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Abstract

Copper (Cu) is an essential element in mammalian nutrition. Since both copper deficiency and copper excess
produce adverse health effects, so it is important to develop simple, sensitive and accurate methods for their detection
in environment and food. In this study, the absorption of the copper ion in single wall carbon nanotubes carboxylic acid
functionalized (SWCNTCOOH) was studied in buffer saline (PBS) and in Tabuk, kingdom of Saudi Arabia water. The
gold electrode is functionalized with the self-assembled monolayer technique. The modified surface is activated with
EDC/NHS for SWCNT-COOH immobilization. Each grafted layer on the gold electrode was characterized with cyclic
voltammetry, impedance spectroscopy and Fourrier Transform Infra-Red spectroscopy (FTIR). The high insulating
properties of the acidic thiol monolayer has been proved by cyclic voltammetry and impedance spectroscopy. The
increases in DC current and the decrease in impedance confirm the conducting properties of the SWCNT-COOH layer.
The development of sensor for copper detection was observed with the impedance spectroscopy. During impedance
measurements, the charge transfer resistance increased significantly after absorption the copper in both buffer. The
response of the developed sensor was very sensitive in the range of 10-300 ng/ml. The result show that the signal in

Tabuk water is four time large relative to the signal in PBS.

Keywords: Single wall carbon nanotubes; Copper absorption;
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Introduction

Heavy metals in water have been a major preoccupation for many
years because of their toxicity towards aquatic-life, human beings and
the environment. They are non-biodegradable, and can enter into the
food chain by accumulation in animals and plants, or respiratory tract
and their effects may be very serious [1,2]. Heavy metals can cause a
disruption of function of the kidneys, bones, central nervous system,
and hematopoietic system and have adverse biochemical, histological,
neuropsychological and reproductive effects. Several processes have
been used and developed over the years to remove metal ions, such
as chemical precipitation, reverse osmosis, electrolytic recovery, ion
exchange or adsorption [3].

Copper and its compounds are widely used in many industries
and there are many potential sources of copper pollution. Copper
contamination in water streams occurs mainly from metal cleaning
and plating bath, fertilizer, refineries, paper and pulp, and wood
preservatives [4,5]. Copper is an essential nutrient mineral that are
required to a varying degree in plants and animals, but when present in
elevated bioavailable concentrations, these elements can become toxic.
Due to this concern, there has been a push to remove heavy metals from
road runoft. According to the Safe Drinking Water Act the permissible
limit of copper in drinking water is 1.3 mg/dm?® [6]

Smart materials developed using nanotechnology has the potential
to improve the way we generate and measure motion in devices.
These highly advanced and revolutionary technologies are focused on
the study and application of materials based on individual particles
having a size in the order of nano and/or micrometers [7,8]. Carbon
nanotubes are a new type of materials from carbon family have a coaxial
cylindrical form, composed of graphene sheets within nanometer size
in diameter and micrometer size in length [9]. These materials are
classified to single-walled (SWCNTs) and multiwalled (MWCNTs)

carbon nanotubes. Individual carbon nanotubes (CNTs) have been
shown to have high modulus (0.7 TPa) and high strength (30 GPa)
while also displaying high electrical (10-30 kS/cm) and thermal (2000
W/mK) conductivities [10]. Structural and electrical characteristics of
CNTs include a large surface area, piezoresistivity and electrochemical
properties that make them an interest in the building of advanced
sensors and actuators [9,11,12]. Strong adsorption capacity is the main
reason for using these materials in analytical chemistry; especially in
removing environmental pollutants such as phenols [13], heavy metals
[14], pesticide [15], organo phosphorus compounds [16], and lead [17].

A number of works benefiting from all this intrinsic advantages of
carbon nanotubes have used electrochemical impedance spectroscopy
(EIS) to characterize the electrochemical behavior of CNTs [18-20].
Electric impedance spectroscopy is a sensitive technique, which
monitors the electrical response of the system studied after application
of a periodic small amplitude ac signal. Analysis of the system response
provides information concerning the electrical behaviour of the
interface and interaction occurring on it [20-26].

