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detection of mercuric(II) ions in
aqueous media using glassy carbon electrode
modified with synthesized tribenzamides and silver
nanoparticles†

Aalia Manzoor,a Tayyaba Kokab,a Anam Nawab,a Afzal Shah, *a

Humaira Masood Siddiqi *a and Asma Iqbalab

This study reports the synthesis, characterization, and mercuric ion detection ability of novel tribenzamides

having flexible and rigid moieties. N-{4-[2-(1,3-Benzoxazolyl)]phenyl}-3,5-N,N0-bis(4-alkyloxybenzoyl)
benzamides (TBa-TBc) were synthesized from newly synthesized diamine, N-(1,3-benzoxazol-2-yl-

phenyl)-3,5-diaminobenzamide (BODA) and p-alkoxybenzoic acids (p-ABA) by amidation reaction.

Structural characterization of the synthesized compounds was done through spectroscopic techniques

(FT-IR and NMR). The synthesized tribenzamides along with silver nanoparticles were used for

modification of a glassy carbon electrode. Square wave anodic stripping voltammetry was carried out to

test the performance of the modified electrode for mercuric ion detection. The designed sensor was

found to demonstrate the qualities of sensitivity, selectivity, reproducibility and anti-interference ability.

The sensing platform helped in detecting femtomolar concentrations of mercuric ions which are much

below the level declared toxic by the World Health Organization.
1. Introduction

Mercury is extensively distributed in the environment (air,
water, soil) and is a naturally occurring heavy metal. Because of
its severe immunotoxic, neurotoxic and genotoxic effects, it is
considered a global pollutant and a highly dangerous element
by the Environmental Protection Agency (EPA).1–3 The central
nervous system, cardiovascular system, immune system,
thyroid glands and kidneys are the recognized target organs.
Mercury has been ranked as the 3rd most lethal element to
humans by The United States (US) Government Agency for Toxic
Substances and Disease Registry (ATSDR).4 The prime form of
mercury in its gaseous form is elemental mercury, also known
as metallic mercury (Hg0), having approximately six to twenty-
four months atmospheric lifetime.5 Elemental mercury (Hg0)
oxidizes readily to inorganic mercury (Hg2+) and each form
possesses different toxicity proles and physicochemical prop-
erties.6–8 European Commission and the EPA/FDA have threat-
ened about the presence of mercury in food.9,10 A global
environmental treaty “the Minamata Convention on Mercury”,
came into force on August 16 2017 for monitoring mercury
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pollution to protect the human health as well as our
surroundings from its hostile effects.11

The harmfulness of the compounds of mercury depends
upon the exposure pathways.12,13 To safeguard public health, the
concentration of mercuric ions in drinking water must not
exceed the threshold limit of 4.7 nM.14 Therefore, precise
identication and remediation of water toxins are extremely
important for ensuring public safety.15 Conventional tech-
niques, including inductively coupled plasma mass spectrom-
etry (ICPMS),16,17 atomic uorescence spectrometry (AFS)18,19

and atomic absorption spectroscopy (AAS)20 had been exten-
sively used for mercury detection. Complicated sample treat-
ment and expensive equipments are the practical limitations of
these methods for in situ rapid analysis. Thus, there is an urgent
need for cost affordable and ultrasensitive methods for moni-
toring mercury contamination.21 In this regard electrochemical
analyses are considered safer, faster and cheaper methods
which could be exercised without complicated equipments.
Among various electrochemical sensing techniques, SWASV is
a prominent sensitive technique because of its fast speed of
analysis, ease of operation and use of portable and inexpensive
instrumentation.22–24

