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Nitrogen doped carbon nanotubes for sensitive and selective
determination of heavy metals

Anju Joshi and Tharamani C. Nagaiah*

The present study attempts to demonstrate the potential of nitrogen containing carbonaceous materials towards
electrochemical determination of heavy metal ions. For this purpose, nitrogen doped carbon nanotubes (N-CNTs) has been
synthesized from post treatment of oxidized carbon nanotubes (O-CNTs) in presence of NH; at three different
temperatures of 200, 400 and 600 °C to analyse their relevance in heavy metal ions determination. The electrocatalytic
activity of these materials towards determination of Cd, Pb and Cu metal ions was examined by means of square wave
stripping voltammetry (SWSV) technique which demonstrates the suitability of all temperature variants for the desired
purpose. Eventually, N-CNTs treated at 600 °C (N-CNT 600) displayed comparatively better sensitivity towards the
investigated heavy metal ions (Cd, Pb and Cu) as compared to other temperature variants of N-CNTs (N-CNT 200 & N-CNT
400). Role of nitrogen groups was assessed in comparison with O-CNTs as it eliminates the requirement of pre-
concentration step by efficient complexation with heavy metal ions. The peak current for Pb and Cd metal ions increased
linearly with in the concentration range of 0.01 uM — 70 uM and 0.1 uM — 100 pM respectively (individual as well as
simultaneous determination). The limit of detection (LOD) was calculated out to be 0.001 puM and 0.005 uM (30 method)
for simutaneous determinaton of Pb and Cd metal ions respectively. Further, a real time application of N-CNT 600
modified GCE was probed by electrochemical detection of Cd and Pb metal ions in tap water and ground water.

Introduction

Heavy metal pollution is one of the most life threatening
environmental problem which needs to be addressed at an
imperative basis. Heavy metals being bio-accumulative in
nature intrude into the environment due to anthropogenic
activities like industrialization, agriculture and miningl. The
toxicity due to heavy metal ions arise mainly because of their
high affinity towards sulfhydryl groups present in various
enzymes eventually leading to inhibition of glutathione
metabolism?. In addition, heavy metals are also suspected to
be causative agent for carcinogenesis, teratogenesis and
mutagenesis3 with association to various diseases like renal
disorders, diseases, lung diseases,
muscular dystrophy (progressive skeletal muscle weakness),

neurodegenerative

and multiple sclerosis® . Mainly cadmium, lead, copper and
arsenic are considered to be the major pollutants of drinking
water®. Acceptable levels of cadmium, lead and copper has
been reported to be 0.027 uM, 0.0452 uM, and 0.024 uM
respectively according to USEPA’.

These metal ions when exceed their permissible limits, pose
severe detrimental effects to human health. Like cadmium at a
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concentration above 0.027 uM leads to inhibition of DNA, RNA
and protein biosynthesis8 while high concentration of copper
(0.024 uM) lays down the foundation of severe neurological
disorders’. Lead usually mimics the action of calcium in human
body and hence considered toxic when inhaled in trace
amount™.

Thus, it is highly demanding to search for a rapid, sensitive and
simple analytical method for detection as well as continuous
monitoring of these environmental pollutants in natural water
resources. At present, spectroscopic techniques like mass
spectrometry, fluorescence spectrometry, atomic absorption
spectrometry, and inductively coupled plasma spectrometry
are the prominent means for detection of metal jons™.
Unfortunately these techniques are cumbersome and hence
inappropriate for onsite analysis thereby,
practical applicability. However, electrochemical sensing of
heavy metal ions using mercury electrode was quite popular
over conventional spectroscopic techniques in the past
but toxicity of mercury again prompted the
requirement of new materials for determination of heavy

limiting their

decades

metal ions. In this direction, numerous efforts have been
dedicated towards development of materials such as bismuth
carbon nanocompositeslz, Au-Pt nanoparticles (NPs)13, Au NPs

amplified DNA-gold electrode™, molecular imprinted
polymer15 and alike. In addition, a wide variety of
carbonaceous materials including graphite nanofibersle,

17 18
ordered mesoporous carbon™’, carbon nanotube thread™,

carbon nanotubes modified with  dihexadecyl hydrogen
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phosphate (CNT-DHP)lg, heated graphite nanoparticle20 and Bi-
screen printed carbon nanotube electrode (Bi-SPCNTE)21 have
shown incredible potential for determination of heavy metal
ions. However, complex synthesis procedure, reproducibility
and requirement of longer pre-concentration time for efficient
anchorage of metal ions restricts their applicability for onsite
analysis in natural water resources. Hence, synthesizing novel
and sensitive materials possessing high affinity towards metal
ions is highly demanding in today’s scenario.

