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Thiswork reports on the detection ofmercury using single walled carbon nanotube-poly (m-amino benzene sul-
fonic acid) (SWCNT-PABS)modified gold electrode by self-assembledmonolayers (SAMs) technique. A thiol con-
taining moiety (dimethyl amino ethane thiol (DMAET)) was used to facilitate the assembly of the SWCNT-PABS
molecules onto the Au electrode surface. The successfully assembledmonolayerswere characterised using atom-
ic force microscopy (AFM). Cyclic voltammetric and electrochemical impedance spectroscopic studies of the
modified electrode (Au-DMAET-(SWCNT-PABS)) showed improved electron transfer over the bare Au electrode
and the Au-DMAET in [Fe (CN)6]3−/4− solution. The Au-DMAET-(SWCNT-PABS)was used for the detection of Hg
inwater by square wave anodic stripping voltammetry (SWASV) analysis at the following optimized conditions:
deposition potential of−0.1 V, deposition time of 30 s, 0.1MHCl electrolyte and pH 3. The sensor showed a good
sensitivity and a limit of detection of 0.06 μM with a linear concentration range of 20 ppb to 250 ppb under the
optimum conditions. The analytical applicability of the proposed method with the sensor electrode was tested
with real water sample and the method was validated with inductively coupled plasma – optical emission
spectroscopy.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Mercury is a highly toxic metal in all its oxidation states (0, +1
and +2). It is emitted from natural sources (e.g. volcanic eruptions)
and from anthropogenic sources like coal combustion and gold mining
[1,2].Mercury is very toxic to humanwhere it causes abnormal functions
of the brain, kidney, liver, eyes and bones upon accumulation in a body
[3,4]. The toxicity of mercury at low level warrants its analysis in water
and other samples [5] and also its removal from the environment [6].

Some of the methods developed for mercury detections incorporate
the use of spectroscopic techniques such as atomic absorption spectros-
copy (AAS), fluorescence spectroscopy (FS) and inductively coupled
plasma spectroscopy (ICP). These methods are limited by their inappli-
cability on the sample site. Furthermore, they are expensive, require
highly trained operating personnel, have high operating costs [7] and
tedious sample preparations [8]. These shortcomings are made up for
by electrochemistry methods which are low cost, and easier to operate
in comparison to spectroscopic methods [7,9]. Among other electro-
chemistry methods, square wave anodic stripping voltammetry
ed Chemistry, University of
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(SWASV) have been known to have excellent detection limits and
selectivity's towards metal ion detection [10,11] in aqueous mediums
[9]. SWASV have been applied in the detection of mercury [12] and
other metals such as Pb, As and so on. In most cases, the electrodes
used in SWASV are usually modified with other moieties so as to im-
prove the stripping signal of the targeted metals. In this regards, the
use of nanomaterials such as carbon nanotubes, carbon nanoparticles,
gold, metal oxides, quantum dots, dendrimers etc. is not uncommon
[13,14] Other electrode modifiers including organic films of conducting
polymers and dendrimers have been reported. Carbon nanotubes
(CNTs) and conductive polymers are known to possess excellent prop-
erties that are particularly useful in many fields. Polymer nanocompos-
ites such as singlewalled carbonnanotube-poly amino benzene sulfonic
acid (SWCNT-PABS) have a great synergy of properties from the poly-
mer/CNTs structure. In electrochemical sensors, the CNTs provide the
platforms with an advantage of small sizes and solutions required to
deliver a response. The analysis are also carried at room temperature
environment and provides high sensitivities with minute changes in
electrical conductivity upon detection of the analyte [15].

Themodification of electrodes is carried out by drop coating, electro-
deposition, electropolymerization and self-assembled monolayers
(SAMs) techniques. SAMs technique, is a coordinated chemical reaction
that spontaneously create stable and well organized arrays of thin film
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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organic monolayers on substrate based on alternating adsorption of
functional groups or complementary charges of materials [16–18].
SAMs of thiols has an advantage of resulting in systems (monolayers)
of ordered,well packed and stablemolecules on the gold solid substrate.
The spontaneous formations of these systems are highly promoted by
the strong gold-sulfur (Au\\S) bonds formed between the thiol and
the metallic gold surface and a further interaction between adjacent
thiols through Van Der Waals forces. The resulting gold-SAMs surface
has properties of both the attached thin film monolayers and the coin-
age metallic gold surface [19].

