Milwaukee, WI, USA). Boric acid
(H3BO3), di-sodium hydrogen phosphate (Nap,HPOj), and sodium di-hydrogen phosphate
(NaH,PO4) were purchased from Merck, (Germany). Milli-Q water (ultrapure) was used
for the preparation of all the solutions.

2.2. Preparation of Xanthan Gum Solution

A 0.5% (weight/volume) xanthan gum solution was prepared at room temperature
by dispersing 0.5 g of XG in 100 mL of deionized water and then the solution was kept on
a stirrer for 24 h at 120 rpm to obtain a homogenous solution of gum. Furthermore, the
solution was centrifuged for 10 min at 10,000 rpm to remove insoluble particles and the
remaining supernatant solution was utilized for the synthesis of silver nanoparticles.

2.3. Preparation of Nafion (1%) and Buffer Solutions

One gram of Nafion balls was dissolved in 2-propanol to make a 1% Nafion solution,
which was subsequently diluted to 0.2% with deionized water. Britton—-Robinson buffer
(BRB) solutions (0.04 M) were prepared by combining a solution of glacial acetic acid,
ortho phosphoric acid, and boric acid from pH 3 to 9. Solutions of phosphate buffer were
prepared by combining Na,HPO, and NaH,;POy in the appropriate ratio from pH 5 to 8,
while the Tris buffer was prepared from pH 7 to 9. A CHI electrochemical analyzer was
used to conduct voltammetric tests (Tennison Hill Drive, Austin, TX, USA).

2.4. Synthesis of AgNPs Using XG

Xanthan gum-capped silver nanoparticles were made by adding 7 mL of 0.5% xan-
than gum extract with 700 uL of 1 mM AgNOj solution to a tube, and this mixture was
transferred into a Teflon-lined household microwave oven at 700 W power for 30 s. The
solution color turned yellow, which indicated the reduction of Ag* ions to form colloidal
Ag particles. A series of samples were synthesized by changing the volume of AgNOs3
(100 pL to 900 pL) while keeping the volume of XG (7 mL) constant. Likewise, the second
set of samples was synthesized by changing the volume of XG (1 mL to 9 mL) by keeping
the volume of AgNOj3 constant (700 pL) at the same power as mentioned earlier.

2.5. Sample Preparation for FTIR and AFM

A previously mentioned procedure [23] was followed to prepare samples for FTIR
and AFM. The XG-AgNP solution was prepared in bulk; approximately 500 mL of the
prepared solution was evaporated in a pre-heated water bath at 100 °C, then the dried
nanoparticles were washed with methanol and water twice to remove water-soluble and
insoluble impurities. A glass slide was used to scratch dried XG-AgNPs, and then these
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nanoparticles were kept in the oven at 105 °C to remove complete moisture. The KBr pellet
of XG-AgNPs was integrated for FTIR spectroscopy and the nanoparticle solution was drop
casted over clean thin sheet of mica, spread, dried under pure nitrogen and characterized
by AFM imaging technique.

2.6. Preparation of XG-AgNPs/Nafion-Modified GCE

Initially, the GCE (glassy carbon electrode) surface was polished with alumina powder
(0.05 um) until it had a shiny surface. Then, through deionized water, the electrode was
washed appropriately. Furthermore, the electrode was subjected to sonication in ethanol
and deionized water and then dried under N;. To load the sample on the surface of the
GCE, a drop-casting method was used which has been reported previously. A hair dryer
was used to dry 10 pL of XG-AgNPs solution drop-cast on a clean GCE surface. After that,
20 pL of 0.2% Nafion solution was applied to the modified GCE. GCE/XG-AgNPs/Nafion
was used to symbolize the modified GCE for Hg?* analysis (Figure 1).

- e XG-AgNPs N-ll--‘
== ~ * f © p===SN
Ex7mncl + s, — I o QT n
b = e ﬁ <<
S Drop Casting Method

SWV OF Hg*

SWYV Determination

Hg'? via MGCE

Figure 1. The scheme of construction of the sensor, regarding the stages of modification.