In order to satisfy the requirements of sensitivity, reusability
and specicity lots of energies have been dedicated to the
effective design of sensing systems for heavy metal ions.25–28 To
contribute in this domain, we used tribenzamides paired with
silver nanoparticles as effective electrode modier for mercuric
© 2022 The Author(s). Published by the Royal Society of Chemistry
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ions detection. Benzamides possess electrode-anchoring and
metal ion complexing groups, thus act as a connecting medium
and facilitator of electron transfer between the transducer
(host) and mercuric ions (guest). The Ag NPs were used as
a component of the modier for enhancing conductivity of the
electrode surface. Our designed sensing platform involving dual
modiers showed gures of merit in the context of stability,
reproducibility and selectivity. Interestingly the modied elec-
trode demonstrated excellent sensitivity as evidenced by the
femtomolar detection of mercuric ions. This is because of the
selective retention of the Hg2+ ions due to greater surface area of
the modied electrode and greater affinity towards active
hydrogen bearing amide functional group.29–31 The mercury–
amide interaction is an exception. It is remarkable to note that
amides are the discriminating reagents for Hg2+ binding. This
reaction is quite fast even at room temperature, whereas nor-
mally the amides are least reactive to the transition metal ions
due to the amide nitrogen, which has reduced electron
donating character. The mercury–amide linkage is covalent in
nature.32,33 The amide group is potentially distinctive for selec-
tive mercury binding from mixtures of ions.34–37 Hence, spurred
on by the mercury-amide linkage we synthesized tribenzamides
and utilized them for mercuric ions sensor. The designed
sensor helped in sensing mercuric ions present in water below
the lower prohibited concentration limit set by the Environ-
mental Protection Agency of USA.
2. Experimental design
2.1 Materials synthesis

Three different tribenzamides were synthesized by using the
freshly prepared diamine (BODA) and three different p-alky-
loxybenzoyl chlorides.

2.1.1 Synthesis of N-(1,3-benzoxazol-2-yl-phenyl)-3,5-
diaminobenzamide (BODA). Novel diamine N-(1,3-benzoxazol-
2-yl-phenyl)-3,5-diaminobenzamide (BODA) was synthesized
by reducing the freshly prepared N-(1,3-benzoxazol-2-yl-phenyl)-
3,5-dinitrobenzamide (BODN) according to reported proce-
dure.38 The general steps involved in the synthesis of diamine
Scheme 1 Synthesis of N-(1,3-benzoxazol-2-yl-phenyl)-3,5-diaminobe

© 2022 The Author(s). Published by the Royal Society of Chemistry
are presented in Scheme 1. Firstly, the dinitro compound was
prepared by reacting 3,5-dinitrobenzoyl chloride and 2-(4-ami-
nophenyl)benzoxazole. For which 3,5-dinitrobenzoic acid (10 g,
47 mmol) and SOCl2 (7.2 mL, 61 mmol) were reacted for 8 hours
to get 3,5-dinitrobenzoyl chloride. The unreacted SOCl2 was
recovered through vacuum distillation to get acid chloride.
Solution of 2-(4-aminophenyl)benzoxazole (40 mmol) in dime-
thylacetamide (DMAc) was added dropwise to 3,5-dini-
trobenzoyl chloride (40 mmol) at 0 �C through dropping funnel.
Mixture was added in water aer half an hour stirring of solu-
tion at r.t.39 Filtration was done and product was washed with
cold water. Recrystallization was done in ethanol.

In the second step, the synthesized dinitro benzamide was
reduced to diamine for which ethanol (150 mL), 3,5-dini-
trobenzamide (50 mmol), Pd/C (catalytic amount) and hydra-
zinium monohydrate 80% (300 mmol) were reuxed for 48
hours under nitrogen protection.38 Pd/C was removed through
ltration and the product was obtained by evaporation of
ethanol. Ethanol was used for recrystallization of product.

BODN: yield: 81%, Rf ¼ 0.55; melting point: 258–260 �C, IR:
3090 (Csp2–H str.), 3272 (N–H str.), 1681 (C]O str.), 1608 (C]C
aromatic bend), 1530, 1314 (C–N str.), 1344 (N–O str.).

BODA: yield: 70% andmp 305–307 �C, Rf¼ 0.40; IR: 3460 (N–
H amide stretch), 3358, 3330 (N–H amine stretch), 3272 (Csp2–H
stretch), 1587 (C]C aromatic bend), 1645 (C]O stretch), 1319
(C–N stretch); 1H NMR: 4.98 (4H, s, 8, 80), 6.01 (1H, s, 7), 6.32
(2H, s, 6, 60), 7.18 (2H, d, J¼ 8.4 Hz, 2, 20), 7.65 (2H, d, J¼ 8.3 Hz,
1, 10), 7.94 (2H, d, J ¼ 8.1 Hz, 3, 30), 8.09 (2H, d, J ¼ 8.2 Hz, 4, 40),
10.18 (1H, s, 5); 13C NMR: 102.77 (C, 14, 140), 111.58 (C, 1, 16),
119.05 (C, 4), 120.33 (C, 10, 100), 122.01 (C, 2), 122.72 (C, 3),
125.22 (C, 8), 127.35 (C, 9, 90), 135.48 (C, 11, 13), 141.62 (C, 5),
149.67 (C, 15, 150), 151.72 (C, 6), 162.72 (C, 7), 168.00 (C, 12).