In this study, SWCNT-PABS are attached on the gold electrode sur-
face using SAM technique facilitated by a thiol moiety (dimethyl
Fig. 1. 2D and the resultant 3D topographical surface images of the SAMmodified gold disks at s
amino ethane thiol) and used for the detection of Hg(II) in water
using SWASV as an analytical tool for detection.

2. Experimental

2.1. Materials and apparatus

Mercury(II) nitrate monohydrate, 2-dimethyl amino ethane thiol
hydrochloride (DMAET), Sulfuric acid, 30% Hydrogen peroxide, ethanol,
Single walled carbon nanotubes-poly (m-amino benzene sulfonic acid)
(SWCNT-PABS), potassium chloride, potassium ferricyanide (III), potas-
sium hexacyanoferrate (II) trihydrate. A Three electrode system
can size of 1.5 μm. a) Bare Au surface. b) Au-DMAET surface. c) Au-DMAET-(SWCNT-PABS).
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electrochemical workstation was used for electrochemical studies. A
gold electrode (r = 0.85 mm, BAS, MF-2014) was used as a working
electrode, a platinum wire electrode was used as a counter electrode
and a Ag/AgCl (Bas, MF-2052 RE-5B) wire saturated in 3 M KCl was
used as a pseudo reference electrode. Ultra-pure water with resistivity
of 18.2 mΩ·cm obtained from Milli-Q Water system (Millipore Corp,
Bedford, MA, USA) was used to prepare all solutions and electrode
pretreatment.

2.2. Electrode pre-treatment and modification of the electrode surface

Prior to electrochemical application, the gold electrode was subject-
ed to a sequence of mechanical, chemical and electrochemical cleaning
[20,21]. Typically, the electrode was polished with alumina slurry
(0.3 μm)and rinsedwith ethanol andMilliporewater for 10min respec-
tively. This was followed by dipping the electrode in a piranha solution
(1 ml of 30% H2O2: 3 ml of Concentrated H2SO4) for 2 min, rinsed with
ethanol and distilled water and finally conditioned with repeated cyclic
scans between−0.15 V–1.6 V in 0.5MH2SO4 at 50mV/s for 20 scans or
until a reproducible scan characteristic of a clean gold electrode is pro-
duced [22].

The cleaned electrode was modified using the SAMs technique as
previously reported in literature [17,23]. The electrode was immersed
in argon saturated 3 mM DMAET ethanol solution for 24 h to create
the DMAET film on the electrode surface. It was then rinsed with etha-
nol to remove residual DMAETmolecules (denoted as Au-DMAETmod-
ified electrode) and dried with argon gas. The Au-DMAET electrodewas
immersed in an argon saturated 1 mg/ml SWCNT-PABS water solution
for 3 h, then rinsed with copious amounts of water and dried with
argon gas to form the SWCNT-PABS film.

Veeco Dimension 3100 atomic force microscopy (AFM) coupled
with Nanoscope V530r3sr3 software was used to confirm the attach-
ment and topographical changes of the nanostructured films on the
gold substrate. All AFM images were taken using the Eco-chemie SPR
gold disks of 5 cm diameter with the AFM in tapping mode operation.
Electrochemical experiments were performed using the Dropsens
μstat 8000 equippedwith Dropview8400 software. Electrochemical im-
pedance studies (EIS)were performed between 1.0 Hz to 10 kHz using a
5 mV rms sinusoidal modulation on a Compactstat electrochemical
workstation (Ivium Technologies, Netherlands) with Ivium software.
The EIS raw data was fitted using an equivalence fittingmodel available
on the software.

2.3. Square wave anodic stripping voltammetric determination of Hg(II)

Square Wave Anodic Stripping Voltammetry (SWASV) was used as
the analytical technique for the determination and detection ofmercury
in water samples using 0.1M concentrations of HCl, NaCl, NaOH, H2SO4,
Fig. 2. Electrochemical studies of the SAM modified gold electrodes in equimolar solutions o
electrochemical impedance spectroscopy.
and HNO3 electrolytes. The pH of the electrolyte (HCl), the deposition
potential and the deposition time were optimized while the Econditioning
of 0.9 V, tconditioning of 10 s, relaxation time of 10 s, Eamp of 0.005 V, Estep
of 0.002 V and frequency of 50Hzwere all kept constant throughout the
stripping analysis. The proposedmethodwas validatedwith inductively
coupled plasma optical emission spectroscopy (ICP-OES). Selectivity of
the sensor and the proposed method was tested against two fold con-
centrations of five common metallic cations (As(III), Cu(II), Cr(VI),
Pb(II) and Cd(II)) that are found in water.