2.7. Voltammetric Analysis of Hg*

Voltammetric analysis was taken through a cell comprised of a Pt (platinum) rod as
a counter electrode, silver/silver chloride as a reference electrode, and GCE or modified
XG-AgNPs/Nafion GCE as a working electrode. The cell was filled with 5 mL of 0.04 M
BRB (pH7), 4.5 mL deionized water, and 0.5 mL standard ngJr solution. All measurements
were carried out by square wave voltammetry (SWV) under optimized parameters. SW
voltammograms were recorded in the range of 0 to 1 V, pulse amplitude 0.025 V, frequency
15 Hz, and deposition time 15 s without nitrogen purging. Similar optimized parameters
were also set during the scanning of the blank solution. The 0.1 V observed a peak potential
for the Hg?* working standard. A number of Hg?* standard solutions were run to obtain a
calibration plot.

2.8. Instrumentation

Xanthan gum-capped silver nanoparticles (XG-AgNDPs) were characterized by UV-
visible double beam spectrophotometer in the range of 200-800 nm (Model P, lambda 35 of
Perkin Elmer). FTIR spectroscopy (Model Nicolet 5700 of Thermo) of silver nanoparticles
was conducted by making KBr pellets. Furthermore, silver nanoparticle analysis was per-
formed under atomic force microscopy (Model AFM 5500 Agilent, Santa Clara, CA, USA)
to determine the homogeneity in shape and size distribution. The CHI electrochemical
Analyzer (Tennison Hill Drive, Austin, TX, USA) technique was used to perform all voltam-
metric measurements for the determination of Hg2+ions. The system with three electrodes,
a glassy carbon electrode (GCE) as a working electrode, a platinum wire as an auxiliary
electrode, and silver/silver chloride (Ag/AgCl) as a reference electrode was used. The
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pH measurements were carried out using a pH meter (Thermo Fisher Scientific (Waltham,
MA, USA).

3. Results and Discussion
3.1. Characterization of XG-AgNPs

Xanthan gum (7 mL of 0.5%) was used as both a reducing and capping agent and
added to a solution of (700 puL of 1 mM) AgNOs for the synthesis of AgNPs. The prepared
colloidal solution of AgNPs contained a bright yellow color which indicated the formation
of AgNPs [24]. The surface plasmon resonance band of the prepared AgNPs was detected at
approximately 414 nm and recognized as the excitation of a free electron in AgNPs [25]. The
shape of the surface plasmon resonance band revealed that particles exhibited a spherical
shape and were uniformly distributed in solution [22]. Various parameters such as the
concentrations of AgNO3, xanthan gum, pH, microwave power irradiation, and irradiation
time were optimized to control the size and shape of AgNPs. The optimization results of the
abovementioned parameters showed that a combination of 700 uL of AgNOj3 solution and
7 mL of 0.5% xanthan gum solution with pH 6.0 was considered the appropriate solution
mixture. The solution mixture was irradiated at 700 watts for 30 s to immediately produced
small-sized (blue-shifted) AgNPs with stable surface plasmon absorption peak at 414 nm
as shown in Figure 2A.
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Figure 2. (A) UV-Vis spectra; and (B) Stability profile of XG-AgNPs.

