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Abstract

Mercury is a toxic heavy metal which pollutes air, land, and water posing a serious threat to
the environment and human health. For a first-hand estimate, a qualitative method
(colorimetric) for detection of mercury could suffice. However for precise measurement,
below the threshold value, a quantitative method (electrochemical) is needed. The
colorimetric strips were produced using mercapto-propanoic acid derivatized rhodamine
hydrazide (RS). RS developed a pink color when in contact with mercury (Hg?*) and the
shade became darker with an increase in concentration. A new polymeric hydrogel was used
to entrap RS to fabricate sensing strips for quasi-quantitative detection of Hg?* through the
naked eye. An electrochemical sensor was also developed for accurate quantification of Hg?*
at ppt level by modified glassy carbon electrode with the same RS and green reduced
graphene oxide (RS-gRGO/GCE) via differential pulse anodic stripping voltammetry
(DPASV). The dipstick exhibited high sensitivity, good selectivity and low detection limit
(0.29 ppb) whereas metal free, label-free modified electrode performed very well with a high
sensitivity (70.22 pA.ppb.cm?), low detection limit (57 ppt), good selectivity, and
reproducibility. These sensors will serve the purpose of common people for onsite estimation

as well as scientific laboratories requiring precision measurements.
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1. Introduction

The presence of heavy metals even at trace level has an adverse effect on biotic components
in the ecosystem including humans. Among toxic metals, mercury is considered as the most
potent hazard on the ground of its ability to diffuse through biological membrane [1] and also
the formation of non-labile bond with thiol group in protein [2]. The World Health
Organisation (WHO) and US Environmental Protection Agency (EPA) have considered
permissible limit mercury in drinking water as 2 ppb [3]. The regular consumption of
mercury-contaminated water leads to its accumulation in the human cell permanently. In the
long run, this leads to “infamous” Minamata disease, and also Hunter-Russell syndrome,
alzheimer, kidney failure [4]. In order to mitigate this, periodic monitoring of mercury is
essential for all drinking sources. Several methods are already available for mercury
detection. These include UV-Vis spectrophotometry [5], fluorescence spectroscopy [6],
atomic absorption spectrometry [7], cold vapour atomic absorption spectrometry [8], induced
coupled with plasmon mass spectrometry [9], atomic emission spectrometry [10], X-ray
fluorescence spectrometry [11], atomic fluorescence spectrometry [12], gas chromatography
[13] and aggregation induced emission spectrometry [14]. These methods are however
insignificant for daily monitoring by common mass since these needs bulky immoveable
expensive instrumentations along with extensive sample pre-treatment. On the other hand, a

colorimetric dip stick method can be used by layman and makes monitoring convenient.



There are many reported attempts for colorimetric detection and these are based on
rhodamine [15], chitosan [16], benzothiazole [17], nano-particles [18] and nanohybrid [19].
Onsite applications of these techniques face a formidable challenge due to their complicated
aliquot preparations. Das and Sarkar [20] developed a hydrogel improvised dipstick sensor
for arsenate detection in aqueous solution using polyacrylamide and polyvinyl chloride
hydrogel network. The effective immobilization of colorimetric detector i.e. RS, on the solid
support, was quite a challenge due to its leachable property in aqueous solution. The problem
was resolved by using polymeric hydrogel, whose caged network structure could firmly
entrap the detector element along with facile access to aqueous due to its swelling property.
The polymeric hydrogel was prepared with polyethylene glycol and sodium alginate cage for
dipstick preparation. The detection limit of these methods is nearly equal to the maximum
contaminant level (MCL). In order to detect very low concentration of Hg?*, electrochemical
method was chosen as the method is simple, cost effective and can by handled by semi-
skilled person. In electrochemical detection, working electrode surface modification step is
important to get superior sensitivity for the detection of Hg?*. There are few reports on the
use of modified carbon paste [21], platinum [22] and TiO2 [23] [24] electrodes for Hg?*
detection in aqueous samples. Fluorescent sensors [25-27] have been studied by a number of
researchers. Chen et al. [26] used 1,4,8,11-tetraazacyclotetradecane (Cyclam)-functionalized
carbon dots for the estimation of metal (Cu?*). Wang et al. [25] developed a fluorescent
probe using polymer-nanoparticle- 4-ethoxy-9-allyl-1,8-naphthalimide detector element, and
the probe had a low detection limit of 75 nM Hg?*. The probe showed high selectivity for
Hg?*. Chen et al. [27] developed a fluorescent as well as colorimetric sensor for Hg?* using
rhodamine B and 4-chloro-7-nitro-2,1,3-benzoxadiazole and achieved a detection limit of 120
nM. Hg? has a tendency to amalgamate with gold, platinum and silver electrodes and
changes the surface morphology which causes a decrease in response and hence a
nonreproducible performance [28]. Interestingly, the same detector (RS) could also be used
for accurate quantification of Hg?*, even in ppt level, with the help of differential pulse
anodic stripping voltammetry (DPASV). The thio derivatized rhodamine b hydrazide (RS)
showed redox activities due to the presence of thio group along with the Hg*complexing
ability. The immobilization of RS on the electrode however required a supporting adsorbent
[29] to provide RS a facile access to metal ions for their reduction and oxidation during the
time of pre-concentration and anodic stripping respectively. The reduced graphene oxide
(RGO) was chosen as adsorbent due to its tuneable conductive nature, high surface area, and

adhesive property. Though the conductive nature and adhesive property had opposing effects,
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a controlled reduction of graphene oxide (GO) was used to achieve an optimum ratio of the
two. This enhanced proper immobilization of nonhomogenous RS gave better sensitivity to
the sensor.