Doping with heteroatoms like nitrogen seems an exciting approach
for introducing novel functionalities to carbonaceous materials
including extraordinary electronic properties and enhanced
reactivity with increased defects sites to anchor guest molecules.

As a result of this, current research focuses on the application of
nitrogen doped carbonaneous material for electrochemical sensing
of heavy metal ions. For example, nitrogen doped porous carbon
derived from direct pyrolysis of polypyrrole doped Al based metal
organic framework (PPy@MOG)ZZ, nitrogen doped porous carbon-
gold based nanocompositeB, carbon nitride modified with
bismuth?* have been explored successfully for the desired purpose.
Nitrogen doped carbon nanotubes (N-CNTs) has been well
recognized as an efficient adsorbent for metal ions especially Pb
and Cd® . However their potential as a highly sensitive
electrochemical probe still remains unexplored. Motivated by
aforementioned facts, in continuation with the ongoing research,
the present study attempts to unravel the potential of various
nitrogen containing functionalities (generated through
exposure of NH; at various temperatures) towards highly
sensitive determination of metal ions especially Pb and Cd
using square wave stripping voltammetry (SWSV) technique.
For this purpose, controllable nitrogen content in N-CNTs were
obtained using previously reported literature?’. Briefly, the
synthesis of N-CNTs were carried out by post treatment of
oxidized CNTs (O-CNTs) under NH; atmosphere, at different
temperatures of 200, 400 and 600 (N-CNT 200, N-CNT 400 &
N-CNT 600).

The major focus of the present study remains in developing a
highly sensitive probe for sensitive and selective determination
of Pb and Cd metal ions without requirement of any pre-
concentration or accumulation step hence fastening up the
detection process which is quite crucial for onsite analysis.

Experimental
Reagents

Lead nitrate (Pb(NOs),), cupric nitrate trihydrate (CuNOs),.
3H,0, cadmium chloride (CdCl,) (anhydrous 95%) and Nafion
were procured from Sigma Aldrich. Sulphuric Acid (0.05 M) of
pH value 4.0 was prepared from stock solutions of 0.5 M
sulphuric acid (98% pure). All chemicals used throughout the
experiment were of analytical grade and were used without
further purification. All agueous solutions were prepared with
deionized water obtained from a Millipore system (>12 MQ
cm"l).

Synthesis of material:

2| J. Name., 2012, 00, 1-3

N-CNTs were synthesized by post treating O-CNTs under NH;
atmosphere using previously reported literature®. Briefly,
CNTs with inner diameters of 20-50 nm and outer diameters of
70-200 nm were obtained from Applied Sciences Inc. (Ohio,
USA). The polyaromatic impurities present on the surface of
as-received CNTs were removed by thermal treatment under
He flow at 800 °C for 1 hour. Before nitrogen functional group
insertion, oxygen functional groups were introduced by HNO;
vapour treatment?®. In order to do so, first the thermally
treated CNTs were oxidized using HNO; in the gaseous phase
at 200 °C for 48 hours, cooled for some time and further dried
at 60 °C overnight and termed as O-CNTs. Further, nitrogen
functional groups were introduced to O-CNTs via post
treatment of NHs;. For this, 200 mg of the O-CNTs were loaded
into a tubular quartz reactor which was then heated under
ammonia with a total flow rate of 25 sccm at 200 °C (N-CNT
200), 400 °C (N-CNT 400), 600 °C (N-CNT 600) and 800 °C (N-
CNT 800) for 6 hours respectively.

Physical characterization:

The morphology of the synthesized CNTs was visualized using
scanning electron microscope (SEM, JEOL, JSM-66101 V). CHN
elemental analyses were carried out using Perkin- Elmer
analyser PE2400 series Il.