3.2. AgNO3 Volume Effect on AgNPs Synthesis

The influence of the volume of AgNO; (1 mM) was optimized from 100 to 900 uL with
7 mL of 0.5% XG, and the solution was irradiated at 700 watts for 30 sec. Figure 3A reveals
that absorption intensity increased with increasing volume of AgNO; (1 mM) because of
the increased reduction of Ag* ions to Ag®. It was also observed that, at a higher volume of
AgNOj3, AgNPs were agglomerated after a few hours at room temperature, due to which
the color of the solution turned brown. Therefore, 700 pL of AgNO3 was subjected to
further optimization because at this volume the particles remained stable for a month in the
refrigerator. Likewise, as Figure 3B shows, the volume of XG (0.5%) was optimized from
1 mL to 9 mL and the absorption intensity was increased at high volumes because increased
hydroxyl groups on the XG chain were found to be responsible for greatly reducing Ag*
to Ag? [26]. In addition, the increased number of carboxyl groups on the gum polymer
immensely capped the nanoparticles and prevented aggregation to a great extent [27]. The
amount of 7 mL of 0.5% XG was selected because it was found to be the most suitable
volume with 700 pL of AgNOj3 to produce extremely stable silver nanoparticles.
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Figure 3. (A) Effect of salt (AgNO3); (B) Effect of xanthan gum (XG); (C) Effect of power; and
(D) Effect of irradiation duration on AgNPs.

3.3. Effect of Power and Irradiation Duration on AgNPs

The effect of power (119 W to 700 W) and irradiation time (5 s to 30 s) on the production
of AgNPs was observed by keeping the concentrations of AgNO3 and XG constant at 1 mM
and 0.5% respectively. The addition of XG (0.5 g/mL) to a solution of 1 mM AgNOs
allowed the formation of silver nanoparticles by converting Ag* to Ag’. The powerful
band discovered at approximately 414 nm was dubbed a “surface plasmon resonance band”
and attributed to free-electron excitation in AgNPs. The findings demonstrated that power
had a significant impact on the reduction of AgNPs. As shown in Figure 3C,D at high
power (700 W), less time (30 s) is required for the synthesis of the maximum number of
AgNPs, while at low power (336 W) more time (75 s) is required to synthesize AgNPs.
However, the wavelength of the surface plasmon resonance band in both cases was almost
the same; meanwhile, the intensity of bands increased with increased power which shows a
maximum number of particles produced at high power [28]. Therefore, 700 W was chosen
because it only requires 30 sec to produce the bright yellow color of the AgNPs solution
which shows that particles are small, blue-shifted, and homogeneous. Below 700 W, the
reduction process was slow and more time required naturing XG for the synthesis of
nanoparticles. The continual evolution of AgNP generation in XG medium with power is
depicted by the deepening yellow color. The results showed that the synthesis of AgNPs
by XG reduction at low power was a sluggish process with low reduction capability, but
that it was enhanced after XG denaturation [21].

3.4. Stability Profile

Figure 2B also shows a time-dependent stability profile for the produced XG-AgNPs
sol with no wavelength change and a time span of up to one month. The increased stability
indicates that the capping agent prevents AgNPs from aggregating in solution and on the
surface of GCE, and that a single solution can be used to modify GCE in less than a month
without losing its capacity to detect Hg?*ions. The increased stability of XG-AgNPs in solu-
tion (Figure 2B) and their dispersed nature demonstrate the real capping effect of xanthan
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gum, which induces electrostatic repulsion among nanoparticles to prevent agglomera-
tion [21]. Further evidence for these phenomena can be found elsewhere [22,27], where the
carboxylic group of xanthan gum was utilized as a capping agent to prevent nanoparticle
agglomeration by causing electrostatic repulsion and keeping them water-dispersible.

3.5. FTIR Study of AGNPs Bonded-XG

The FTIR spectra of AgNP-bonded XG and pure XG are described in Figure 4. The
FTIR study was carried out to determine which group is responsible for the reduction and
capping of AgNPs. In the case of XG-AgNPs, the major peaks appeared at 3219, 2929,
1593, 1397, 1020, and 919 cm L. The broad peak at 3219 cm~! was due to OH stretching
vibrations [22]. The peak at 1593 cm ™! was due to symmetric and asymmetric stretching
vibration of C=0O groups in the acetyl group of gum [29]. Furthermore, the peaks at
1397 cm~! and 1020 cm~! were due to NO3 addition [21]. The peak of mannopyranose
was also seen at 919 cm ! [30]. Then, the spectra were compared with the FTIR spectra of
XG. The main peaks appeared at 3208, 2930, 1591, 1396, 1023, and 918 cm~!. Shifting of
peaks were seen from pure XG to XG-AgNPs spectra (3208-3219, 2930-2929, 1591-1593,
1396-1397, 10231020, 918-919 cm~!). This change in frequency distinctly establishes that
both the hydroxyl and carboxyl groups of xanthan gum are responsible for the reduction
and stabilization of AgNPs.
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Figure 4. FTIR spectra of (a) XG-AgNPs and (b) Xanthan gum.