This study is motivated by the current researches in the field of
adsorption of heavy metal ions using functionalized carbon nanotubes.
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In this work, we used carbon nanotube, single-walled, carboxylic acid
functionalized for copper detection. The stability and the molecular
structure of the single-walled carbon nanotube were characterized with
cyclic voltammetry, impedance spectroscopy and Fourrier Transform
Infra-Red spectroscopy. It shows a higher conductivity and a good
stability in water interface. For carbon nanotubes immobilization, the
gold electrode was activated over night with thiol-acid (16 carbons). An
activation procedure was achieved with EDC/NHS for carbon nanotube
carboxylic acid functionalized immobilization. The development
of sensors for copper detection was observed with the impedance
spectroscopy techniques. This method could be used to determine total
copper concentration in the range 10 ng/ml-300 ng/ml. The response
of the developed sensors was reproducible with higher stability. The
cyclic voltammetry and impedance spectroscopy techniques were also
applied to monitor copper detection in Tabuk water samples.

Materials and Methods

Reagents

Single-walled carbon nanotubes carboxylic acid functionalized
were obtained from Sigma-Aldrich. Nanotubes were length range from
0.5 um to 1.5 um and their diameters ranged from 4 nm to 5 nm. All
other materials, including 16-mercapto-hexadecanoic acid (MHDA),
1-ethyl-3-(3-(dime-thylamino)-propyl)carbodiimide (EDC), and
N-hydroxy succinimide (NHS) was purchased from Sigma-Aldrich.

The buffer solution used for all experiments was phosphate
buffered saline (PBS) containing 140 mM NaCl, 2.7 mM KCl, 0.1 mM
Na,HPO,, 1.8 mM KH,PO,, pH=7 and the redox couple at a 5 mM
concentration. All reagents were of analytical grade and ultrapure

water (resistance 18.2 MQ-cm™) produced by a MilliporeMilli-Q
system was used.

Gold cleaning

The gold electrodes (1 cm x 1 cm) were fabricated at the National
Center of Microelectronics of Barcelona (Spain). Evaporated gold
(~300 nm thickness) was deposited on silicon, using a titanium under
layer (~30 nm thickness) as substrate. Before modification, the gold
electrodes were cleaned in acetone solution for 10 min with ultrasonic
bath. After that, they were dried under a nitrogen flow and then
dipped for 10 min into “piranha solution” 7:3 (v/v) 96% H2504/30%
H202. After each pre-treatment, the gold substrates were rinsed
successively with Milli-Q filtered water and ethanol and then dried
with a stream of N..

Self-assembled monolayer

After cleaning, the gold electrodes were immediately immersed in
an ethanol solution of 1 mM 16-mercaptohexadecanoic acid for 21 h
at room temperature. The gold substrates were then 4 to 5 times rinsed
with ethanol in order to remove the non-bonded thiol and dried under
a N, flow.

Carboxyl SWCNTs immobilization

To convert the terminal carboxylic groups to an active NHS ester,
the thiol-modified electrodes were treated with 0.4 mM EDC-0.1
mM NHS for 45 min. After rinsing the gold electrodes with water,
0.3 mg/ml of SWCNTCOOH in DMF solvent was dropped onto the
gold surface and incubated at room temperature for 1 h. The excess of
SWCNTCOOH were removed by rinsing with DME Figure 1 shows
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Figure 1: Schematic illustration of general principle of electrochemical sensing of copper ions.
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the schematic representation of the fabrication process of the multilayer
structure of the sensor.

Copper absorption

Aqueous solutions containing Cu?* cations of concentration (10,
50, 100,150 and 300 ng/ml) were prepared from hydrated copper
sulfate (CuSO,, 5H,0). The electrode modified with SWCNTCOOH
was dipped into an electrochemical cell containing 5 ml of PBS redox.
Different volumes of copper corresponding to different concentrations
of copper in the cell were added into electrochemical cell at room
temperature. The copper absorption were monitored by impedance
spectroscopy in PBS redox.

Adsorption mechanism of copper

The mechanisms of heavy metal ion adsorption on CNTs are very
complicated and appear attributable to physical adsorption, electrostatic
attraction, precipitation and chemical interaction between the heavy
metal ions and the surface functional groups of CNTs. Among all
these, chemical interaction between heavy metal ions and the surface
functional groups of CNTs is the major adsorption mechanism (Figure
2). Hydrogen atoms from carboxylic of CNTs exchange with metal ions
which results in drop in pH of solution.