2.1.2 Synthesis of tribenzamides (N-{4-[2-(1,3-benzox-
azolyl)]phenyl}-3,5-N,N0-bis(4-alkyloxybenzoyl)benzamide). This
novel diamine was then utilized to synthesize three different
tribenzamides (TBa, TBb, TBc) using three different p-alkylox-
ybenzoyl chlorides. The general steps are given in Scheme 2.

A mixture of thionyl chloride (SOCl2) (8 mL) and p-alkox-
ybenzoic acid (40 mmol) was reuxed for 6 hours to get acid
nzamide.

RSC Adv., 2022, 12, 1682–1693 | 1683
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Scheme 2 Synthesis of tribenzamides [TB (a, b, c)].
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chloride. 20 mmol solution of diamine in dimethylacetamide
(DMAc) was added drop by drop to acid chloride through
a dropping funnel at 0 �C and was stirred for eight hours at r.t.
TLC (n-hexane : ethylacetate (1 : 4)) was done to monitor the
reaction. Filtration was done to get the product aer pouring
the mixture into water. The product was washed with excess
water. Repeated recrystallization was done in methanol, ethyl-
acetate and THF respectively to ensure the purity.

2.1.2.1. N-{4-[2-(1,3-Benzoxazolyl)]phenyl}-3,5-N,N0-bis(4-
octyloxybenzoyl)benzamide (TBa). Rf ¼ 0.59, yield ¼ 85%, mp
186–188 �C, IR: 3310 (N–H amide str.), 3016 (Csp2–H str.), 2914,
2874 (Csp3–H str.), 1675 (C]O str.), 1604 (C]C aromatic bend),
1240 (C–O stretch). 1H NMR: 0.83 (6H, t, J¼ 6.9 Hz, 17, 170), 1.26
(10H, m, 12, 120–16, 160), 1.69 (4H, quin, J¼ 6.6 Hz, 11, 110), 4.02
(4H, t, J¼ 6.6 Hz, 10, 100), 6.87 (4H, d, J¼ 8.2 Hz, 9, 90), 7.07 (2H,
d, J¼ 8.4 Hz, 2, 20), 7.43 (2H, d, J ¼ 8.0 Hz, 3, 30), 7.74 (2H, d, J ¼
8.3 Hz, 1, 10), 7.85 (4H, m, 4, 40; 8, 80), 8.00 (2H, s, 6, 60), 8.26
(1H, s, 7), 10.69 (3H, s, 5, 50, 500); 13C NMR: 14.42 (C, 28), 22.55 (C,
27), 25.91 (C, 26), 28.93 (C, 25), 29.05 (C, 24), 29.20 (C, 23), 31.70
(C, 22), 68.22 (C, 21), 110.08 (C, 1), 111.13 (C, 14, 140), 114.53 (C,
19, 190, 1900, 19000), 114.66 (C, 16), 120.73 (C, 4), 121.54 (C, 10, 100),
123.22 (C, 2), 124.03 (C, 3), 126.85 (C, 8, 17, 170), 128.61 (C, 9, 90),
130.17 (C, 13, 18, 180, 1800), 131.79 (C, 11, 15, 150), 140.14 (C, 5),
150.60 (C, 6), 161.99 (C, 20, 200), 162.76 (C, 7), 167.47 (C, 12, 120,
1200).