Owing to the incomplete removal of the mercury ions on the elec-
trode surface during strippingwhich hinders linearity and reproducibil-
ity, an electrochemical cleaning procedure (de-stripping) was adopted
as described in literature [24] and used to clean the electrode surface
after each determination of mercury. This involved immersing the elec-
trode in a blank solution (0.1MHCl) and stripping at a positive potential
(0.4 V) for 30 s to remove any residual mercury ions on the electrode
surface. After every 10 stripping analysis of mercury, a new modified
electrode was prepared following SAMs technique.

3. Results and discussions

3.1. Microscopic studies of the SAM modified surfaces

AFM was used to study and confirm the surface topographical
changes as a result of the SAMs on a gold disk surface. Fig. 1 shows
the 2D and the resultant 3D AFM images of the electrode modification
at each assembly stage. The integration of monolayers on the gold sub-
strate gave an increase in surface roughness (Img. Ra) and surface root
mean square (Img. Rms) of the topographical make up as monolayers
are added on the electrode surface. This trend is quite evident with
the integration of the SWCNT-PABS monolayer on the Au-DMAET sub-
strate surface where elongated nanotubes from the CNT can be seen
on the 2D and 3D topographical images of the surface of the substrate
(Fig. 1c). The addition of the alkane thiols (DMAET) on the bare Au sur-
face did not result in significant changes on the surface (Fig. 1b) as com-
pared with the addition of the SWCNT-PABS. The AFM study of the
topographical surfaces suggested a well-defined integration of the
monolayers on the gold solid surface. These topographical images are
in agreement with the AFM images attained from similar studies con-
ducted on the self-assembly of DMAET and SWCNT-PABS on gold sur-
faces [17,23,25].

3.2. Electrochemical characterisation of the SAM modified electrodes

The electrochemical responses of the gold electrode as a result of
modification were interrogated by square wave voltammetry (SWV)
and electrochemical impedance spectroscopy (EIS) (Fig. 2). From the
SWV (Fig. 2a), the Au-DMAET electrode shows a lower current than
f 5 mM [Fe (CN)6]3−/4− in 0.1 M KCl. A) SWV at 25 Hz frequency. B) Phase angle from



Table 1
Summary of the EIS parameters of the SAMs modified electrodes with raw EIS fitted data percentage errors in brackets.

Electrode Circuit parameters

RS (Ω cm2) RCT (Ω cm2) C1 (μF) W1 (μΩsqrt Hz) Phase angle (degree)

Bare Au 253.70 (1.17) 543.10 (0.87) 1.58 (1.43) 112.50 (0.24) 39
Au-DMAET 260.80 (1.33) 494.12 (3.69) 2.36 (8.86) 83.13 (0.19) 36
Au-DMAET-(SWCNT-PABS) 247.30 (1.23) 456.40 (1.51) 2.08 (2.01) 114.30 (0.26) 30
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the bare gold electrode as expected because of the poor conductivity of
the thin film of the DMAETwhich hindered the electron transfer rate of
the redox probe. The highest current was observed after single walled
carbon nanotubes-poly(m-amino benzene sulfonic acid) (SWCNT-
PABS) was self-assembled on the Au-DMAET electrode. Firstly, this en-
hanced current is an indication of a successful assembly of the
SWCNT-PABS on the DMAET. The linkage must have been enhanced
by electrostatic attraction owing to the opposite charge of the positive
DMAET and the negative SWCNT-PABS [19]. Secondly, the presence of
SWCNT provided a larger surface area and improved the rate of electron
transfer at the interface of the electrode and the redox probe. It has been
shown that phase angle can be used as a measure the electron transfer
kinetics at the electrode interface according to Eq. (1) where ϕ is the
phase angle, Rs is the solution resistance and Rct is the charge transfer
resistance [26]

ϕ ¼ tan−1 1
1þ 2RsRct

� �
ð1Þ

According to Eq. (1), phase angle is directly proportional to
charge transfer resistance. Thus phase angle decreases when there
is a faster electron transfer at the electrode interface as seen in Fig.
Fig. 3. Optimization of SWASV parameters for the detection of 100 ppb Hg(II) on the Au-DMAE
deposition potential and d) Effect of deposition time.
2b and Table 1. The presence of SWNT enhanced the electron trans-
fer of the ferrocyanide redox probe. The EIS result corroborates that
of voltammetry. The charge transfer resistant obtained from the
Nyquist plot (not shown) supports the trend observed from the
phase angle (Table 1). The popular Randles equivalent circuit
where electrolyte solution resistance (Rs) in series with a parallel
combination of the double-layer capacitance Cdl and an impedance
of a faradaic reaction (Rct (charge transfer resistance) and W1
(Warburg impedance)) was used to fit the impedance data
obtained.