In this work, the thio-derivative of rhodamine b hydrazide (RS) was synthesized from
rhodamine b hydrazide and 3 mercaptopropionic acid and used as a chelating ligand for both
colorimetric (color change of RS, present in acetonitrile and water mixture, from colorless to
pink by reaction with Hg?") and electrochemical detection of mercury (preconcentration of
mercury on electrode by complexation with graphene-bound RS followed by anodic stripping
resulting in a current response). A practically applicable colorimetric polymeric hydrogel
dipstick for semi-quantitative Hg?* detection was developed through the entrapment of RS in
poly-ethylene glycol and alginate hydrogel network, the principle of color change being the
same as that in the colorimetric sensor. For accurate detection of the very low concentration
of Hg?*, the same RS was immobilized on glassy carbon electrode [30] with green reduced
GO (gRGO), produced by green reducing agent i.e. phytochemical (Calendula officinalis )
extract. The RS-gRGO-GCE composite was used to detect and measure mercury through
DPASV for accurate, sensitive analysis. Scheme 1 shows the principle of
colorimetric/dipstick and electrochemical estimation of mercury which has been described
latter in details. This study gave a new direction of research considering demands from
common people and scientists by offering both qualitative and quantitative methods for all

practical purposes.
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Schemel. Principle of mercury estimation by different methods used in this work

2. Experimental section
2.1. Materials and reagents

Rhodamine b, hydrazine hydrate, 3-mercaptopropionic acid, ethanol, di-cyclo carbodiimide
(DCC), acetonitrile, needed for synthesis of RS were supplied by E. Merck (Germany) and



used as received. The Hg?* stock solutions were prepared using mercuric chloride (HgCly)

purchased from Sigma (India).

The co-active metals (Fe**, Fe*3, Co?*, Ni?*, Mn?*, Cd**, Ca?*, Mg*") ion solutions were

prepared from their chloride salt (Purchased from Merck, India).

Poly-ethylene glycol-12000 (PEG) and sodium alginate (SA) were used to prepare polymeric
hydrogel matrix for binding RS. Calcium chloride was used as a cross-linker. All these

reagents were purchased from Merck, India and used as received.

Ultrapure water (18.2 MQ) was used for all the experiments and was obtained from

arium®pro ultrapure water system (Sartorius, India).

Graphite powder, potassium permanganate (KMnQOs), sodium nitrate (NaNOgz), sodium
carbonate (Na2CO3) and hydrogen peroxide (H2O2) were procured from Merck, India and

used to prepare graphene oxide (GO).

Calendula officinalis (COL) plant leaves, commonly named as marigold plant were collected
from Uluberia, Howrah, WestBengal (22.4744° N, 88.1000° E). The leaves of the plant were
cleaned with ultrapure water (18.2 MQ) from arium®pro ultrapure water system (Sartorius,
India). These were chopped finely and soaked in hot (80 °C) water (2:5) for 30 min to extract
most of the antioxidants (such as polyphenols) [31] into the aqueous phase. After filtration,

the liquid extract was collected and used directly for reduction of GO.

2.2. Synthesis
Rhodamine-NHNH, was prepared following a literature method [32]. Then

3-mercapto-propionic acid (0.010 g) was dissolved in 6 mL CH3CN. After complete
dissolution, DCC (0.4 g, 0.0195 mol) was added under stirred condition [33] for 15 min.
Rhodamine hydrazide (0.00108 mmol) was added and stirred overnight. After removing
dicyclohexylurea (DCU) by filtration, CH3CN was evaporated out to give crude product.
Purification of crude product was done by re-precipitation using diethyl ether and methanol.
The crude product was subjected to NMR analysis and hydrogel film preparation. *H NMR
(300 MHz, CDCls) (Fig. S1) : 5 8.16 (d, J = 8.9 Hz, 2 H), 7.80 (s, 1 H), 7.42-7.40 (m, 2 H),
7.04 (d, J = 8.0 Hz, 1 H), 6.51-6.49 (m, 2 H), 5.40-5.39 (m, 1 H), 3.34 (q, J = 8.0 Hz, 8 H),
3.1(m, 2 H), 2.44 (m, 4 H), 1.15 (t, J = 8.0 Hz, 12H). 3C NMR (100 MHz, CDClIs) (Fig. S2):
d 165.13, 152.53, 152.41, 149.79, 148.78, 133.24, 128.14, 128.03, 127.71, 123.43, 123.41,
107.97, 105.50, 97.97, 65.16, 44.29, 33.54, 30.65, 15.17, and 12.51 (Supporting information,
S1).
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Scheme2. Schematic presentation for rhodamine b hydrazide thio-derivative
synthesis

2.3. Synthesis of graphene oxide (GO) and green reduced graphene oxide
(gRGO)

The modified Hummers and Offeman method [34] was used to prepare GO from graphite
powder. GO was prepared as per our previous reported literature [35]: 1 g of graphite powder
and 0.6 g of NaNO3 were mixed in ice-cold concentrated H.SO4 (0 °C, 23 mL). Then KMnOg4
solution (30% in water) was added dropwise until the color of the solution turned greenish
black. The greenish-black solution was then heated to 80-90 °C until it turned brown. The
brown solution was cooled to room temperature followed by addition of H,O2 (9 mL). This
produced the typical yellow color of the GO. After the settlement, the supernatant was
removed by centrifugation. The solid product was dried at 50 °C to obtain GO powder. This
GO powder was dispersed in 50 mL water by ultra-sonication and 30 mL of COL extract was
added (1 drop/min) with constant stirring. The mixture was kept for 12 h. The color of the
mixture turned black due to the formation of gRGO which was filtered out and dried. This
black gRGO was ready for RS immobilization on the surface of the -electrode.

(Characterisation: supporting information S2-S4)

2.4. Preparation of gRGO-RS composite and electrode modification

The gRGO-RS composite was prepared by first dispersing the RGO (1 mg/mL) in 1 mL
acetonitrile by ultrasonication. Then 500 pL (1 mg/mL) of RS was added to the dispersed
gRGO and continued the sonication process for next 10 minutes. 6 pL of the prepared gRGO-
RS composite was drop cast on the surface of the precleaned GCE and dried at ambient
temperature. The modified GCEs thus prepared were stored at 4 °C.



2.5. Preparation of Polymer-RS test strip
A measured proportion of 12.5% PEG-12000 and 2.5% SA were mixed in 20 mL hot water
(80 °C) with constant stirring. A homogeneous clear solution was obtained and cooled down
to room temperature.
100 pL of RS reagent was mixed with 1 mL of a PEG-SA polymer hydrogel mixture and
20 uL of 20% (wl/v) calcium chloride to make a stable reagent—polymer mixture. Plastic
detector strips were dip coated (HWTL 0.01 Dip Coater, MTI Corporation, USA) with this

mixture and dried in an oven at 45 °C for 30 min.