Electrochemical Set-Up

Cyclic voltammetry

Cyclic voltammetry was performed at room temperature in a
conventional voltammetric cell with a three electrode configuration
using Autolab 302 impedance anlayzer (Eco- chemie, Netherland).
The gold electrode (0.16 cm?) was used as working electrode, platinum
(1 cm?) and calomel electrodes were used as counter and reference
electrodes, respectively. All the electrochemical were performed in the
presence of a 5 mM K,[Fe(CN),]/K [Fe(CN) ] (1:1) mixture as redox
probe in PBS at pH 7.0 and were carried out at room temperature and
in a Faraday cage.

Impedance spectroscopy

The impedance analysis was performed with the Autolab 302
N impedance analyzer (Eco-Chemie, Netherland) in the frequency
range 0.05 Hz-100 kHz, using a modulation voltage of 10 mV. During
measurements the potential was kept at 200 mV. The Zview modeling
programme (Scribrer and associates, Charlottesville, VA) was used to
analyse impedance data.
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Figure 2: Schematic diagram of the mechanism for sorption of copper ions
onto CNT surface.

Fourier transform infra-red spectroscopy

To confirm the immobilization SWCNT-COOH on gold surface,
we used an FTIR spectrometer (BRUKER-IFS-66V/S) equipped with a
Germanium (Ge) monoreflection prism with a fixed incident angle of
45° and a DTGS detector. All spectra were recorded at 4 cm™ resolution
with 28 scans, from 400 cm™ to 4000 cm™'. Our method consisted on
recording the spectrum of the cleaned gold substrate and then the gold
substrate with SAM and then SWCNT-COOH film. The spectrum of
the cleaned gold electrode served as a reference.

Results and Discussions

Characterization of deposited single-walled carbon
nanotubes carboxylic acid on gold labeled self-assembled
monolayers in PBS buffer

Surface modification of gold: Self-assemblies of organic
molecules have been most extensively studied because of their
stability, well-packed structure and versatility. One of the most
widely-used systems in the molecular self-assembled method is the
chemisorption of sulfur derivatives (thiols) on a gold surface. Due
to this interaction, SAMs of thioctic acid can be successfully formed
through the oxidation of the linkage sulphur and hydrogen with the
gold surface and the reduction of hydrogen at ambient conditions.
The stability of the bonding over a wide range of applied potentials
makes this system suitable for electrochemical purposes [22,27]. The
thiol is chemisorbed on the gold electrode and it is used as the base
interface for the deposition of different layers. To convert the terminal
carboxylic groups of the arrayed acids to active NHS esters, the thiol-
modified electrodes were treated with EDC-NHS, which allows it to
interact with carboxylic groups in SWCNTCOOH layer. By analyzing
the impedance of the SWCNTCOOH /SAM/gold structure, in the
frequency range from 0.05 Hz to 100 KHz, the electrical properties
of the attached layer can be determined in terms of its resistive and
capacitive properties.

Cyclic voltammetry: Cyclic voltammetry is an electrochemical
technique which can be used to study the kinetic of redox reactions
of materials, their insulating and conducting properties. Figure 3
displays cyclic voltammograms of the (a) bare gold, (b) SAM/Au, and
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Figure 3: Cyclic voltammograms (CVs) with 100 mVS™" scan rate in PBS with
5 mM FE(CN)#- solution, after different steps of modification: (a) bare gold
electrode, (b) SAM modified gold electrode (c) Cyclic voltammograms of the

gold electrode after SWCNTCOOH deposition.
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(c) SWCNTCOOH/SAM/Au electrode. All voltammograms were
cycled five times in order to verify the stability of the signal. Cyclic
voltammograms of the gold electrode (Figure 3a) shows a reversible
wave which is the typical behavior of gold surface in the presence of
the redox couple. As is shown in Figure 3a, the cyclic voltammogram
defines the characteristics of a diffusion controlled redox process
observed at the cleaned bare gold electrode.