Surface coverages of the adsorbed monolayers on the Au electrode
surface were calculated by first employing the Randles-Sevcik equation
(Eq. (2)) to determine the effective area of the Au electrode surface for a
reversible process in [Fe (CN)6]3−/4− [27].

ipa ¼ 2:69� 105
� �

n3=2D1=2ν1=2AC0 ð2Þ

where A is the effective geometric area of the electrode surface, D=
7.6×10−5cm2s−1is the diffusion coefficient of the [Fe (CN)6]3−/4−,
C0 is the bulk concentration of the redox probe [1 mM [Fe (CN)6]3−/4−],
n = 1 is the number of the electrons transferred in the [Fe (CN)6]3−/4−
T-(SWCNT-PABS) electrode surface. a) Effect of electrolyte, b) Influence of pH, c) Effect of



Fig. 5. Effect of the presence of common competing metal ions at two folds of
concentration over the analyte concentration (2:1 ratio).

Fig. 4. SWASV Calibration curve of Hg(II) in 0.1 M HCl at different concentration (20 ppb–
250 ppb) under optimum conditions. (Insert: peak current vs concentration depicting the
linear relation).
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redox system while v is the scan rate. The effective area of the Au elec-
trode surface was then found to be 0.00271 cm2 which gave the surface
roughness factor (ratio of the geometrical area to that of experimentally
determined area) of 1.23. The surface coverage of the SAMs molecules
on the electrode surface were then estimated using Eq. (3) as described
in literature [28].

ΓSAMs ¼ Q
nFA

ð3Þ

where ГSAM is the surface coverage achieved by the SAMs molecules on
the electrode surface, Q (C) is the background corrected charge under
the monolayer oxidation and reduction peaks, n = 1 is the number of
the electrons transferred in the [Fe (CN)6] 3−/4− redox system, F =
96,485 Cmol−1 is the Faradays constant and A=0.0271 cm2 is the effec-
tive area of the electrode surface [27]. The ΓSAMs as found to be approxi-
mately 14.6840 μmol cm−2 for Au-DMAET and 17.4158 μmol cm−2 for
Au-DMAET-(SWCNT-PABS) which shows increase in surface concentra-
tion of molecules on the electrode surface.

3.3. Square wave anodic stripping voltammetry of Hg(II) on Au-DMAET-
(SWCNT-PABS)

3.3.1. Optimization of SWASV parameters
The parameters that affect the analysis of SWASVwere optimized in

order to improve the detection and the determination of Hg(II) in water
(Fig. 3). Stripping analysis of Hg in different electrolytes were investi-
gated (Fig. 3a) with HCl chosen as the electrolyte of choice owing to
the well resolved peak current which was higher than all other electro-
lytes except NaOH. This choice of HCl could be attributed by the
Table 2
Electrochemical detection of mercury as reported by other authors.

Electrode Method Linea

1) Au-DMAET-(SWCNT-PABS) SWASV 20 μM
2) SWCNT-PhSH/Au SWASV 5.0 n
3) AuNPs/CFME DPASV 0.2 μM
4) AuNPs-GC SWASV 0.64
Cys-AuNPs-CILE SWASV 10 nM
5) SPGE SWASV 5 μM
6) np-AuNPs/ITO DPASV 0.1 μM

SWASV (square wave anodic stripping voltammetry), DPASV (differential pulse anodic strippin
presence of chloride ions in solution that forms chlorocomplexes with
mercury and promotes the mercury stripping peak to shift to a more
negative potential while enhancing sensitivity and lowering the back-
ground currents [29]. Fig. 3b presents the effect of pH on the detection
of Hg(II) on the Au-DMAET-(SWCNT-PABS). A peak currentmaxima oc-
curred at pH 3 and this pH was chosen as the optimum pH for further
analysis.