2.6. Characterisation and instrumentation

Fourier transform infrared spectra were recorded on Perkin Elmer instrument using KBr
pellets in case of the solid sample. 'H NMR characterization was studied by Bruker-300
spectrophotometer at 400 MHz. Energy-dispersive X-ray analysis (EDX) spectra of the
synthesized product were recorded by Joel JSM 6100. UV-visible absorption spectra were
recorded using a double beam, UV-vis spectrophotometer (CE7200 CECIL, Thermo
Spectronic, UK) and the color developed was photographed by Sony digital camera. The
RGB analysis was accomplished using software (Adobe Photoshop 6). The voltametric study
was performed on Autolab analyzer (PGSTAT 12/30/302) and the data were recorded and
analyzed through GPES 4.9 software.

2.7. Method of detection of Mercury
A stock solution of RS (1 mg/mL) and Hg?* (10 ppm) in 1:1 mixture of H,0: CHsCN were
diluted to 100 ppm and 1- 60 ppb respectively. A colorimetric aliquot of 2 mL was prepared
by mixing equal quantities of RS and Hg?* solution and finally distinct shades of color
variation with variable Hg?*concentration could be identified by naked eye. The same set of
experiments was performed in presence of other co-active metal ions (Fe*?, Fe™®, Co™2, Ni*?,
Mn*2, Cd*2, Ca*2, Mg*?) present in 100 times that of mercury to determine the selectivity of
the detector element. This method of developing color was transformed into paper strips for
ease of application. The prepared hydrogel dipsticks were immersed into mercury solutions
of various strengths to prepare mercury detection visual calibration chart. The RGB analysis
was also performed on the developed shades for quantifying Hg?*. UV-vis spectra were also
studied to ensure the binding mechanism of RS with Hg?*. In all the experiments, RS

concentration was maintained at 100 ppm with variable Hg?" concentrations.



2.8. RGB analysis

Any color is a combination of three basic colors as red (R), blue (B) and green (G). The

intensity of the paper strip was calculated as follows

Ar =—log(Rs/Rb) (1)
Ac = —log(Gs/Gb) (2)
Ag = —log(Bs/Bb) (3)

Where Rs, Gs, Bs and Rb, Gb, Bb are the average red green and blue values in the RGB
analysis. In the symbols "s" denotes sample while "b" denotes blank. For analyzing color
values in the RGB system, digital images were fitted into Adobe Photoshop 6 software, three
representative areas on each test strip were analyzed and the RGB values were calculated.
The effective intensity of the color was obtained by subtracting the RGB value of blank

experiment.

2.9. Electrochemical study

Initially, bare glassy carbon electrode [30] was polished by 0.3 pm alumina powder on rayon
pad to remove the previous deposition. Then GCE was washed by ultrapure water, followed
by ultra-sonication in ethanol for 15 minutes. Cyclic voltammograms (CVs) were generated
in the potential range from -1 V to 0.5 V, scan rate 50 mV/s in triethyl amine-HCI (Tris-HCI)
of pH 7 until they reached a constant current profile. The optimised electrochemical
conditions for differential pulse voltammetry (DPV) measurement using pulse amplitude: 50
mV, pulse period: 2 s, pulse width: 0.05 s and pre-deposition time for metal ions: 180 s. The
DPV was performed in the potential range scanning from -1 to 0.5 V. The main adsorption
sites for Hg?* are the sulfur in the RS because the sulfur atom has a lone pair of electrons that
can efficiently bind with Hg?* metal ions by soft-soft combination (HSAB theory) and forms
a stable metal complex. The gRGO was used as a supportive adsorbent with RS to provide

more active sites and surface area for the enhanced detection of Hg?*.

3. Results and discussion

3.1. Characterisation of rhodamine b hydrazide thio derivative (RS)



The sensitive and selective color response depends upon the opening of the spirolactam ring
which was directly synthesized by coupling reaction of Rhodamine-NHNH; with DCC
activated MPA.. The detailed mechanism is shown in scheme 2. In FTIR (Fig. 1a) study, a
sharp amide peak at 1698 cm™ was observed and also, peaks at 2576 cm™ for S-H stretching
vibration [36] and 643 cm™ for C-S vibration [16] confirmed the presence of thiol group in
RS. In NMR spectroscopy, RS derivative showed the presence of an additional intensive
signal at 2.5-2.8 ppm for the —SH group (Fig. 1b) [16]. A sharp intense peak due to the high
density of the —SH functional group in the RS suggested the competence the second
amidation reaction. Additionally the cyclic hydrogen bonding between —C=0 and H-S- at
3260 cm™ in RS was observed after interaction with Hg?*. A similar observation was found
by Ueyama et al. between —C=0 and H-N- [37] The detailed *H NMR and ®C NMR

characterisations were included in supporting information.
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Figure 1 Spectroscopic characterisation (a) FTIR and (b) *H NMR
3.2. Colorimetric determination of Hg?*

The sensitivity of RS derivative was studied for qualitative Hg?* detection by UV-vis
spectroscopy. Fig. 2a showed the change of absorbances in addition to Hg?* in RS in aqueous
media. The gradual increase of Hg?" concentration (0-60 ppb) registered the increased
intensity of the pink (Fig. 2b: inset). The photograph was taken after the 30 s upon addition of
Hg?*. The visual color change of the RS solution by Hg?* was confirmed by UV-vis
spectroscopy. The intensity of the peak at 555nm increased with the gradual increase of
Hg?*concentration. The intensity of absorption was plotted against the concentration of Hg?*
(Fig. 2b). The plot shows a linear response in the concentration of 0-10 ppb (Fig. 2c). The
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limit of detection was calculated from three times the standard deviation of UV-vis
absorption/slope of the calibration curve and found to be 0.078 ppb which is well below the
permissible limit of Hg?* in drinking water guided by WHO and EPA. The stability of the
probe RS was studied in different pH (Fig. S5, see supporting information), the results clearly
explain that this probe can be used in a broad range of pH 5.0-8.0.
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Figure 2 (a) UV-vis titration spectra of RS (100 ppm) on incremental addition of 0 to 60 ppb
Hg2+ in CH3CN/H20 (5:5, v/v). (b) UV-vis binding isotherm : absorbance vs concentration
of Hg?* (2-60 ppb), Inset: the color changes of RS due to Hg?* (c) Calibration curve: A/Ao vs
concentration of Hg?* (2-10 ppb) (d) UV-vis absorption spectra of RS (100 ppm) observed
upon addition of 100 pM ions (Na* , Fe?*, Fe**, Co?*, Ni?*, Mn?*, Cd?* Ca?*, Mg?*), red line
and with Hg?*, black line