Electrochemical characterization:

For electrochemical measurements, glassy carbon electrode
(GCE, @ 3 mm) embedded in teflon was used as a support for
the catalyst. Bare GCE was modified with different N-CNTs
viz. N-CNT 200, N-CNT 400 & N-CNT 600 individually which
served as working electrode (WE). Prior to its modification,
bare GCE was polished with different grades of alumina slurry
(3, 1, 0.3, 0.05 um respectively, Pine Instrument, USA) using
Nylon polishing cloth (SM 407052, AKPOLISH), rinsed
thoroughly under running water and then deionized water.
For surface modification of GCE, catalyst ink was prepared by
sonicating 1.0 mg of the CNTs in 0.5 ml of deionized water along
with 5 pul (0.002 % of 5 wt %) of Nafion using an ultrasonic bath and
20 ul of the prepared ink was drop casted on to GCE and dried at
50 °C for 20 min.
Electrochemical measurements were performed using
Autolab, PGSTAT 302N, a modular electrochemical system
driven by Nova 1.1.10 software. All measurements were
conducted in a single compartment cell equipped with
conventional three electrode configuration consisting of Pt
wire as a counter electrode (CE). All experiments were
performed at room temperature and the potentials were
referenced to the Ag/AgCl/3M KCl reference electrode (RE).
The sensitivity and selectivity performance of these CNTs
towards determination of heavy metal ions was evaluated
using cyclic voltammetry (CV) and square wave stripping
voltammetry (SWSV). SWSV was carried out at a frequency of
15 Hz, step potential of 0.3 mV and pulse amplitude of 25 mV
at a scan rate of 4.5 mV s™. All measurements, unless specified
otherwise repeated at least five times.

This journal is © The Royal Society of Chemistry 20xx
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Determination of heavy metal ions

SWSV was employed for determination of heavy metal ions under
optimized conditions (frequency 15 Hz, step potential 0.3 mV and
a pulse amplitude of 25 mV at a scan rate of 4.5 mV s'l).
Conventionally, SWSV involves accumulation of metal ions at an
optimized potential under stirring conditions followed by stripping
of the deposited metal to give stripping signal. Hence, in order to
speed up the electrochemical determination of metal ions (Pb and
Cd) we here propose to eliminate the time consuming pre-
concentration or accumulation step by utilizing the high affinity of
nitrogen rich functionalities towards Pb and Cd metal ions. High
affinity of nitrogen functionalities leads to efficient complexation
of metal ions which are reduced to form M° (M(I1)=> M(0)), and
are electro-oxidized (M(0)=> M(Il)) using single step SWSV while
stepping from -900 mV to - 300 mV after an equilibration time of 5
seconds. SWSV was carried out within a required potential range
to record the corresponding current signal variance as a function
of potential.

Results

As expected, the morphology of the N-CNTs shows tubular
appearance without any damage after post-treatment with
NHj; at different temperatures. (Fig. S1, Supporting Information
(sn).

CHN analysis were carried out to gain insights into the
elemental composition of the synthesized N-CNTs and nitrogen
content was found to be 8.8%, 8.2%, 6.8% and 4.5% for N-CNT
200, N-CNT 400, N-CNT 600 & N-CNT 800 respectively. The
detailed results are tabulated in Table S1, SI.

Electrochemical behaviour Cd and Pb metal ions

Preliminary analysis of the sensitivity of different N-CNTs and
O-CNTs towards determination of lead (Pb) and cadmium (Cd)
metal ions was performed by cyclic voltammetry (CV). GCE
modified with different CNTs (O-CNT, N-CNT 200, N-CNT 400
and N-CNT 600) was probed in the solution comprising of
Pb(NOs), (5 M) and CdCl, (10 uM) in 0.05 M H,SO, solution
(pH 4) with in the potential range of -900 mV to -300 mV. It is
clear from Fig. 1(a) that, CV does not show well pronounced
peaks however, exhibited two small humps at potentials of
ca. -780 mV and -500 mV which can be attributed to
conversion of Cd(0) = Cd(ll) & Pb(0) = Pb (ll) respectively.

Appearance of peak for Pb can be attributed to the
conversion of Pb(l1)>Pb(0) during the reduction step which
subsequently gets electro-oxidized back to Pb (Il) on reverse
sweep, leading to a pair of redox peaks centered at ca. -500
mV and -574 mV with a peak separation of 74 mV. Similar to
Pb, Cd also shows a pair of redox peaks with an oxidative
peak ca. -780 mV and a small broadened reduction peak at
ca. -800 mV. Since O-CNTs are well recognized as a potent
candidate for highly sensitive and selective determination of
heavy metal ions, comparative analysis was carried out for O-
CNTs, wherein O-CNTs also represent electro-oxidative peaks
corresponding to Pb and Cd metal ions with reduced current

This journal is © The Royal Society of Chemistry 20xx

response. Response of preliminary CV analysis necessitated
further insights into the sensitivity determination of N-CNTs
and O-CNTs.