2.1.2.2. N-{4-[2-(1,3-Benzoxazolyl)]phenyl}-3,5-N,N0-bis(4-
nonyloxybenzoyl)benzamide (TBb). Rf ¼ 0.60, yield ¼ 83%, mp
188–190 �C, IR: 3312 (N–H amide str.), 3020 (Csp2–H str.), 2915,
2865 (Csp3–H str.), 1675 (C]O str.), 1604 (C]C aromatic bend),
1242 (C–O stretch). 1H NMR: 0.85 (6H, t, J¼ 6.8 Hz, 18, 180), 1.24
(24H, m, 12, 120–17, 170), 1.68 (4H, quin, J¼ 6.6 Hz, 11, 110), 4.01
(4H, t, J¼ 6.5 Hz, 10, 100), 6.69 (4H, d, J¼ 8.1 Hz, 9, 90), 7.04 (2H,
d, J¼ 8.7 Hz, 2, 20), 7.33 (2H, d, J ¼ 8.2 Hz, 3, 30), 7.68 (2H, d, J ¼
1684 | RSC Adv., 2022, 12, 1682–1693
8.6 Hz, 1, 10), 7.88 (4H, m, 4, 40; 8, 80), 8.02 (2H, s, 6, 60), 8.21
(1H, s, 7), 10.67 (3H, s, 5, 50, 500); 13C NMR: 14.40 (C, 29), 22.55 (C,
28), 25.89 (C, 27), 28.98 (C, 26), 29.11 (C, 25), 29.20 (C, 24), 29.41
(C, 23), 31.73 (C, 22), 68.21 (C, 21), 110.18 (C, 1), 111.23 (C, 14,
140), 114.52 (C, 19, 190, 1900, 19000), 114.64 (C, 16), 120.37 (C, 4),
121.74 (C, 10, 100), 123.22 (C, 2), 124.23 (C, 3), 126.86 (C, 8, 17,
170), 128.10 (C, 9, 90), 130.16 (C, 13, 18, 180, 1800), 131.79 (C, 11,
15, 150), 140.14 (C, 5), 150.60 (C, 6), 161.98 (C, 20, 200), 162.78 (C,
7), 167.47 (C, 12, 120, 1200).

2.1.2.3. N-{4-[2-(1,3-Benzoxazolyl)]phenyl}-3,5-N,N0-bis(4-
dodecyloxybenzoyl)benzamide (TBc). Rf ¼ 0.66, yield ¼ 85%, mp
222–224 �C; IR: 3320 (N–H amide str.), 3050 (Csp2–H str.), 2918,
2876 (Csp3–H str.), 1681 (C]O str.), 1608 (C]C aromatic bend),
1250 (C–O stretch); 1H NMR: 0.82 (6H, t, J¼ 6.8 Hz, 21, 210), 1.22
(36H, m, 12, 120–20, 200), 1.71 (4H, quin, J¼ 6.6 Hz, 11,110), 4.02
(4H, t, J¼ 6.7 Hz, 10, 100), 6.66 (4H, d, J¼ 8.2 Hz, 9, 90), 7.09 (2H,
d, J¼ 8.5 Hz, 2, 20), 7.41 (2H, d, J ¼ 7.8 Hz, 3, 30), 7.77 (2H, d, J ¼
8.4 Hz, 1, 10), 7.87 (4H, m, 4, 40, 8, 80), 8.08 (2H, s, 6, 60), 8.22
(1H, s, 7), 10.80 (3H, s, 5, 50, 500); 13C NMR: 14.41 (C, 32, 320),
22.57, 25.89, 28.98, 29.19, 29.49 (C, 23, 230- 31, 310), 31.77 (C, 22,
220), 68.19 (C, 21, 210), 110.23 (C, 1), 111.45 (C, 14, 140), 114.62
(C, 19, 190, 1900, 19000), 115.78 (C, 16), 120.23 (C, 4), 121.45 (C, 10,
100), 123.21 (C, 2), 124.56 (C, 3), 125.28 (C, 8, 17, 170), 128.59 (C,
9, 90), 130.32 (C, 13, 18, 180, 1800), 131.78 (C, 11, 15, 150), 142.15
(C, 5), 150.63 (C, 6), 161.98 (C, 20, 200), 162.74 (C, 7), 167.45 (C,
12, 120, 1200).
2.2 Physical measurements and instrumentation

The melting points of all the synthesized compounds were
determined using open capillary tubes, on melting point
apparatus, Mel-Temp, Mitamura Riken Kogyo, Inc. Tokyo Japan
using open capillary tubes. Thermo Scientic Nicolet 6700
instrument was used to record the solid state ATR-FTIR spectra
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(400–4000 cm�1). NMR spectra (1H and 13C) were recorded on
Bruker 300 MHz digital NMR instrument using deuterated
DMSO as solvent. The spectra were calibrated with respect to
the residual solvent signal. Metrohm Autolab PGSTAT302N
running with NOVA 1.11 soware was used for testing the effi-
ciency of the designed sensor. The electrochemical cell con-
sisted of bare and modied glassy carbon (GC) electrode, Ag/
AgCl (3 M KCl) and Pt as working, reference and counter elec-
trodes respectively.