3.3. Selectivity of colorimetric sensor

Selectivity of RS was evaluated using colorimetric response in presence of other co-active
metal ion (Na*', Fe*2, Fe*3, Co*?, Ni*2, Mn*?, Cd*? Ca*?, Mg*?). Fig. 2d shows that the

colorimetric sensitivity was not affected in presence of other ions. However, the addition of
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Hg?* produced a pink color. The binding interaction and mechanism of the reaction with Hg?*

was studied by UV-vis and FTIR spectroscopy.
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Figure 3 (a) UV-vis absorption spectra of before (black line) and after(red line) Hg?* (1 ppb)
addition in RS (100 ppm). (b) UV-vis binding isotherm :absorbance vs concentration of Hg?*
(2-60 ppb) (c) Job’s plot of RS and Hg?* complexation (d) Benasi-Hidelbrand plot:
1/Ars-complex VS 1/Chiga+

In Fig. 3a, RS exhibited a maximum peak (Amax) 540 nm, on the addition of Hg*, Amax
shifted to 555 nm. The blue shift (bathochromic shift ~15 nm) is an evidence of strong
interaction of Hg?* with RS (Fig. 3a). In FTIR (Fig. 3b) binding interaction was confirmed
by shifting of stretching frequency of amide bond from 1698 cm™ to 1637 cm™ (Fig. 3b) [37].
All the above fact indicated that a metal chelate complex was formed between the RS and
Hg?**. FTIR spectrum of the RS—Hg complex reveal a large shift of S-H stretch mode from
2576 cm™ RS to 2380 cm™ in the Hg?*-impregnated RS, suggesting the formation of the
complex through the — SH group of RS [36]. Further confirmation of Hg?* binding with the
RS can be observed through the shift in (C—S) vibration from 643 cm™ to a lower wave-
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number due to Hg—S bond [16]. Similarly, the strong effects are also derived for other peaks
(N-H vibrations) at 1607 and 1557 cm * [16]. The presence of Hg?* was indicated by shifting
of stretching frequency of amide bond from 1698 cm™ to 1637 cm™. Additionally the cyclic
hydrogen bonding between —C=0 and H-S- at 3260 cm™ in RS was not observed after
interaction with Hg?*. A similar observation was found by Ueyama et al. between —C=0 and
H-N- [37]. To further investigate the interaction between synthesized thiomer sensor and
Hg?*, the *H NMR spectrum was recorded before and after addition of Hg?* and is displayed
in Figure (Fig. S6, supporting information). Fig. S6 shows a significant down-field shift of
the 'H NMR spectra for thiomer-Hg in comparison to RS. The results can be accounted for
the Hg?* coordination to —C=0 and —SH groups with the loss of hydrogen [37]. The
coordination through covalent bond may result in the decrease in electronegativity of the
siprolactum ring, which can be attributed to significant upfield shift. The d orbital of Hg?*
was available for forming © bonding and a complex spirolactam ring opening procedure,
thereby regenerating the pink color. In conclusion, the FTIR and *H NMR experiments

suggested the probable binding mode of sensor and Hg?*, and the same is demonstrated in

O-Hg’:8
2+ Hydrolysis
\Nﬂg Hg i { N",’\NHQ R
o) ——) X | o _—

Scheme3. Schematic presentation for thio-derivative mercury complex after
mercury addition

Scheme 3.

The selectivity of RS could be explained by hard-soft acid-base theory. The presence of SH
group in RS, a soft coordination site for soft Hg?* only (as soft-soft interaction is stable),
could be an explanation for the spirolactam ring opening process. The binding stoichiometry
between RS and Hg?* was calculated from Jobs plot (Fig. 3c) and found to be 1:1 mole ratio
of ligand to the metal complex. Subsequently, Benesi-Hillebrand (B-H) plot also gave a
confirmation of the binding mole ratio of 1:1 by showing linearity (Fig. 3d). Further, the
binding constant was calculated from the slope of B-H plot and found to be logK=7.38 which
was comparable to values reported in the literature [38-40]. Mass spectra was conducted to

speculate the mechanism of mercury triggered ring opening of RS and different products
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formed in the process mass spectrometry. The original RS solution and the pink colored
solution (after one day waiting) in acetonitrile/water mixture were analyzed by mass
spectroscopy. Fig. S7 confirmed presence of nearly 100% RS in the solution. However the
pink solution, wherein Hg?* triggered ring opening occurred, gave three prominent peaks
(Fig. S8). The peak corresponding to molecular weight (MW) 443.5 was maximum followed
by those for MW 457.5 and 544.7. This mass spectroscopy revealed Scheme 4 as the possible
ring opening mechanism. The final hydrolyzed product was the carboxylic acid (MW 443.5)
which might have been formed through direct hydrolysis of RS (MW 544.7) or through the
formation of hydrazide (MW 457.5) intermediate. The carboxylic acid being the final product
registered higher amount compared to RS and the intermediate. The amount of RS was

found to be minimum as it hydrolyzed to form the two compounds (Fig. S8).
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Scheme 4. Possible products in Hg?* triggered ring opening