This was accomplished by performing SWSV measurements
for various CNTs under similar conditions as applied for CV
within a potential range of -900 mV to -300 mV after
equilibration time of 5 sec. (Fig. 1 b).
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0 100 — N-CNT 600
ER 1 ®
= = N A
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-40 ——N-CNT 400
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EIV vs Ag/AgCl/3M KCI

Fig. 1. a) Cyclic voltammograms of various CNTs in 0.05 M sulphuric acid (pH 4.0)
solution containing 5 UM Pb(NO3), & 10 uM CdCl; solution at a scan rate of 5 mV 5’1,
CE: Pt wire, RE: Ag/AgCl/3M KCl. b) Square wave voltammograms of various CNTs in
0.05 M sulphuric acid (pH 4.0) solution containing 5 uM Pb(NO3), solution & 10 puM
CdCl, solution, SWV conditions: frequency 15 Hz; step potential 0.3 mV; pulse
amplitude 25 mV at a scan rate of 4.5 mV s, CE: Pt wire, RE: Ag/AgCl/3M KCl.

It is clear from Fig. 1 b that all CNTs exhibit two well defined
peaks centered at ca. -780 mV and -500 mV corresponding to
electrocatalytic based conversion of Cd(0)> Cd(ll) & Pb(0)>
Pb (1) respectively. However, N-CNT 600 possesses better
current responses viz. 68.02 pA and 57.93 pA for detection of
Pb and Cd metal ions respectively compared to other
temperature variants of N-CNTs (N-CNT 200 & N-CNT 400) and
O-CNTs. Better sensing response by N-CNT 600 could be
ascribed to its superior spontaneous adsorbability and multiple
nitrogen rich anchoring sites which act as trap centres for
metal However, all CNTs represented high affinity
towards Pb metal ions as compared to Cd ions.

Effect of concentration of Cd and Pb metal ions

ions.

Contrary to the time consuming conventional electrochemical
method which generally requires longer accumulation time,
we here avoid the pre-concentration step and employed single
step SWSV based determination of Pb and Cd metal ions
utilizing the affinity of various nitrogen containing groups
present in different temperature variants of N-CNTs. Hence,
various N-CNTs (N-CNT 200, N-CNT 400 and N-CNT 600)
modified GC electrodes were subjected towards
electrochemical determination of Pb and Cd metal ions at their
variable concentrations.

As it is clear from square wave stripping voltammograms (Fig.
2 & 3) all N-CNTs (N-CNT 200, N-CNT 400 and N-CNT 600) and
O-CNTs shows a linear increase in peak current with
subsequent increase in concentration of both Pb and Cd metal
ions. The linear current response for Pb metal ions was obtained in
the concentration range of 0.01 uM — 70 uM, whereas for Cd metal
ions the concentration range was 0.1 uM- 100 puM.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2: Square wave voltammograms of various CNTs in 0.05 M sulphuric acid (pH 4.0) with varying concentrations of Cd metal ions for a) N-CNT 200, b) N-CNT 400, c) N-CNT 600
and d) O-CNT. SWV conditions: frequency 15 Hz; step potential 0.3 mV; pulse amplitude 25 mV at a scan rate of 4.5 mV s, CE: Pt wire, RE:Ag/AgCl/3M KCl.

Calibration plots with 3 % error bars were also plotted for all
the samples and are depicted in the respective insets of Fig. 2
& 3. N-CNT 600 shows better response in terms of enhanced
peak current as compared to N-CNT 200 & N-CNT 400 and O-
CNTs. But the response of O-CNTs (Fig. 2d) shows an additional
small hump at higher concentrations which suggests that

nitrogen containing groups present in N-CNTs leads to efficient
anchorage of heavy metal ions resulting in excellent sensitivity
towards electro-oxidation of Pb and Cd metal ions.