The investigation of the deposition potential and deposition time of
Hg(II) stripping on the electrode surface is of utmost important because
it facilitate the control of the mercury concentration on the electrode
surface. This helps to control saturation and maintain linearity as load-
ing increases [24]. For this reasons, deposition potentials (Fig. 3c) and
deposition times (Fig. 3c) were investigated, with deposition potentials
ranging from−0.01V to−0.4 V and deposition times ranging from15 s
to 180 s. A deposition potential of −0.1 V gave the highest stripping
peak in agreement with Wei et al. [30]. A time of 90 s was used as the
optimum deposition time for stripping analysis of mercury.
3.3.2. Calibration plot for Hg(II) detection
Under the optimized parameters, a calibration curve was con-

structed by performing mercury stripping analysis under different
concentrations of mercury in 0.1 M HCl (Fig. 4). The results gave lin-
earity from 20 ppb to 250 ppb with a regression equation: y =
0.00205x + 0.5504 and a correlation coefficient of 0.9953. The
limit of detection (LOD) was estimated using the equation described
in literature [24] where LOD=3σ/m LOD ¼ 3δ

m LOD ¼ 3δ
min which σ =

standard deviation of the blank solution (0.1 M HCl) and the m is
the slope of the linear equation. The LOD was estimated to be
0.0634 μM which is below the World Health Organisation (WHO)
limit of 6 μM for inorganic mercury in drinking water. The LOD
achieved by the proposed method was compared to other studies
in Table 2. The low LOD indicates the sensitivity of the method
with modified electrode and its potential use in analytical applica-
tion. The reproducibility of the results was tested by 10 repetitive
r range Detection limit Reference

−250 μM 0.06 μM This method
M–90 nM 3.0 nM [30]
−50 μM 0.1 μM [31]

μM–4 μM 0.42 μM [32]
–20 μM 2.3 μM [33]

–30 μM 1.1 μM [29]
–10 μM 0.03 μM [34]

g voltammetry)



Table 3
Comparison of mercury concentrations (ppb) in water samples detected using ICP-OES
and the proposed SWASV method (n = 3).

SAMPLE ID ICP-OES SWASV

Found % Recovery % RSD

Influent 1 2.22 ± 0.39 2.31 ± 0.09 112 5.9
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stripping analysis of 10 ppb Hg(II) under the optimum conditions,
which resulted in relative standard deviation (RSD) of 2.72%.

3.3.3. Interference studies of mercury
The influence of competing metal ions was investigated in two

fold concentrations over the analyte i.e. 20 ppb interfering species:
10 ppb Hg in 0.1 M HCl. As(III), Cu(II), Cr(VI), Pb(II) and Cd(II)
were used as competing metal ions and investigated individually
against Hg(II). The results as illustrated in Fig. 5 shows Cu(II) and
Cr(VI) as the predominant interfering species of mercury detection
using the proposed SWASV method. The decrease of mercury strip-
ping peak attained in the presence of Cu(II) and Cr(VI) could mean
that the two metals have the ability to bind on the active sites of
the modifier, this hindering the amount of mercury ions that binds
on the modified electrode surface, subsequently causing a decrease
on the stripping peak. Similar results were obtained with Cr as inter-
fering species on Hg in a study conducted by Alves et al., 2011 [35]. In
another study conducted by Punrat et al., 2014, the authors also
found Cu(II) as a major interfering species at five folds concentra-
tions of Hg(II) on gold-film screen-printed carbon electrode during
stripping analysis [36]. Pb(II) and Cd(II) increased the peak current
while As(III) did not have much effect on the detection of Hg(II).
The mercury stripping peak increase in the presence of Pb(II) and
Cd(II) could be as a result of overlapping stripping potential of
metals on the electrode surface that cause an increase in stripping
peak. These results (Fig. 5) indicate that the electrode is prone to in-
terferences from these metals, which opens up a window for further
studies to eliminate the interferences.

3.3.4. Detection of Hg in real water
To test the analytical applicability of the proposedmethod. A sample

of influentwater fromawastewater treatment plant in SouthAfricawas
taken. ICP-OESwas used as a referencemethod on the samewater sam-
ples. The water sample was spiked with 20 ppb Hg(II) during the mer-
cury stripping measurement. The pre-treatment of the water samples
involved treatment with 1% of nitric acid and filtering with 0.45 μ
micro syringe filter. SWASV was performed on water samples contain-
ing 0.1 M HCl under the optimum parameters of the proposed method.
The analysis (Table 3) shows agreement between the results obtained
from the twomethods. These results validate the excellent potential an-
alytical applicability of the proposed method with the electrode.

4. Conclusion

This work describes another application of self-assembledmonolay-
er in the preparation of a modified electrode for sensor application. The
Au-DMAET-(SWCNT-PABS) electrode was used for the detection of
Hg(II) using SWASV. The analytical relevance of the reported method
can be supported by i) the detection limit which is lower than the
WHO permissible limit of Hg in water; ii) its application in real water
sample and iii) its validation with ICP-OES. Thus this method can be
used for the detection of other metallic species in water.
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