3.4. Synthesis and characterization of thio-derivatized polymer hydrogel dipstick
(RS-PEG-SA)

The polymeric hydrogel was prepared from PEG and SA mixture and chelated by CaCl..
Pure hydrogel exhibited characteristic peaks at 1620 cm™ and 1400 cm™ (Fig. 4a) for
asymmetric and symmetric vibration of —COO group in SA and peak at 1100 cm™ for
bending vibration of C-O group in PEG. The other absorption peaks at 2890 cm™ and 3421

cm™ were attributed to C-H stretching vibration and O-H bending vibration, respectively.
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After incorporation of RS to hydrogel matrix, a distinct amide stretching peak at 1665 cm™ in
association with —COO group stretching peak at 1620 cm™ were observed [41]. On close
inspection, peak at 2576 cm™ was also found and could be attributed to S-H stretching
vibration [42]. All of the above findings established a successful entrapment of RS to PEG-
SA matrix. After sorption of Hg?* (1 ppb), RS-PEG-SA coated polymeric hydrogel dipstick
showed a color change from colorless to pink. FTIR analysis of used dipstick showed a shift
in peaks at 2676 cm™ (S-H) to 2360 cm™ and 1666 cm™ (O=C-N) to 1612 cm?, respectively.
This clearly indicated Hg?* interaction with amide and thio bonds of RS in RS-PEG-SA

hydrogel. The peak at 631 cm™ was observed due to the presence of Hg?" in RS-PEG-SA
polymeric hydrogel.

Amide shift 54cm”
1666

Transmittance (%)

— Hydrogel

= RS + Hydrogel

——Hg + RS + Hydrogel ]
2 A 2 4 ' 2 'l 2 1 2 'l 2 A
4000 3500 3000 2500 2000 1500 1000 500 [ X
Wavenumber(cm'l)

Figure 4 (a) FTIR analysis of hydrogel (black), RS+hydrogel (red), Hg?*+RS+hydrogel
(blue) : Fe-SEM images of (b) hydrogel (c) RS with hydrogel (d) Hg?* adsorbed RS-hydrogel
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Additionally, SEM and EDS analyses were performed to support the above findings. SEM
analysis showed that pristine RS-PEG-SA hydrogel surface was crumpled and wrinkled due
to amorphous nature of hydrogel (Fig. 4b) whereas on the addition of RS, the SEM image
depicted the hydrogel morphology more furrowed and craggy (Fig. 4c). After sorption of
Hg?*, the surface turned rough and lumpy due to mercury sorption (Fig. 4d). EDS results
(Fig. 5a) suggested 0.54 atomic% sulfur atoms in RS loaded PEG-SA hydrogel and
confirmed the presence of RS in the hydrogel. Fig. 5a also depicted the presence of Hg?*
(0.05 atomic %) giving a strong evidence of adsorbed mercury by the RS loaded hydrogel.

Element Wt%

3 2o 2ppd Mg
340 A 'J' wh It

ul Scale 2707 cts Cursor. 0 000

(‘oncenlrluon (ppb)

Figure 5 (a) EDS spectra of Hg?* adsorbed RS-hydrogel (b)Standard color chart of Hg?* by
naked eye observations (c) Calibration curve: RGB vs. concentration of Hg?* (2-40 ppb);
Inset: RGB analysis color chart and interference study (d) interference study

Standard Hg?* solutions of 2- 40 ppb together with blank were quantified using this method.
The intensity of the pink color increased with the increase in the concentration of Hg?* in
water. A standard color chart was prepared based on the variation of the intensity of the pink
color (Fig. 5b: inset and 5¢). The proof of concept was analyzed by plotting of color intensity
versus concentration of Hg?* (Fig. 5b). A linear calibration curve was obtained indicating the
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good sensitivity of R-value (R? = 0.99). The detection limit was calculated from the slope of
the calibration curve and found to be 0.29 ppb.

Selectivity of new mercury hydrogel sensor was evaluated using the colorimetric response in
presence of another co-active metal ion (Na*!, Fe?*, Fe3*, Co?", Ni?*, Mn?*, Cd*, Ca*,
Mg?"). Fig. 5d gave evidence of almost no cross-reactivity in the colorimetric response of

mercury.

3.5. Characterisation of gRGO-RS composite and electrochemical mercury
sensing

Element Wt% At%

Full Scale 2726 cts Cursor: 0.000

Figure 6 Fe-SEM images of (a) gRGO (b) RS with gRGO (c) Hg?" adsorbed RS-gRGO
(back scattered) (d) EDS spectra of Hg?* adsorbed RS-hydrogel.

The gRGO-RS composite was characterized by SEM, FTIR and EDS. The surface
morphology of gRGO seemed nanosheets like structure (Fig. 6a) having lamella sheaths in
layer by layer configuration. Some of the nano-sheets are oriented like marigold flower
structure. This orientation gave a high exposed surface area with surface edge defects by

green reduction. After electrodeposition on the same electrode (Fig. 6b), the nano-sheet
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surface was uniformly covered by a white layer due to deposition of mercury also viewed in
backscattered image (Fig. 6¢). EDS analysis (Fig. 6d) also confirmed presence of mercury

after electrodeposition by a characteristic Hg?* peak.
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Figure 7 (a) FTIR spectra for (black)GO, (red) gRGO, (blue) RS with gRGO and (pink)
after mercury pre-concentration of 180 s (b) CV response of bare GCE and RS-grRGO
composite modified GCE in pH 7.0 tris-HCI buffer; optimisation of RS-gRGO/GCE by (c)
optimization by pH (d) optimization by scanning potential.

In FTIR (Fig. 7a), the gRGO sample exhibited peaks corresponding to —OH stretching (3432
cm?), C=0 stretching (1710 cm™), C=0 bending (1628 cm™), OH bending (1394 cm™),
C-OH stretching (1261 cmt), C-O stretching (1046 cm™), C-C (2931 cm™) and C=C (2960
cm™). After adsorption of RS on the surface of gRGO, a distinct amide stretching peak at
1665 cm™* [43] and —COO group stretching peak at 1620 cm™ were observed [41]. A peak at
2576 cm™ was also found and it could be attributed to S-H stretching vibration [42]. After
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pre-concentration of Hg?* (1 ppb), RS-gRGO showed a shift in peaks at 2676 cm™ (S-H) to
2360 cm™ and 1657 cm™ (O=C-N) to 1642 cm™, respectively. The observations predicted
Hg?* interactions with amide and thio bond of RS. The detailed GO and gRGO

characterisation was included in supplementary information.