3001
2254
= 1501

754

7 -0.6 -0.5 -0.4

E/V vs Ag/AgCl/i3 M KCI

06 -0.5 -0.4
E/V vs Ag/AgCl/3 M KCI

-0.6 -0.5 -0.4
E/V vs Ag/AgCIl/3 M KCI

0.4

0.5
E/IV vs Ag/AgCl/3 M KCI

Fig. 3: Square wave voltammograms of various CNTs in 0.05 M sulphuric acid (pH 4.0) with varying concentrations of Pb metal ions for a) N-CNT 200 b) N-CNT 400 c)
N-CNT 600 and d) O-CNT. SWV conditions: frequency 15 Hz; step potential 0.3 mV; pulse amplitude 25 mV at a scan rate of 4.5 mV s, CE: Pt wire, RE: Ag/AgCl/3M

KCl.
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In order to explore the potential of N-CNTs and O-CNTs
towards simultaneous determination of Pb and Cd metal ions,
ruling out mutual interference was carried out by increasing

ARTICLE

the concentration of one of the metal ions while keeping the
other constant. It is clear from (Fig. 4 & 5) that electrochemical

response for both Cd and Pb metal ions
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Fig. 4: Square wave voltammograms of various CNTs in 0.05 M sulphuric acid (pH 4.0) with varying concentrations of Cd metal ions in presence of 1 uM Pb metal ions
for a) N-CNT 200 b) N-CNT 400 c) N-CNT 600 and d) O-CNT. SWV conditions: frequency 15 Hz; step potential 0.3 mV; pulse amplitude 25 mV at a scan rate of 4.5 mV s’

', CE: Pt wire, RE: Ag/AgCl/3M KCl.

by various N-CNTs increases linearly with the increasing
concentration of metal ions being varied, while the peak current of
the other metal species remains constant as its concentration is
kept same. Moreover, increasing the concentration of one heavy
metal ions does not affect the peak current of the other metal ions
which is desired for a highly selective sensor. Results of the above
mentioned experiments suggest that at lower concentration of
one metal ions there is no significant interference in the
simultaneous determination of the other (varying Pb metal
ions concentration and Cd metal ions remaining constant and
vice-versa) using both N-CNTs (N-CNT-200, N-CNT-400 and N-
CNT-600) and O-CNTs. Calibration plots were made similarly as
done for individual determination of metal ions and are
provided as insets.

The sensitivity and other analytical parameters for CNTs
corresponding to simultaneous determination of metal ions
are listed in Table S2 and S3, SI with their respective linear
range and regression relations. N-CNT 600 depicted a high
sensitivity of 118.18 pA uM'lcm'2 and 37.15 pA uM'1 cm”

This journal is © The Royal Society of Chemistry 20xx

towards simultaneous determination of Pb and Cd metal ions
respectively which is substantially higher compared to other N-
CNTs and O-CNTs. The response of N-CNT 600 modified
electrode has been compared with the state of art (well
established) materials to realize the real advantage of N-CNT
600 for electrochemical sensing of Pb and Cd metal ions.
Mercury (Hg) and bismuth (Bi) has been well known for
electrochemical sensing of metal ions. Since Hg is toxic,
response of Bi nanoparticle modified GCE (Bi/GCE) was
subjected towards determination of Cd metal ions. For this
purpose, Bi nanoparticles were electrodeposited onto GCE
using previously reported literature® employing triple pulse
voltage techniqueao. However, Bi/GCE fails to elicit a significant
response towards determination of Cd metal ions even at high
concentrations (70 uM) which confirms that bismuth
nanoparticles require sufficient time for accumulation of metal
ions (Fig. 6). In absence of pre-concentration / accumulation
step bismuth lacks affinity towards Cd metal ions.

J. Name., 2013, 00,1-3 | 5
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Fig. 5: Square wave voltammograms of various CNTs in 0.05 M sulphuric acid (pH 4.0) with varying concentrations of Pb metal ions in presence of 1 uM Cd metal ions
for a) N-CNT 200 b) N-CNT 400 c) N-CNT 600 and d) O-CNT. SWV conditions: frequency 15 Hz; step potential 0.3 mV; pulse amplitude 25 mV at a scan rate of 4.5 mV s’

!, CE: Pt wire, RE: Ag/AgCl/3M KCl.
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Fig. 6: Square wave voltammograms at Bi modified GCE in 0.05 M H,SO, (pH 4.0) at
various concentration of Cd metal ions ranging from 0.1 uM — 70 uM. SWV conditions:
frequency 15 Hz; step potential 0.3 mV; pulse amplitude 25 mV at a scan rate of 4.5 mV
s™, CE: Pt wire, RE: Ag/AgCl/3M KCl.