The starting materials and reagents for synthesis, were
purchased from Merck Germany and Sigma Aldrich and were
used without purication unless otherwise stated. Solvents
such as acetone, and dichloromethane (Merck) were distilled
from CaH2 whereas ethanol from CaO as drying agents and
subsequently stored over 4 �A molecular sieves. Aluminium
plates (0.2 mm thickness), precoated silica gel 60 F254 by E-
Merck, and mixture of n-hexane : ethyl acetate as mobile
phase were used for thin layer chromatography to monitor the
reaction. Analytical grade mercuric chloride of 99% purity was
used as analyte. Synthesis of silver nanoparticles was done
according to the reported procedure by Afzal Shah and
coworkers.40 Britton Robinson (BR) buffer of pH 5, HNO3, HCl,
H2SO4, KOH, NaOH and KCl obtained from Sigma Aldrich
were tested as supporting electrolytes. All solutions for elec-
trochemical studies were prepared in doubly distilled water
except dimethyl sulfoxide (DMSO) that helped dissolution of
TBa for anchoring it over the electrode surface. Electro-
chemical experiments were conducted under deaerated
conditions.
Fig. 1 1H NMR spectrum of BODA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Spectral analysis of the synthesized compounds

3.1.1 NMR analysis of diamine BODA. The 1H NMR spec-
trum of the synthesized diamine (BODA) is given in Fig. 1. Four
amino protons (8, 80) appeared at 4.98 ppm. Proton 7, appeared
at 6.01 ppm as is ortho to two amine groups whereas two
protons (6, 60) ortho to the carbonyl group resonated at
6.32 ppm. Two protons (2, 20) resonated at 7.18 ppm, whereas 1,
10 protons appeared at 7.65 ppm as they are ortho to the
heteroatom. Signal at 7.94 ppm was assigned to 3, 30 protons
and a comparatively deshielded signal at 8.09 ppm was attrib-
uted to 4, 40 protons, ortho to amide group. The amide proton 5
appeared as the most deshielded proton at 10.18 ppm.
Successful synthesis of BODA was conrmed through this
pattern.

3.1.2 1H NMR analysis of tribenzamide (TBa). In 1H NMR
of TBa given in Fig. 2. 6 protons (17, 170) appeared at 0.83 ppm
as triplet. 20 protons (12, 120–16, 160) resonated as multiplet at
1.26 ppm and four protons (10, 100) resonated as a triplet at
4.02 ppm. Aromatic protons resonated at their particular
region. Proton (7) appeared at 8.22 ppm as singlet and
a comparatively deshielded singlet at 10.80 ppm was attributed
to three amide protons (5, 50, 500). Successful synthesis of TBa
was conrmed through this NMR pattern.
3.2 Mercuric ions detection

3.2.1 Electrode pretreatment and modication of GCE.
Before modication of the GCE with the recognition layer, its
surface pretreatment was performed both physically and elec-
trochemically. During physical pretreatment, the GCE surface
was polished manually with a slurry of diamond powder (1 mm
particle size) on a polishing pad followed by ultra-sonication to
remove attached slurry particles. Then it was rinsed thoroughly
with doubly distilled water. Aer this step electrochemical
precleaning was performed to obtain a reproducible surface, by
applying ten repeated cyclic voltammograms between �1.4 V
and +0.9 V in phosphate buffer at 100 mV s�1, resulting in the
achievement of a stable polarization cycle. This pretreated GCE
was then drop casted with 5 mL volume of 30 mM TBa solution,
followed by the evaporation of solvent via hot air drying
method. The square wave adsorptive stripping voltammetry
(SWASV) was then applied using modied GCE for the sensing
of mercury(II). Inuence of Ag nanoparticles (NPs) on the elec-
trocatalytic role of TBamodied electrode was also investigated.
For this purpose tribenzamide (TBa) coated GCE was kept in the
suspension of Ag NPs for 30 min. Then it was dried under inert
conditions by ushing a stream of argon. The performance of
the resulting electrode symbolized by TBa/Ag NPs/GCE was used
for the analytical determination of mercuric ions under opti-
mized conditions. Nitrogen gas was purged for 10 minutes
through all the solutions before starting an electrochemical
experiment to avoid the appearance of oxygen signals in the
voltammograms. The deposition step of the SWASV technique
leading to the electroplating of Hg2+ ions onto the GCE surface
was carried out under predened deposition potential of�1.2 V
RSC Adv., 2022, 12, 1682–1693 | 1685
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Fig. 2 1H NMR spectrum of TBa.
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during 100 s. The stripping step of SWASV caused the oxidation
of the electroplated atoms during scanning of the potential
towards positive values. Modied electrode surface was freshly
prepared for each electrochemical experiment.