3.6. AFM Study

The AFM image of prepared XG-AgNDPs is shown in Figure 5A, which allows for
the calculation of their average size as well as for views into the surface roughness of
the generated XG-AgNPs. The size distribution histogram of the prepared XG-AgNPs
against their formation intensity is shown in Figure 5B, with the largest particle excluded
by random selection.

The average size of the prepared XG-AgNPs is 5 nm in the range of 1.5-5 nm, in
accordance with the data analysis. The greater stability of XG-AgNPs in solution and their
scattered nature (Figure 5A) demonstrate the real capping function of xanthan gum, which
induces electrostatic repulsion between nanoparticles to prevent aggregation [21].
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Figure 5. (A) AFM image of XG-AgNPs under optimized condition; (B) Particle size
distribution histogram.

3.7. Mechanism of Xanthan Gum-Capped AgNP Synthesis

Xanthan gum possesses a five-fold helical structure which is highly ordered but at high
power (700 w) denaturation (the process to convert XG into a disordered coil state) occurs,
due to the hydroxyl group in xanthan gum structure becoming exposed (Figure 6), and
offering their reduction capability for synthesis of AgNPs [21,31]. The carboxylic group of
xanthan gum is highly electronegative and played a vital role in preventing the AgNPs from
aggregation; because of this, AgNPs remained stable for a longer period of time [21,22,32]
(Figure 4). After four weeks of storage at 4 C, the denatured single chains re-associated
into a loose, several-fold helix, and as the helix lengthened, larger micro-rods formed. It
was observed that AgNPs attached to the xanthan gum chain surface and became trapped
in the hydrophobic cavity of the xanthan gum, folded helix [21,26]. Xanthan gum is an
economic and ecofriendly polymer and it works as both a reducing as well as a capping
agent. Therefore, it is preferred for the synthesis of AgNPs.
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Figure 6. The scheme of synthesis and dispersion of fresh-prepared AgNPs.
3.8. Electrochemical Behavior of Hg** at XG-AgNPs-GCE

A mode study was carried out to choose an appropriate mode that provides the best
peak current; therefore, different voltammetric modes were tested, for example, cyclic
voltammetry (CV), differential pulse voltammetry (DPV), and square wave voltammetry
(SWV). However, better results were obtained in SWV mode for 0.02 uM Hg?* solutions.
Therefore, SWV mode was selected for the advanced optimization study.

First, cyclic voltammetry was performed on bare and modified glassy carbon elec-
trodes without and with Hg?* on the electrode surface in 0.04 M BRB at pH 7 at a scan
rate of 100 mV s~ 1. The CVs of XG-AgNPs-modified electrodes with Hg?" are shown
in Figure 7.

-1.5 =

-1.0 =
-0.5 =
00 =

0.5 =

Ip(nA)

1.0

1.5

20

0.0 0.2 0.4 0.6 0.8 1.0
E (V)

Figure 7. Cyclic voltammogram of modified xanthan gum nanoparticle electrode for Hg 2+ jons.