Discussion

It can be deduced from the SWSV results obtained for both
individual as well as simultaneous determination of Pb and Cd
metal ions that N-CNTs possess various multi-adsorbing sites
which can attract heavy metal ions from bulk solution to the
electrode surface thus increasing the oxidative peak currents
and hence sensitivity towards their determination. More
importantly, eliminating the requirement of time consuming

6 | J. Name., 2012, 00, 1-3

pre-concentration or accumulation step essentially required
prior to the SWSV based determination of heavy metal ions.
The mechanism responsible for the interaction between the
metal ions and surface functional groups of CNTs can be
speculated to be either-electrostatic attraction, sorption—
precipitation and chemical interaction. Out of those sorption-
precipitation mechanism seems to be more relevant®*® for
understanding the interaction between metal ions and
nitrogen containing functional groups.

CHN elemental analysis was performed for the synthesized N-
CNTs (Table S1, Sl) which indicates that with increase in
temperature from 200 °C to 800 °C nitrogen content decreases
from 8.8% to 4.5%. These results well compliments with the
XPS data from our previously reported literature®’.

Hence, to gain a better understanding towards the excellent
electrocatalytic activity of N-CNTs, XPS results has been
correlated with the SWSV response obtained for
determination of Pb and Cd metal ions.

As tabulated in Table S4 SI, XPS results suggests that with
increase in temperature from 200 °C to 600 °C surface atomic
concentration of both nitrogen and oxygen decreases from 6%
to 4.3% & 19.4% to 2.4% respectively27. Mainly four different
types of N-functional groups, but with varying content viz.
pyridinic (N1), pyrrolic (N2), quaternary (N3) and pyridine N-
oxide groups (N4) are generated on the surface of N-CNTs
depending on the exposure of NH; at varying temperature527.
The differential distribution of nitrogen functional groups is
responsible for different electrochemical response (SWSV

This journal is © The Royal Society of Chemistry 20xx
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studies), as obtained for various N-CNTs towards
determination of Pb and Cd metal As described
previously27, low temperature (200 °C) amination results in
predominantly pyridinic (N1), and pyrrolic groups (N2) but as
the temperature increased to 400 °C quaternary groups (N3)
tends to appear on the surface of N-CNTs. Further increasing
the temperature to 600 °C, pyridine N-oxide groups also
appear on the surface of N-CNTs along with pyridinic, pyrrolic
and quaternary groups. With further increase in temperature
to 800 °C only traces of nitrogen and oxygen remains onto the
surface of N-CNT 800. To gain further insights towards the role
of nitrogen containing functionalities generated at high
temperature (800 °C), response of N-CNT 800 has been
evaluated towards individual determination of Cd and Pb
metal ions (Fig. 7). However, a reduced current response with
inability to detect low concentration (0.01 uM — 10 uM) of
both metal ions was evident. We speculate that reduced
response could be due to distorted structure of the N-CNT 800
with absence of sufficient anchoring sites for effective
complexation of Pb and Cd metal ions.

Hence, it is highly evident that the right blend of different N-
functional groups (N1, N2, N3 and N4) is required for high
affinity towards Pb and Cd metal ions resulting in efficient
interaction and hence better electrochemical determination.
Compared to N-CNT 600, N-CNT 400 possesses N1, N2 and N3
richly but lacks pyridine N-oxide surface moiety which
compromises the extent of adsorbability to these heavy metal
ions. This could be the reason of reduced sensitivity of N-CNT
400 towards Pb and Cd metal ions as evident from
electrochemical studies. Similarly, N-CNT 200 contains only
pyridinic and pyrrolic nitrogen groups whose electrochemical
sensing ability was lesser than N-CNT 400.

ions.

Thus, the sensitivity of N-CNTs decreases in the order N-CNT
600 > N-CNT 400 > N-CNT 200 > N-CNT 800 which confirms the
relevance of the type and right blend of nitrogen containing
groups in determining the electrocatalytic activity of N-CNTs
rather than the nitrogen content on whole. N-CNT 600 shows
highest sensitivity as indicated by the enhanced peak currents
obtained for SWSV experiments conducted for both individual
and simultaneous determination of Pb and Cd metal ions. XPS
indicates that presence of quaternary (N3)
pyridine-N-oxide(N4) type N-functional groups in N-CNT 600
enhances the electrocatalytic activity which suggests that
there might be profound interaction between N3 and N4 with
the heavy metal ions, thereby enhancing their sensitivity.
These results suggest that firstly, the higher electrocatalytic
activity is not proportional to the total amount of nitrogen and
secondly it depends on the type of nitrogen containing groups
present. In the present study to sense Pb and Cd metal ions,
quaternary and pyridine N-oxide nitrogen containing groups
played crucial role in determining the sensitivity towards these
metal ions.