To assess the electrochemical properties of the SAM, cyclic
voltammetry was applied. As can be seen in Figure 3b, the two current
peaks corresponding to Fe(CN)! oxidation and Fe(CN); reduction
have been disappeared after deposition self-assembled monolayer.
The electron transfer kinetics of Fe(CN); / Fe(CN); were therefore
perturbed and almost all the faradic current was blocked. This confirms
that materials (MHDA) were successfully deposited and assembled
onto the gold surface to form high insulating properties of the thin
layer of thiol to prevent the oxydo-reduction of the gold surface. After
modification of the gold surface with SWCNTCOOH, the DC current
increases due to the conducting properties of the SWCNTCOOH layer
(Figure 3c).The success immobilization of single carbon nanotube
fonctionnalized by COOH layer was confirmed with the current
increase.

FTIR: The infrared absorption spectra of thiol monolayer and
after immobilization of SWCNTCOOH between 400 and 4000 cm ™ are
illustrated in Figure 4.
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Figure 4: Infrared absorption spectra of gold electrode with (A) SAM layer

and (B) after immobilization of single wall carbon nanotubes carboxylic acid
fonctionnalized between 400- 4000 cm-'.

Figure 4a shows the FTIR spectrum of the SAM layer. The formation
of a covalent gold-sulfur bond has been proven by the presence of the
large band in the range of 500 to 750 cm™. This large band is assigned
to stretch the mode of C-S groups. The bands at 868 and 989 cm™ is
associated with alkene sp? C-H bend. The peak at 1729 cm™ is due to
C=0 stretching vibration of carboxylic group [28]. The peaks in the
2800-3050 cm™ region are characteristic of C-H stretches. This is
assigned to the vibration mode of alkyl thiol chains. The broad band in
the 3100-3600 cm ™ is characteristic of acid O-H stretches.

In the FTIR spectrum of SWCNT-COOH (Figure 4b), two main
bands at 2932 cm™ and 2360 cm™ are clearly observed in the high
frequency region. These are assigned to the symmetric mode and the
antisymmetric mode of CH2 respectively. The strong absorption peak
at 1104 cm™ is associated with the SWCNT has defects or residual
amorphous carbon impurities or both. The spectra shows weak peak
at 667 cm! for chiral nanotubes. The band at 1683 cm™ is assigned to
C-C stretch vibration of the atoms attached to functional group. Finally
the hydroxyl stretching vibrations are generally observed in the region
around 3500 cm™. This peak is broader and its intensity is higher than
that of a free O-H vibration [29,30]. This is confirming the deposition
of SWCNTs on gold surface.

Impedance measurement

Principles of EIS measurements: Electrochemical impedance
spectroscopy is a relatively new technique for characterising materials
and surface interfaces that has emerged with the development of
instruments able to measure impedance as a function of frequency
in the 0.5-10° Hz range. The fundamental approach of all impedance
methods is to apply a small amplitude sinusoidal excitation signal to the
system under investigation and measure the response.

A low amplitude sinewave AE.sin(wt) of a particular frequency
w, is superimposed on the DC polarization voltage EO. This results in
a current response of a sine wave superimposed on the DC current
Aisin(wt+¢) . The current response is shifted with respect to the
applied potential. The Taylor series expansion for the current is given by

. .
Ai:[ﬂ] AE+l(dl) AE*+...
dE Eqiy 2 dEZ Eojy

If the magnitude of the perturbing signal AE is small then the
response can be considered linear in first approximation. The higher
order terms in the Taylor series can be assumed to be negligible.

The impedance of the system can then be calculated using Ohm’s
law as

E(w
Z(0)= .( )
i(w)
This makes it possible to treat the response theoretically by
linearised or otherwise simplified current-potential characteristics.

Interpretation of EIS measurements is usually done by fitting the
impedance data to an equivalent electrical circuit which is representative
of the physical processes taking place in the system under investigation.
To fit the measured spectra to the impedance spectra model using real,
rather than ideal elements, we replaced the ideal elements with the
constant phase elements (CPE=Z, Eq. (1)) [31,32]:

Z=Ko*

Where K and a are experimental parameters (0 < a < 1). Three
special cases depending on the o parameter can be considered: if a=0, Z
represents an ideal resistance and k=R; if a=1 then Z corresponds to an
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ideal capacitor where K=1/C, and if a=0.5 the circuit element is termed
the Warburg impedance (W), where K=W, which is associated with a
diffusion process. The o parameter is related to the area of defects and
homogeneities in the surface layer [33,34].