Cyclic voltammetry (CV) was performed to confirm redox property of the composite. In CV,
redox peaks were observed at the potential -0.49 V and 0.39 V respectively (Fig. 7b). The
presence of redox peak infers the success of coupling reaction and also thio group
immobilization. The same observation was reported earlier using glutathione [44].

Before electrochemical detection of Hg?*, some parameters such as accumulation time,
accumulation potential and pH were optimized for analysis by DPV. Fig. 7c showed the plot
of DPV response at different pH (2-9) containing 1 ppb Hg?". The RS-gRGO/GCE electrode
showed a maximum response at pH 7. At lower pH, the availability of a lone pair of RS
functional group (N and S) decreased by protonation which reduced the coordination ability
to form a stable complex with Hg?*. On the other hand at higher pH, amidolysis affected the
coordination by Hg?*adsorption. The method of detection has been explained in scheme 5.

+2
HgH Hg
1
HgO Hgo

Scheme 5. Schematic presentation for electrochemical detection of mercury in RS-
gRGO composite.

When accumulation potential (Fig. 7d) was increased from -0.4 V to -1 V, current rating
increased up to -0.6 V and subsequently decreased. Thus, -0.6 V was chosen to be optimum
for the reduction of Hg?* to Hg(0). The time for accumulation was optimised by varying time

and the desired value was found to be 180 s (Fig. 8a).
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Figure 8 (a) Optimization of pre-concentration time (b) DPV response of RS-gRGO
composite modified GCE for various concentration of (1 to 40 ppb) of Hg?* (c) Linear plots

of current response vs.[Hg?*] (d) Interference study in presence of co-active ions containing
0.1 ppb Hg**

The RS-gRGO/GCE electrode obtained using the above-optimized parameters were used for
electrochemical detection of Hg?*. A sharp anodic current was detected at 0.22 V and pH=7.
The DPV response (Fig. 8b) increased linearly with the increase of Hg?* concentrations (0.1
ppb to 1 ppb, again 1 ppb to 40 ppb with different slopes). Thus two linear calibration plots
were obtained for very low and comparatively higher concentration ranges shown in Fig. 8c.
The limit of detection (LOD) was calculated using 3 times standard deviation of blank/slope
of the calibration curve and was found to be 0.057 ppb. The sensitivity of the RS-
gRGO/GCE sensor was calculated as 70.22 pA.ppb.cm? using the slope of the calibration
curve/geometrical surface area of the electrode. The results indicated that the developed RS-
gRGO composite was capable of giving effective analytical performance towards Hg?*
detection. It was further noted that the LOD value was found to be much lower than the
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recommended threshold value given by WHO and EPA. The selectivity of RS-gRGO/GCE
electrode was evaluated by DPV measurement for detection of 1 ppb Hg?* in presence of 100
fold higher co-active metal ions (by consecutive addition) at parameters’ values for DPV
measurement described earlier. It was seen that an insignificant amount of current (0.2 pA)
was increased (Fig. 8d) ; thus, other coactive metal ion does not affect any significant current
response for the detection of Hg?*. At such low potential, another metal ion might not deposit
on the electrode surface. The results demonstrated that RS-gRGO/GCE electrode may be
used for selective determination of Hg?*. RS-gRGO composite modified GCE was used to
detect and measure mercury in different water samples and Hg?" spiked same samples to
check its performance and percentage Hg?* recovery (Table-1). The water sample was
prepared by adding a Tris-HCI buffer to adjust pH 7 and no other purification steps were
necessary except filtration for the waste sample. Table-1 clearly showed that the RS-RGO-

GC electrode could give consistent results even in real samples.

Table 1: Determination of Hg?* in different water samples using RS-gRGO modified GCE
by DPASV; 2RSD- Relative standard deviation, "ND- Not detected

Water labelled | Spiked (ppb) | Detected (ppb) Recovery RSD?
NDP ND - -
Waste water 10 9.3 92 5.2
20 19.1 96 33
NDP ND - -
Tap water 10 9.6 96 2.9
20 19.7 98.5 1.9
NDP ND - -
Drinking water 10 9.8 98 1.6
20 19.9 99.5 1.3

4. Conclusions
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This paper presented two unique methods of mercury detection for rapid on-site field analysis
e.g. colorimetric through RS mediated polymeric hydrogel and electrochemical analysis by
RS-gRGO modified electrode via DPASV. The most interesting feature of this work was that
the same RS was used for both the methods. The RS mediated polymeric hydrogel exhibited
excellent sensitivity, selectivity towards mercury detection which was quite different from the
existing colorimetric methods and by far the best with respect to sample preparation and
detection procedure. A low detection limit of 0.29 ppb was achieved. The detection needed
only 10 min to visualize by naked eyes.

RS-gRGO composite used for electrochemical detection of mercury by DPASA was
successful. This label-free, metal free, practically viable electrode exhibited good analytical
performance, high sensitivity (70.22 pA.ppb.cm), low LOD (57 ppt or 0.285 nM), good
selectivity, reproducibility, repeatability with a wide linear range of response. The LOD was
found to be significantly less than some published works [25, 27]. The detailed
characterizations by SEM, EDS and NMR confirmed mercury adsorption and ligand
formation in the composite. There have been no interferences from common metals ions on
the responses of both these sensors.

Since mercury pollution is detrimental to human health, these could be used by common

people and scientists depending on the requirement and help protect human health.

Acknowledgement

K.P, P.S, and D.B would like to thank Calcutta University and Calcutta Institute of

Technology for their support in pursuing this work.

References

[1] J. Gutknecht, Inorganic mercury (Hg2+) transport through lipid bilayer membranes, The Journal of
Membrane Biology, 61 (1981) 61-66.

[2] V. Mah, F. Jalilehvand, Glutathione Complex Formation with Mercury(ll) in Aqueous Solution at
Physiological pH, Chemical research in toxicology, 23 (2010) 1815-1823.