studies and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7: Square wave voltammograms at N-CNT 800 modified GCE in 0.05 M H,SO, (pH
4.0) at various concentration of a) Cd metal ions ranging from 0.1 pM — 100 uM b) Pb
metal ions ranging from 0.1 pM — 70 pM. SWV conditions: frequency 15 Hz; step
potential 0.3 mV; pulse amplitude 25 mV at a scan rate of 4.5 mV s™, CE: Pt wire, RE:
Ag/AgCl/3M KCl

Evaluation of selectivity, stability and interference

Some other common heavy metal ions such as Cu (IlI) was also
tested to evaluate the selectivity of the proposed sensor (N-
CNT 600/GCE). It was found that copper can also be
determined at -50 mV (Fig. S3, Sl). But produce weak signals
with broadened peaks, which suggests high affinity of nitrogen
containing groups towards Pb and Cd metal ions. However, Cu
metal ions produce characteristic peak which can be clearly
distinguished and is well separated. Furthermore, this implies
that N-CNT 600/GCE can be used as a highly sensitive and
selective sensor for determination of Pb and Cd metal ions. In
order to determine the stability of the proposed N-CNT
600/GCE, response of the sensor was observed over a period
of 20 days. The current response decayed by about 2.3 % and
3.5 % for Pb and Cd metal ions respectively which shows
excellent stability of N-CNT 600/GCE over a period of 20 days.

In addition, interference studies were also conducted using
foreign substances including anions such as ClI” by addition of
such anions in a standard solution containing Cd and Pb metal
ions. All N-CNT does not possess any significant influence of
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such anions on the determination of Pb and Cd metal ions. The
performance of N-CNT 600/GCE has been compared with
other well established potential candidates for simultaneous
determination of Pb and Cd metal ions as depicted in Table 1.

Table 1 Comparative analysis of N-CNT 600 modified GCE for determination of

Pb and Cd metal ions with existing literature

Deposition Deposition Linear range (uM)
Electrode time potential Ref.
(min) (mv) Pb(11) cd (1)
AIOOH
modified 2 min -1200mV  0.2-0.8  0.2-0.8 *
electrode
SBA- -
6 min -1200 mV 0.4-90 0.6-30
15/IL/CPE
OMC"-Nafion .
5 min -1000 mV 0.2-2 -
modified GCE
CNT tower . 6
2 min -1500 mV 0.5-3 1-4
electrode
SBA-15° /CPE 3 min -800 mV 0.3-7 2-10 ¥
N-CNT 600/ Present
- - 0.01-70  0.1-100
GCE work

? Nanostructured silica organofunctionalized with 2-benzothiazolethiol

" Ordered mesoporous carbon

Real Sample Analysis

For realization of practical application of the N-CNT 600/GCE,
recovery studies on real samples were carried out using
standard addition method. (Table S5, SI) The real sample was
collected from tap water (IIT Ropar) as well as ground water
taken from nearby village of Ropar. The real sample was
diluted with 0.05 M sulphuric acid in 1:1 ratio to obtain final
pH of the solution to be 4.0. No further sample treatment was
done. Standard additions of Pb and Cd metal ions were
performed in the diluted samples. The recovery studies were
performed by adding known amount of target metal ions in
real samples as depicted in Table S5, SI. The recovery for both
the samples ranged from 96% - 110 %. These results reveal
that the proposed N-CNT 600 modified GCE holds significant
potential for determination of Cd and Pb metal ions in natural
water resources.

Conclusions

N-CNTs were shown to possess excellent sensitivity towards
the determination of heavy metal ions like Pb and Cd due to
the presence of multiple nitrogen functional groups onto the
surface of carbon nanotubes. In contrast to O-CNTs, N-CNTs
shows sharp peaks with well separated potentials for the
determination of Pb and Cd metal ions. Amongst them, N-CNT
600 better sensitivity
determination of Pb and Cd metal ions. These favourable
features of N-CNTs offer great promise for simultaneous

illustrates towards simultaneous

8| J. Name., 2012, 00, 1-3

determination of Pb and Cd metal ions in natural water
resources.
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