Impedance spectroscopy of the gold electrode coated with thiol
SAM and SWCNT-COOH: Impedance spectroscopy of the gold
electrod (curve a), compared with SAM changed gold electrode (curve
b), and with SWCNTCOOH functionalized Au-electrode (curve c)
was recorded in the complex plane, a plot of Zim versus Zre which
represents the imaginary versus the real part of impedance, respectively
(Figure 5). The experimental impedance spectra was recorded at 200
mV in PBS redox buffer at pH=7.2 in the range of 50 mHz to 100 KHz.
The impedance spectra can be fitted with computer simulated program
using an electric circuit shown in Figure 6.

Therefore it can be analyzed using an equivalent system that consists
of a charge transfer resistance (Rct) and a constant phase element
(CPE) in parallel, and Zw is the impedance due to the mass transfer of
the redox species to the electrode described by Warburg impedance,
associated with diffusive ion transportion and Rs the ohmic resistance
in high frequency ranges is the resistance of the electrolyte, the contacts
and connections.

It can be seen that the diameter of the semicircle at high frequency
increases after the formation of self-assembling monolayer on the gold
electrode due to the high insulating properties of the thin layer of thiol.
However, the addition of single wall carbon nanotube layer on the
electrode surface decreases the diameter of the semicircle. This decrease
inimpedance confirms the conducting properties of the SWCNTCOOH
layer. The value of Rct, were extracted from the computer simulated
spectra. They are 94816 Q) and 41702 Q for the SAM/Au electrode and
the SWCNTCOOH/SAM/Au electrode respectively. We can estimate
the percentage of covered area 0 of the thiol, which can be described as:

-5000 T T T T T
0 20000 40000 60000 80000

z0

Figure 5: Nyquist diagram (Zre vs. Zim) for impedance measurements
corresponding to: (A) bare gold electrode; (B) SAM modified gold and (C)
after deposition of SWCNTCOOH. All measurements were performed in PBS
(pH 7.0) + 5 mM Fe(CN)6-4/-3 solution at 200 mV. Amplitude of alternating
voltage 10 mV.

I WV —
ct

Figure 6: Diagram showing the equivalent circuit for the impedance

spectroscopy measurement.

_ R beforethiol deposition

0=1
R, after thiol deposition

We calculate the ratio and we obtain 6=99.7% which prove that the
gold was totally covered with thiol layer.

The CPE values extracted from the computer fitting for the thiol/
Au electrode and the SWCNTCOOH /thiol/Au electrode were 4.913 pF
and 1.358 UF respectively. The CPE decreases with the addition of the
SWCNT-COOH layer, which proves that the layer thickness increases
and that the SWCNTCOOH layer is directly adsorbed onto the thiol
without any interpenetration of chains.

Characterization of deposited single-walled carbon
nanotubes carboxylic acid on gold labeled self-assembled
monolayers in tabuk water

Copper is an essential nutrient mineral, but it is only needed in
small quantities. An excess of one single nutrient mineral can affect
so many aspects of both physical and psychological health. The major
source of excess copper is water (surface water, groundwater, seawater
and drinking-water). In order to prove the presence of copper in tabuk
water we repeat all electrochemical measurements in Tabuk water plus
redox as buffer. The results will be compared with the results in PBS
buffer.

Cyclic voltammetry: Figure 7 shows the cyclic voltammogram
of Fe(CN);*~ at the gold electrode in tabuk water (red) and in PBS
(black). When the interface electrolyte/electrode surface was modified,
the electron transfer kinetics of Fe(CN);*~ were perturbed. As shown
in Figure 7, the change of electrolyte is accompanied by a shift in the
peak to peak separation between the cathodic and anodic waves of
redox probe. This shows the variance in conductivity between PBS and
tabuk water buffer.

Thus, our developed sensor was tested in tabuk water sample. Cyclic
voltammograms of the gold electrode, SAM layer and immobilization
of SWCNTCOOH were showing in Figure 8. Note that we observe
almost the same phenomenon that in PBS. The two current peaks
corresponding to Fe(CN); oxidation and Fe(CN); reduction have
been disappeared after the stepwise assembly of bare gold and self-
assembled monolayer but after modification of the gold surface with
SWCNT-COOH, the DC current increases due to the conducting
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Figure 7: Cyclic voltammograms of the gold electrode, red, in PBS, black, in
Tabuk water with redox.
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properties of the SWCNT-COOH layer which confirms success
immobilization of the SWCNT-COOH.