However, the CV of the XG-AgNPs-modified electrode with Hg?* shows an absence
of an anodic peak at 0.23 V roughly and a broad cathodic peak at 0.17 V. In the case of
SWYV under the same condition, a better anodic peak in terms of intensity of current was
obtained, and after repeating the same experiment, the same results were obtained which
shows the stability of the modified electrode. DPV was also tried but a small anodic peak
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of current was obtained in Figure 8. Therefore, SWV was selected to study the anodic
peak of Hg*? for analytical purpose. The anodic peak is caused by the oxidation of Hg” to
Hg?* in the BRB solution, which formed a complex with the XG-AgNPs modifier, while the
cathodic peak is caused by the reduction of Hg?* to Hg".

1.4 ” DPV
1.2
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0.8
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0.6

0.4 \J

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 8. Differential pulse voltammogram of modified Xanthan gum nanoparticle electrode for
Hg?" ions.

3.9. Square wave voltammetric studies

In the presence of 0.02 uM Hg?*, square wave voltammograms of bare and modified
glassy carbon electrodes were obtained. Hg?* anodic peak current is much higher at the
XG-AgNPs-modified electrode than at the bare electrode, as seen in the voltammograms
in Figure 9A,B. This indicates that Hg?" is easily oxidized at the XG-AgNPs-modified
electrode. As a result, the inclusion of XG-AgNPs allowed for a considerable improvement
in the analytical signal of the electrode.

3.9.1. Effect of Various Electrodes on Ip of Hg?* Solutions

To monitor the effect of the modified GCE and bare GCE on the current response of
Hg?*, 0.04 M BRB solution of pH 7 was used. It is clear in Figure 7B that a small peak
current was obtained in the bare GCE in the case of the electrode (peak a) while XG-
AgNPs/Nafion-modified GCE provided the intense peak current responses (peak e). This
result demonstrated the enhanced catalytic behavior of XG-AgNPs and Nafion towards the
oxidation of 0.02 tM Hg?* solutions with easy electron transfer action. Xanthan gum is a
substantial part of XG-AgNPs/Nafion GCE; it is responsible for inducing the selectivity
and sensitivity of Hg?* ions. The current responses of the XG-modified GCE and XG-
AgNPs/Nafion-modified GCE were recorded in 0.02 uM ng+ solution (Figure 9B, peak ¢
and e).The obtained results proved that xanthan gum played a vital role in the selectivity
and sensitivity for Hg?* ions.
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Figure 9. (A) SWV of 0.02 uM Hg2+at XG-AgNPs/Nafion-modified GCE; (B) SW voltammograms
for 0.02 uM Hg2+ at (a) bare GCE, (b) GCE/Nafion, (c¢) GCE/Xanthan gum, (d) GCE/XG-AgNPs,
(e) GCE/XG-AgNPs/Nafion; (C) Effect of different supporting electrolytes each of pH 7 (a) 0.04 M
BRB, (b) 0.1 M Tris buffer and (c) 0.1 M phosphate buffer in the presence of Hg*?; (D) Effect of pH on
peak current and shift in peak potential.

3.9.2. Influence of Supporting Electrolyte

To select a suitable electrolyte, different electrolytes at pH 7 were used to determine the
influence on the Ip response of Hg?* under SW mode, as depicted in Figure 9C. Recorded
SW voltammograms for Hg?" indicated that a sharper peak, the highest peak current,
reproducibility, and background stability for Hg?* were obtained in the case of BRB; in
the presence of an appropriate BRB ionic strength, this behavior suggests that accelerated
electron transport occurs at the electrode surface. This might also be related to variations in
the amount of H* available for the reduction stage [33,34]. Therefore, BRBs were chosen for
further study while in the case of phosphate buffer, small peak current value was obtained
and Tris buffer showed no response.
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3.9.3. Influence of pH of Supporting Electrolyte

By altering the pH of the supporting electrolyte (0.04 M BRB), the influence of pH
on the supporting electrolyte (0.04 M BRB) was also investigated. A graph of pH against
Ip (Figure 9D) reveals that as pH increases, the Ep of Hg?* moves towards a less positive
potential value, whereas Ip fluctuates randomly. When the pH was raised to 7, the peak
current rose. This is because hydrogen ions are involved in the reduction of Hg?* at the
XG-AgNPs-GCE surface (as explained in the mechanism).