[3] M. Rana, M. Balcioglu, N.M. Robertson, M.S. Hizir, S. Yumak, M.V. Yigit, Low picomolar,
instrument-free visual detection of mercury and silver ions using low-cost programmable
nanoprobes, Chemical Science, 8 (2017) 1200-1208.

[4] Y. Yuan, Methylmercury: A Potential Environmental Risk Factor Contributing to Epileptogenesis,
Neurotoxicology, 33 (2012) 119-126.

22



[5] X. Xue, F. Wang, X. Liu, One-Step, Room Temperature, Colorimetric Detection of Mercury (Hg2+)
Using DNA/Nanoparticle Conjugates, Journal of the American Chemical Society, 130 (2008) 3244-
3245,

[6] S. Joshi, S. Kumari, A. Sarmah, D.D. Pant, R. Sakhuja, Detection of Hg2+ ions in agueous medium
using an indole-based fluorescent probe: Experimental and theoretical investigations, Journal of
Molecular Liquids, 248 (2017) 668-677.

[7] R. Puk, J.H. Weber, Determination of mercury(ll), monomethylmercury cation, dimethylmercury
and diethylmercury by hydride generation, cryogenic trapping and atomic absorption spectrometric
detection, Analytica Chimica Acta, 292 (1994) 175-183.

[8] J. L. Manzoori, M. H. Sorouraddin, A. M. Haji Shabani, Determination of mercury by cold vapour
atomic absorption spectrometry after preconcentration with dithizone immobilized on surfactant-
coated alumina, Journal of Analytical Atomic Spectrometry, 13 (1998) 305-308.

[9] R.G. Smith, Determination of mercury in environmental samples by isotope dilution/ICPMS,
Analytical Chemistry, 65 (1993) 2485-2488.

[10] Z. Zhu, G.C.Y. Chan, S.J. Ray, X. Zhang, G.M. Hieftje, Microplasma Source Based on a Dielectric
Barrier Discharge for the Determination of Mercury by Atomic Emission Spectrometry, Analytical
Chemistry, 80 (2008) 8622-8627.

[11] P.E. Koulouridakis, N.G. Kallithrakas-Kontos, Selective Mercury Determination after Membrane
Complexation and Total Reflection X-ray Fluorescence Analysis, Analytical Chemistry, 76 (2004)
4315-43109.

[12] N. Bloom, W.F. Fitzgerald, Determination of volatile mercury species at the picogram level by
low-temperature gas chromatography with cold-vapour atomic fluorescence detection, Analytica
Chimica Acta, 208 (1988) 151-161.

[13] J.J.B. Nevado, R.C.R. Martin-Doimeadios, F.J.G. Bernardo, M.J. Moreno, Determination of
mercury species in fish reference materials by gas chromatography-atomic fluorescence detection
after closed-vessel microwave-assisted extraction, Journal of Chromatography A, 1093 (2005) 21-28.
[14] A. Chatterjee, M. Banerjee, D.G. Khandare, R.U. Gawas, S.C. Mascarenhas, A. Ganguly, R. Gupta,
H. Joshi, Aggregation-Induced Emission-Based Chemodosimeter Approach for Selective Sensing and
Imaging of Hg(ll) and Methylmercury Species, Analytical Chemistry, DOI
10.1021/acs.analchem.7b02663(2017).

[15] Y.-K. Yang, K.-J. Yook, J. Tae, A Rhodamine-Based Fluorescent and Colorimetric Chemodosimeter
for the Rapid Detection of Hg2+ lons in Aqueous Media, Journal of the American Chemical Society,
127 (2005) 16760-16761.

[16] K. Chauhan, P. Singh, R.K. Singhal, New Chitosan—Thiomer: An Efficient Colorimetric Sensor and
Effective Sorbent for Mercury at Ultralow Concentration, ACS Applied Materials & Interfaces, 7
(2015) 26069-26078.

[17] B.K. Momidi, V. Tekuri, D.R. Trivedi, Selective detection of mercury ions using benzothiazole
based colorimetric chemosensor, Inorganic Chemistry Communications, 74 (2016) 1-5.

[18] Y. Bhattacharjee, A. Chakraborty, Label-Free Cysteamine-Capped Silver Nanoparticle-Based
Colorimetric Assay for Hg(Il) Detection in Water with Subnanomolar Exactitude, ACS Sustainable
Chemistry & Engineering, 2 (2014) 2149-2154.

[19] S. Zhang, D. Zhang, X. Zhang, D. Shang, Z. Xue, D. Shan, X. Lu, Ultratrace Naked-Eye Colorimetric
Detection of Hg2+ in Wastewater and Serum Utilizing Mercury-Stimulated Peroxidase Mimetic
Activity of Reduced Graphene Oxide-PEI-Pd Nanohybrids, Analytical Chemistry, 89 (2017) 3538-3544,
[20] J. Das, P. Sarkar, A new dipstick colorimetric sensor for detection of arsenate in drinking water,
Environmental Science: Water Research & Technology, 2 (2016) 693-704.

[21] W. Yantasee, Y. Lin, T.S. Zemanian, G.E. Fryxell, Voltammetric detection of lead(ii) and
mercury(ii) using a carbon paste electrode modified with thiol self-assembled monolayer on
mesoporous silica (SAMMS), Analyst, 128 (2003) 467-472.

[22] A. Uhlig, U. Schnakemberg, R. Hintsche, Highly sensitive heavy metal analysis on platinum- and
gold-ultramicroelectrode arrays, Electroanalysis, 9 (1997) 125-129.

23



[23] L. Zhou, W. Xiong, S. Liu, Preparation of a gold electrode modified with Au—TiO2 nanoparticles
as an electrochemical sensor for the detection of mercury(ll) ions, Journal of Materials Science, 50
(2015) 769-776.

[24] N. Ratner, D. Mandler, Electrochemical Detection of Low Concentrations of Mercury in Water
Using Gold Nanoparticles, Analytical Chemistry, 87 (2015) 5148-5155.