3.2.2 Selection of the best electrode modier. The voltam-
metric response of tribenzamide (TBa) modied electrode was
rst tested by cyclic voltammetry (CV) in 1 mM HgCl2 solution
using Britton Robinson (BR) buffer of pH-5 as supporting
electrolyte. CV results showed the lowest intensity of peak
current at bare GCE (Fig. 3a). While TBa modied electrode led
to signal intensication. Silver nanoparticles coated over TBa
modied GCE further enhanced the sensitivity of the designed
sensor as demonstrated in Fig. 3b and c. This enhancement can
be related to the role of Ag NPs in providing more active sites at
the electrode surface for accumulation of Hg2+ ions. The more
intense CV signals on dual modication of GCE specify that
benzamide molecules offer electron donor groups for mercuric
ions interactions on electrode surface while Ag NPs enhance
electrode surface area as well as conductivity. Moreover, dual
1686 | RSC Adv., 2022, 12, 1682–1693
modication of GCE not only signicantly improves sensitivity
but also causes splitting of the two steps, one electron oxidation
processes of Hg0 to Hg2+ as veried by the appearance of two
anodic signals in the cyclic voltammograms. Thus, cyclic vol-
tammograms present that TBa/Ag NPs/GCE is able to detect
both Hg1+ and Hg2+ ions.

3.2.3 Conditions optimization. The experimental condi-
tions including pH of medium, stripping solvent, deposition
potential and deposition time were optimized to get the highest
peak current response at both modied electrodes (TBa modi-
ed GCE and TBa/Ag NPs/GCE).

The pH of the medium controls the electrode surface reac-
tions and protons/analyte ions availability in solution. SWASV
of Hg2+ solution at the designed sensors was carried out in BRB
solutions of different pH ranging from 2 to 9. The best response
for mercuric ions sensing was observed in media of acidic pH as
shown in Fig. 4A and B. Mercury exists as Hg2+ in acidic pH
while in solutions of basic pH, it precipitates out as insoluble
Hg(OH)2. This complexation in alkaline medium leads to weak
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cyclic voltammograms of 1mMHgCl2 obtained at bare GCE (a),
modified GCE with TBa (b) and modified GCE with TBa and silver
nanoparticles (c) in BRB of pH 5 at a scan rate of 100 mV s�1.
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signals as observed in solutions of pH higher than 7. An
observation of the SWASV of 1 mM Hg2+ solution recorded at
the designed sensors in solutions of BRB (pH-2), 0.1 M HNO3,
0.1 M HCl, 0.1 M H2SO4, 0.1 M KOH, 0.1 M NaOH and 0.1 M KCl
(Fig. 5A and B) reveals that among the tested supporting elec-
trolytes the highest peak intensity and better peak shape of the
oxidation of electroreduced mercuric ions appear in HCl solu-
tion. So, subsequent electroanalytical experiments for mercuric
ions detection were conducted in solutions with HCl as sup-
porting electrolyte.

The deposition of metal ions at the surface of electrode are
required for effective stripping study of metals. The deposition
step determines the optimum loading of metal ions onto the
electrode surface resulting from applied deposition potential
and deposition time. Therefore, SWAS voltammetry was
Fig. 4 SWASV showing the effect of various pH values on the peak curre
GCE using SWASV at a scan rate of 100 mV s�1 and setting deposition p

© 2022 The Author(s). Published by the Royal Society of Chemistry
conducted by changing the deposition potential from 0 V to
�1.5 V at both TBa modied GCE and TBa/Ag NPs/GCE as
shown in Fig. 6. The peak current enhanced with deposition
potential from �0.2 V to �1.2 V because of efficient electro-
reduction of metal ions at more negative potentials. However,
on application of further higher potentials, i.e., from �1.2 V to
�1.5 V, peak current decrement occurred possibly due to water
splitting which occurs in this potential domain. Hence, based
upon the maximum stripping current intensity at �1.2 V, the
inuence of deposition time was examined at optimized depo-
sition potential of �1.2 V as shown in Fig. 7. The highest peak
current response was noticed at deposition time of 100 s
whereas longer deposition time led to diminution in current
signals which could be attributed to multilayer formation of the
modier with expected lower accessibility of target metal ions.
3.3 Analytical determination