Impedance spectroscopy: Figure 9 shows Nyquist plots for gold
electrode in PBS and Tabuk water electrolyte at 200 mV with redox
couple, where Z_ is the real part and Z_ is the imaginary part of the
complex impedance Z. Note that the spectra are almost similar. A
typical shape of a impedance spectrum includes a semicircle region
lying on the Zre-axis followed by a straight line. The semicircle portion,
observed at higher frequencies, corresponds to the charge transfer
resistance process, whereas the linear part is characteristic of the lower
frequencies range and represents the diffusion process. The ohmic
resistance Rs in high frequency ranges which is the resistance of the
electrolyte was shifted from 250 to 650 €, this shows that Tabuk water
conduct electricity less than PBS. This proves the Tabuk water hold a
large number of matters.

Copper detection

The electrode modified with single wall carbon nanotubes
functionalized with COOH was dipped into an electrochemical cell.
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Figure 8: Cyclic voltammograms of (a) bare gold electrode, (b) SAM modified

gold electrode (c) after SWCNTCOOH deposition with 100 mVS~" scan rate in
Tabuk water with 5 mM Fe(CN)~#-2 solution.

Different volumes of copper corresponding to different concentrations
were added into electrochemical cell at room temperature. Copper-
SWCNT-COOH interactions were monitored by impedance
spectroscopy in PBS and in Tabuk water with redox couple. The
impedance spectrum was measured for each calculated concentration
of Cu(I) solution added, and after the impedance stabilization was
achieved, a new concentration of Cu(II) was added to the cell. The
impedance measurement results of copper in range of 0-300 ng/
ml are shown in Figure 10. Figure 10A shows the impedance spectra
obtained after stabilization for different concentrations of copper
in PBS and Figure 10B the impedance spectra in Tabuk water. The
semicircle diameter in the Nyquist plot seems to increase with the
copper concentration, implying that more amount of copper was linked
to the interface for both electrolyte. When the concentration of copper
was increased over 150 ng/ml, the change of impedance spectroscopy
become gradually weak shows that immobilization of the copper on a
gold electrode trends to saturation situation.
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Figure 10A: Complex impedance plots of copper -SWCNTCOOH/SAM/
Au-electrode under various concentrations of copper. The concentrations of
antigen (ng/ml): (a) 0; (b) 10; (c) 50; (d) 100 and (e) 150. Applied frequency
from 0.05 Hz to 100 kHz in PBS buffer.
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Figure 9: Nyquist diagram (Zre vs. Zim) for impedance measurements of the
gold electrode, black, in PBS, red, in Tabuk water with redox.
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Figure 10B: Complex impedance plots of copper-SWCNTCOOH/SAM/
Au-electrode under various concentrations of copper. The concentrations of
antigen (ng/ml): (a) 0; (b) 50; and (c) 100 in Tabuk water buffer.
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Figure 11: Average variation of (Z-Zo)/Z, at 156 mHz versus copper
concentration (A) in PBS and (B) in Tabuk water.

To illustrate the sensitivity of sensor response to substrate injection,
corresponding to the average variation of (Z-Zo)/Z, at 156 mHz versus
copper concentration was plotted. Z, and Z are respectively the total
impedance of SWCNT-COOH layer and the impedance after copper
injection. Figure 11 shows the calibration curves of the sensor exposed
to different concentration of copper obtained from Figure 10. As can be
seen in the figure, the signal in Tabuk water is four time large relative to
the signal in PBS. These results prove that the Tabuk water contains a
large proportion of copper.

Conclusion

This study gives us a new way to detect the copper in water using EIS.
We used single-walled carbon nanotube carboxylic acid functionalized
for copper detection. For carbon nanotubes immobilization, the gold
electrode was activated over night with thiol-acid and then activated
with EDC/NHS. Whereas, impedance spectroscopy was performed
in order to monitor sensor architecture. The modified electrode was
successfully tested in Tabuk water. The result proves that the Tabuk
water contains a large proportion of copper. The response of the
developed sensor shows that the signal in Tabuk water is four time large
relative to the signal in PBS.
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