When the pH was raised above 7, the peak current fell. The reduction reaction is
slowed when the pH rises because of the possible formation of metal hydroxide [35,36],
which would reduce the amount of free metal ions available for electroreduction at the
XG-AgNPs/Nafion-modified GCE. As a result, pH 7 was chosen as the ideal pH for the
ensuing electroanalytical experiments.

3.9.4. Electrochemical Process

The complexation of Hg?* with the modifier XG-AgNPs in the closed-circuit cell at
pH 7 results in the buildup of Hg?* on the electrode surface. Ata 0.1 V applied voltage in a
closed-circuit cell in 0.04 M BRB at pH 7, Hg?* in the complex (HgL2) is reduced to Hg’.
After oxidation to Hg?* on a positive scan from —0.1 V to 1.0 V in a closed-circuit cell in
0.04 M BRB at pH 7, Hg? is stripped.

(1) Accumulation step (open-circuit cell, 0.04 M BRB, pH 7):

Hg?* + 2HL — Hgl, + 2H*

Solution GCE Surface Solution

(2) Reduction step (closed-circuit cell, 0.04 M BRB, pH 7, 0.2 V):

HgL, + 2H* + 2e — Hg" + 2HL

GCE Surface Solution

(3) The stripping step (closed-circuit cell, 0.04 M BRB, pH 7, positive scan: 0 V to 1 V):

Hg— Hg?* + 2e

GCE Surface Solution

3.9.5. Influence of Nafion Volume on GCE

The drop-casting procedure was used to immobilize varying quantities of 0.2% Nafion
in the range of 5-15 pL, which was then dried on the face of GCE/XG-AgNPs and inves-
tigated for Ip response using a 0.02 uM Hg?* solution in BRB. The maximum Ip value
was found when 20 uL of Nafion was coated on the modified GCE (Figure 10A). The
ion exchange feature of Nafion caused cations to preconcentrate at the electrode—solution
contact [37], considerably improving Hg?*’s electrochemical responsiveness.

Moreover, increasing the amount of Nafion resulted in a lower Ip value due to surface
saturation of the modified GCE caused by probable blocking of particular active sites
responsible for increased electron transmission [38].

3.9.6. Influence of Starting Potential and Accumulating Potential Variations on Hg?*Ip

In the region of 0.0 V to 1.0 V, the effect of various starting potential levels on Hg?*Ip
was examined, but no noticeable effect was found on Hg?*’s Ip. This finding adds to the
evidence that the XG-AgNPs/Nafion-modified GCE surface exhibits adsorptive properties.

In the region of 0.1 to 0.5 V, the impact of added accumulation potential on the Ip
value of Hg?* was also investigated. When the accumulation is changed to a less positive
potential with the greatest Ip value at 0.1 V, improved Ip values are observed. Mercury
preconcentrates at the electrode surface when a lower positive potential is applied, acting
as an amplifier for the modifier’s adsorptive activity at the GCE’s edge.
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Figure 10. SW Voltammograms for 0.02 uM Hg?*at (A) Volume of Nafion from 5uL to 25 uL;
(B) Accumulation potential 0.1 V to 0.5 V at 5 s; (C) Accumulation potential 0.1 V to 0.5 V at
10 s; (D) Accumulation potential 0.1 V to 0.5 V at 15; (E) Six replicate runs obtained under
optimized conditions.

3.9.7. Effect of Accumulation Time

From 5 to 20 s, the impact of accumulation time on the peak current of Hg?* was
investigated. Figure 10 depicts the influence of time on the XG-AgNPs/Nafion-modified
GCE electrode’s anodic peak current. With increasing accumulation time, the peak current
value increases, leading to a rise in Hg?* adsorption at the electrode surface (Figure 10B-D).
In general, the response rises until it reaches the highest current, which can be either
saturation or equilibrium surface covering. The outcome showed that consistent deposition
levels of Hg?* at the electrode surface were achieved after 15 s of exposure. There seemed
to be no increase in peak current after that. Therefore, 15 s was chosen for further study.
Based on the evidence presented, it is anticipated that the oxidation of Hg? occurs at the
surface of xanthan gum-based AgNPs via the removal of an electron and a proton in a
fashion similar to that described for mercury [1].