The optimized conditions were practiced for the electroanalyt-
ical detection of Hg2+ ions at both TBa modied GCE and TBa
coated silver nanoparticles modied GCE, independently. The
SWAS voltammograms of mercuric ions as displayed in Fig. 8
were recorded by successive dilutions of the concentration of
mercuric ions at TBa/GCE and at TBa/Ag NPs/GCE. The trace
level detection limits up to femtomolar concentration of Hg2+

ions at our designed electrochemical platform is compared with
the sensing performance of the reported sensors41–51 as listed in
Table 1. A comparison of the tabulated values reveals that our
designed sensor is a preferred analytical tool for mercuric ions
detection.
3.4 Interference effect

To assess the discrimination capability of the sensor, the signal
of the target analyte was investigated in the presence of inor-
ganic and organic interfering agents. The electrochemical
signal of Hg2+ ions in the presence of 2 mM concentrations of
each interfering species under optimized conditions was
nt of 1 mM Hg2+ solution using (A) TBa modified GCE (B) TBa/Ag NPs/
otential of �1.2 V.
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Fig. 5 Bar graphs showing the effect of various electrolytes on the peak current of 1 mM Hg2+ solution using (A) TBa modified GCE (B) TBa/Ag
NPs/GCE using SWASV at a scan rate of 100 mV s�1 and setting deposition potential of �1.2 V.

Fig. 6 Peak current of 0.5 mM Hg2+ solution in HCl as a function of deposition potential using data obtained from SWASV carried out at a scan
rate of 100 mV s�1 at (A) TBa/GCE and (B) TBa/Ag NPs/GCE.

Fig. 7 Deposition time impact on the oxidation peak current of 1 mMHg2+ solution possessing HCl as supporting electrolyte using data obtained
from SWASV carried out at (A) TBa/GCE and (B) TBa/Ag NPs/GCE under conditions of 100 mV s�1 scan rate and deposition potential of �1.2 V.

1688 | RSC Adv., 2022, 12, 1682–1693 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SWASV recorded over the surface of (A) TBa/GCE and (B) TBa/Ag NPs/GCE under optimized conditions in aqueous solutions containing
varying concentration of Hg2+ using HCl as supporting electrolyte (C & D) calibration plots.

Table 1 Comparison of the detection of Hg2+ ions at various modified electrodes

Electrode substratea Measurement technique LOD (M) Reference

MWCNTs/IL/CPE Potentiometry 2.5 � 10�9 41
AuNPs–GO-IL/GCE SWASV 3.0 � 10�11 42
AuNPs-GCE SWASV 19.0 � 10�12 43
IIP-CILE DPASV 0.1 � 10�9 44
PPE-GCE SWASV 0.1 � 10�9 45
IIP–MWCNTs-GCE DPASV 5.0 � 10�9 46
HMSN-CPE SWASV 2.3 � 10�8 47
NGME DPSV 50.0 � 10�9 48
IAP30/RTIL electrode SWSV 6.0 � 10�11 49
GO-AuNPs/MTU modied ITO DPASV 7.8 � 10�10 50
SnO2/RGO nanocomposite/GCE SWASV 2.8 � 10�10 51
TBa modied GCE SWASV 25 � 10�15 This work
TBa/Ag NPs/GCE SWASV 1.7 � 10�15 This work

a MWCNTs/IL/CPE ¼ multi-walled carbon nanotubes-ionic liquid-carbon paste electrode; AuNPs–GO-IL/GCE ¼ graphene oxide-ionic liquid
composites–gold nanoparticle; AuNPs-GCE ¼ gold nanoparticle-modied glassy carbon electrode; IIP-CILE ¼ carbon ionic liquid paste electrode
impregnated with novel ion imprinted polymeric nanobeads; PPE ¼ 1-phenyl-N-(pyridin-2-ylmethyl)ethanamin; IIP–MWCNTs-GCE ¼ imprinted
polymeric nanobeads and multi-wall carbon nanotubes; HMSN-CPE ¼ carbon paste electrode modied with hybrid mesostructured silica
nanoparticles; NGME ¼ N-doped graphene modied electrode; IAP30/RTIL electrode ¼ irradiated attapulgite/ionic liquid composites; GO-
AuNPs/MTU modied ITO ¼ ITO electrode modied with 5-methyl-2-thiouracil, graphene oxide and gold nanoparticles; SnO2/RGO
nanocomposite ¼ SnO2/reduced graphene oxide nanocomposite.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 1682–1693 | 1689
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Fig. 9 SWASV recorded over the surface of (A) TBa/GCE and (B) TBa/Ag NPs/GCE under optimized conditions in aqueous solutions containing
100 mM concentration of Hg2+ with 2 mM concentration of each interfering agent using HCl as supporting electrolyte.