[25] H. Wang, P. Zhang, J. Chen, Y. Li, M. Yu, Y. Long, P. Yi, Polymer nanoparticle-based ratiometric
fluorescent probe for imaging Hg2+ ions in living cells, Sensors and Actuators B: Chemical, 242
(2017) 818-824.

[26] J. Chen, Y. Li, K. Lv, W. Zhong, H. Wang, Z. Wu, P.Yi, J. Jiang, Cyclam-functionalized carbon dots
sensor for sensitive and selective detection of copper(ll) ion and sulfide anion in aqueous media and
its imaging in live cells, Sensors and Actuators B: Chemical, 224 (2016) 298-306.

[27] ). Chen, Y. Li, W. Zhong, H. Wang, P. Zhang, J. Jiang, A highly selective fluorescent and
colorimetric chemosensor for Hg2+ based on a new rhodamine derivative, Analytical Methods, 8
(2016) 1964-1967.

[28] A.L. Suherman, K. Ngamchuea, E.E.L. Tanner, S.V. Sokolov, J. Holter, N.P. Young, R.G. Compton,
Electrochemical Detection of Ultratrace (Picomolar) Levels of Hg2+ Using a Silver Nanoparticle-
Modified Glassy Carbon Electrode, Analytical Chemistry, 89 (2017) 7166-7173.

[29] S. Saha, P. Sarkar, Differential pulse anodic stripping voltammetry for detection of As (lll) by
Chitosan-Fe(OH)3 modified glassy carbon electrode: A new approach towards speciation of arsenic,
Talanta, 158 (2016) 235-245.

[30] C. Chen, M. Long, M. Xia, C. Zhang, W. Cai, Reduction of graphene oxide by an in-situ
photoelectrochemical method in a dye-sensitized solar cell assembly, Nanoscale Research Letters, 7
(2012) 101.

[31] M.N. Safdar, T. Kausar, S. Jabbar, A. Mumtaz, K. Ahad, A.A. Saddozai, Extraction and
guantification of polyphenols from kinnow (Citrus reticulate L.) peel using ultrasound and
maceration techniques, Journal of Food and Drug Analysis, DOI
https://doi.org/10.1016/j.jfda.2016.07.010.

[32] Z. Zhang, Y. Zheng, W. Hang, X. Yan, Y. Zhao, Sensitive and selective off-on rhodamine hydrazide
fluorescent chemosensor for hypochlorous acid detection and bioimaging, Talanta, 85 (2011) 779-
786.

[33] S. Bhattacharya, S. Sarkar, R. Shunmugam, Unique norbornene polymer based "in-field" sensor
for As(iii), Journal of Materials Chemistry A, 1 (2013) 8398-8405.

[34] N.I. Zaaba, K.L. Foo, U. Hashim, S.J. Tan, W.-W. Liu, C.H. Voon, Synthesis of Graphene Oxide
using Modified Hummers Method: Solvent Influence, Procedia Engineering, 184 (2017) 469-477.
[35] K. Pramanik, P. Sarkar, D. Bhattacharyay, P. Majumdar, One Step Electrode Fabrication for
Direct Electron Transfer Cholesterol Biosensor Based on Composite of Polypyrrole, Green Reduced
Graphene Oxide and Cholesterol Oxidase, Electroanalysis, O.

[36] B. Li, Y. Zhang, D. Ma, Z. Shi, S. Ma, Mercury nano-trap for effective and efficient removal of
mercury(ll) from aqueous solution, Nature Communications, 5 (2014) 5537.

[37] N. Ueyama, K. Taniuchi, T.-a. Okamura, A. Nakamura, H. Maeda, S. Emura, Effect of the NH---S
Hydrogen Bond on the Nature of Hg-S Bonding in Bis[2-(acylamino)benzenethiolato]mercury(ll) and
Bis[2,6-bis(acylamino)benzenethiolato]mercury(ll) Complexes, Inorganic Chemistry, 35 (1996) 1945-
1951.

[38] Y. Bhattacharjee, D. Chatterjee, A. Chakraborty, Mercaptobenzoheterocyclic compounds
functionalized silver nanoparticle, an ultrasensitive colorimetric probe for Hg(ll) detection in water
with picomolar precision: A correlation between sensitivity and binding affinity, Sensors and
Actuators B: Chemical, 255 (2018) 210-216.

[39] Q. Zhou, Z. Wu, X. Huang, F. Zhong, Q. Cai, A highly selective fluorescent probe for in vitro and in
vivo detection of Hg2+, Analyst, 140 (2015) 6720-6726.

24



[40] Y. Zhou, H. Dong, L. Liu, M. Li, K. Xiao, M. Xu, Selective and sensitive colorimetric sensor of
mercury (1) based on gold nanoparticles and 4-mercaptophenylboronic acid, Sensors and Actuators
B: Chemical, 196 (2014) 106-111.

[41] Q. Wang, N. Zhang, X. Hu, J. Yang, Y. Du, Alginate/polyethylene glycol blend fibers and their
properties for drug controlled release, Journal of Biomedical Materials Research Part A, 82A (2007)
122-128.

[42] B. Li, Y. Zhang, D. Ma, Z. Shi, S. Ma, Mercury nano-trap for effective and efficient removal of
mercury(ll) from aqueous solution, 5 (2014) 5537.

[43] S. Saha, P. Sarkar, Arsenic remediation from drinking water by synthesized nano-alumina
dispersed in chitosan-grafted polyacrylamide, Journal of Hazardous Materials, 227-228 (2012) 68-78.
[44] R. Kizek, J. Vacek, L. Trnkova, F. Jelen, Cyclic voltammetric study of the redox system of
glutathione using the disulfide bond reductant tris(2-carboxyethyl)phosphine, Bioelectrochemistry,
63 (2004) 19-24.

25



Highlights

e A rhodamine b thio derivative as detector element for both dipstick and electrochemical
sensor for Hg?*

e Avery simple polymeric hydrogel dipstick developed with polyethylene glycol and alginate
network

e Highly selective and sensitive Hg?*level indicator till 0.29ppb through easy color matching
methodology for semi-quantification

e The differential pulse anodic stripping voltammetry used for ultra-sensitive Hg?*

e Green reduced graphene oxide used as an adsorptive electrode surface modifier
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