3.9.8. Stability of the Sensor

The constructed sensor was tested for stability and reproducibility, runs were taken
after each 4 h to measure its stability, and it was found stable for a day (Figure 10E) in
the oxidation of 0.02 uM Hg?*solutions in BRB buffer at pH 7.0. For six duplicate runs,
the relative standard deviation (RSD) of 2.5% was valid. This means that the constructed
sensor has superior stability and reproducibility in regard to Hg?*detection.



Catalysts 2023, 13, 208

14 0f 18

3.9.9. Calibration Curve, Detection Limit, and Reproducibility

This calibration study was carried out under the optimized parameters. Figure 11A
shows the calibration voltammograms and Figure 11B depicts a linear calibration plot for
Hg?* concentrations in the range of 0.00074 uM to 0.02 uM. With the calibration equation
IP = (nA) = 1.09x — 0.395 and a correlation coefficient of 0.981, a linear calibration plot
was generated with the peak current increasing with increasing Hg?* concentration. The
detection limit was estimated at three times the SD of the linear range’s lowest concentration
(0.00074 uM Hg?*). Amounts of 0.18 ppb and 0.58 ppb were found to be the detection limit
and limit of quantification (LOQ), respectively. This calibration plot method can be used to
determine Hg?" in water samples.

(A) . (B)
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Figure 11. (A) Calibration curve for different concentrations of Hg?* at XG-AgNPs/Nafion-modified
GCE (a) 0.00074 uM (b) 0.002 uM (c) 0.0022 uM (d) 0.003 1M (e) 0.0075 uM (£) 0.01 uM (g) (h) 0.015 uM
(i) 0.02 uM (j) 0.022 uM; plot; (B) Corresponding linear plot in the range of 0.2-6 ppb Hg?*.

The analytical performance of the constructed sensor was compared to other docu-
mented methods in the literature, as shown in Table 1 The findings show that the current
study’s LOD is low and that it is similar to most of the approaches reported in the literature.
The table clearly shows that some reported methods achieved lower Hg?" detection limits,
but these methods have disadvantages such as sample preparation, the use of organic prod-
ucts, expensive instruments, and complex fabrication, whereas our developed voltammetric
sensor has none of these disadvantages.

3.9.10. Ion Interference

To assess the selectivity of the sensor, the impact of many interfering species on the
determination of Hg?* was assessed. The impact of known interfering ions found in water
samples (which are commonly present alongside Hg(ll) in multiple specimens) such as
Cd(r), Pb?*, Ni(Il), SO42-, Cd(II), Cr,O4, Co(II), and Cu(Il) was investigated (Table 2).
These have no discernible impact on the detection of Hg?*. The results reveal that XG-
AgNPs/Nafion-modified GCE is very selective for determining Hg?*. All of the ions and
chemicals studied showed hindrance within the acceptable range of 5%. In reality, several
ions found in water samples do not affect the determination of Hg?*, so the sensor is quite
selective and can be used to determine Hg?*.

3.9.11. The Voltammetric Determination of Hg?* by the Proposed Sensor

The spiking method was followed to perform the recovery test of Hg?*. Table 3
comprises recovery results, according to which percentage recovery exists in the range of
98-105%, which is within the acceptable range.
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Table 1. Comparison of the analytical performance obtained at XG-AgNPs/GCE with different
electrodes reported in the literature for the electrochemical determination of Hg?*.