Fig. 10 The SWASV of 100 mMHg2+ solutions under optimized conditions; (A) showing repeatability (n¼ 8) of the TBa/GCE (B) TBa/Ag NPs/GCE
(C) showing reproducibility of multiple electrodes (n ¼ 4) modified by TBa/GCE and (D) TBa/Ag NPs/GCE under optimized conditions.
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obtained as shown in Fig. 9. The peak current of Hg2+ ions with
a percent relative standard deviation (% RSD) of less than 3%
reveals strong anti-interference ability of the designed sensing
platform.
1690 | RSC Adv., 2022, 12, 1682–1693
3.5 Repeatability and reproducibility

The repeatability, stability and reliability of the sensor were
assessed by recording eight consecutive voltammograms at the
same modied electrode under similar conditions at different
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results for Hg2+ ions determination in real water samples using TBa/Ag NPs/GCE under optimized conditions

Sample Initially found (nM) Spiked amount (nM) Found amount (nM) Recovery (%) RSD (%)

Drinking water 1 0.0 0.05 0.049 � 0.002 98.0 2.3
Drinking water 2 0.0 0.05 0.047 � 0.005 95.0 2.2
Tap water 1 0.0 0.05 0.048 � 0.002 96.0 3.0
Tap water 2 0.0 0.05 0.048 � 0.002 96.0 2.8
Spring water 1 0.0 0.05 0.049 � 0.003 98.0 3.2
Spring water 2 0.0 0.05 0.048 � 0.001 96.0 1.3
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time intervals. The obtained SWV having % RSD < 2.5% display
no signicant difference in the signals of Hg2+ ions (see Fig. 10).
Thus, SWV data for stability analysis present accuracy of the
sensor's performance. Likewise, to check reproducibility of the
sensor four electrodes were modied and used for Hg2+ ions
detection. The identical voltammograms as shown in Fig. 10(C
and D) point to the reproducibility of the designed sensing
platform with % RSD < 2. Hence, the robust repeatability and
reproducibility of the engineered sensor related to the retain-
ment of modier's integrity owing to its insolubility in aqueous
media, conrm it as a promising tool for accurate analysis.
3.6 Real samples analysis

To explore the accuracy and practical applicability of the
proposed methodology, the sensor was operated for real
ecological samples analysis. However, initially no amount of
Hg2+ was found in drinking and tap water samples. Then,
recovery tests were performed by standard addition method
under predened conditions. The percentage recoveries in
range of 95–100% (Table 2) verify validity of the designed sensor
for practical applications.
4. Conclusion

In this work synthesis, characterization and mercuric ions
detection ability of novel N-{4-[2-(1,3-benzoxazolyl)]phenyl}-3,5-
N,N0-bis(4-alkyloxybenzoyl)benzamides (TBa-TBc) are pre-
sented. These compounds were characterized by spectroscopic
techniques (FT-IR, 1H and 13C-NMR). Of the three tested
compounds, best results were produced by TBa. The current
study introduces TBa and TBa–silver nanoparticles as novel
recognition elements of the GCE surface to improve its detec-
tion ability up to femtomolar concentration of mercuric ions.
The results revealed a dramatic boost in the current response of
mercury at the modied electrode surface compared to bare
glassy carbon electrode. The detectability of the sensor was
found much better than the reported sensors. Hence, our
designed sensing platform holds great promise for the devel-
opment of a practically viable water purication device owing to
its peculiar features of simplicity, stability, anti-interference
ability, ultra-sensitivity and practical applicability.

It is important to note that TBa-TBc are rare examples of
organic mercuric ions detectors in water, which contain tri-
benzamide linkages, so other experiments are under active
investigation.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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