Electrode Type Techniques Linear Range LOD :z:llgizz Ref.
a CMC@AgNPs/GCE DPASV 5and 75 uM 0.19 nM Va’;;’;;ﬁjter [13]
b Av-HA modified 2.0 x 1077 to -
GCE SWV 21 x10~4 M 141 nM Drinking water [23]
¢ NRGO/GCE DPASV 1 nM to 800 nM 0.58 nM Water samples [6]
-1
d Ag@Hg nanoalloy uv ?ig r?ii;i L,t? 21nmol L1 Igaqri;?sss [22]
¢ EDTA-CPE SWV 5t035 x 104 mol/L 16,6 x 10~° mol L R‘Sﬁ;;zer [8]
f GK-AgNPs uv 0-500 nM 50 nM (LOQ) Water samples [4]
8 CPHA-CPE SWASV 1-25 uM 12.9 Nm Varslsl‘;;z:ter 5]
h AgNPs & FA-PGE Ccv 25 uM 8.43 uM Tap water [12]
XG-AgNPs/GCE SWV 0.2 ppb—6 ppb. 0.18 ppb Different water Present work

samples

2 Carboxymethylcellulose; b Aloe vera—hydroxyapatite; © Nitrogen-doped reduced graphene; d Gilver and
mercury nanoalloy; ¢ Ethylene diamine tetraacetic acid; f Gumkondagogu; 8 N-p chlorophenylcinnamohydroxamic
acid; M pencil graphite electrode (PGE) modified with AgNPs and folic acid (FA).

Table 2. Maximum tolerable limits of interfering species for Hg>*.

Tolerance Limit

Interfering Species Interference (%)

(ugmL-1)
A 97.50% +2.5
Pb+? 103.60% -3.6
CryO4 96.30% +3.7
Co(II) 97.60% +2.5
Cu(II) 96.30% +3.7
CuSOy 98.70% +1.3

Table 3. Determination of Hg?* ions in real water samples (replications = 3) by calibration
plot method.

Water Samples Added Foun(_il Recovery (%) RSD (%)
(ugmL-1) (ugmL™)
River water (Jamshoro) 0 0.9 £0.03 _ 3.33
2 2.87 £ 0.15 98.97 523
4 486 +0.21 99.18 432
6 6.88 + 0.28 99.71 4.07
Municipal treated water (Latifabad, Hyderabad) 0 0.58 + 0.02
2 252 +0.13 97.67 5.16
4 454 +0.24 99.13 5.29
6 6.55 + 0.31 99.54 4.73
Municipal treated water (Suhrab Goth, Karachi) 0 0.62 +0.02 _
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Table 3. Cont.

Water Samples Added Founill Recovery (%) RSD (%)
(ugmL—1) (ugmL~1)
2 2.59 £0.16 98.85 6.18
4 4.6+0.22 99.57 4.78
6 6.61 £ 0.34 99.85 4.84

References

4. Conclusions

AgNPs were made using the environmentally friendly xanthan gum as a reducing
and capping agent. Different approaches were employed to characterize XG-AgNPs, which
were then used as an electrochemical sensor for the ultrasensitive measurement of Hg?*.
Furthermore, the SWV method used in this report for Hg2+ detection is simpler, faster,
more sensitive, cost-effective, good for the environment, and based on a less expensive
instrumentation procedure. The most unique and useful part of this paper is that it
describes the first natural gum-based modified voltammetric sensor to be published in the
literature. For Hg?* investigations, the suggested sensor demonstrated better selectivity
and sensitivity than the bare GCE. The suggested approach has a wider linear range of
0.0007-0.002 uM Hg?* and a lower detection limit of 0.18 ppb Hg?* than most previously
published methods, and it is unaffected by other ions commonly found in environmental
fluids, alloys, and complicated materials. Without any preliminary sample treatment other
than filtration, the devised approach has been effectively applied to the measurement of
Hg?* in water samples. A simpler approach for the easy synthesis of AgNPs and their use
in making extremely sensitive voltammetric Hg?* sensors has been developed.
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