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INTRODUCTION

Cadmium is widely used in many industrial processes such
as electroplating, painting and battery manufacturing, has been
recognized to be a highly toxic and dangerous in the environ-
ment. This metal and its compounds are extremely toxic even
at low concentrations. The determination of low levels of
cadmium is important. because of its ability to bio-accumulate
in living organisms as well as in the environment.

Currently, the determination of Cd in water is typically
measured by standard methods such as graphite furnace atomic
absorption (GF-AA)1, inductively coupled plasma mass spec-
trometry (ICP-MS)?, atomic absorption spectroscopy (AAS)’,
voltametric'*. Compared with the others, voltametric method
has several advantages e.g., low-cost inexpensive, easy to use,
direct measurement, fast response and portability. Cadmium
like most heavy metals is electroactive and it can be electro-
chemically detected. Therefore, the voltametric method is
useful to determine cadmium in the environment. In this
method, the conventional working electrode was used to
determine the concentration of Cd in aqueous solution using a
glassy carbon, gold, carbon paste electrode (CPE). To improve
the electrochemical signal, the electrode modification was
investigated and heavily developed in recent years in many
ways such as using self-assemble’’, porous'®", film
electrode'*. In addition, the change in composition of carbon
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Carbon paste electrodes modified with ionic liquid and carbon nanotubes were used for the determination of trace cadmium by anodic
stripping voltammetry. The electroanalytical performance for the determination of Cd** on the ionic liquid-carbon paste electrode and |
ionic liquid-carbon nanotube carbon paste electrode (IL-CPE and IL-CNT-CPE) were better than that on the pure carbon paste electrode.
Compared with two others, the best electrode obtained in this study was IL-CNT-CPE. The measuring conditions were also optimized.
The measurement of trace cadmium on the IL-CNT-CPE had the best response under the conditions of 0.10 M phosphate buffer solution |
(PBS) (pH 4), deposition potential of -1 V and a deposition time of 240 s. The IL-CPE and IL-CNT-CPE revealed highly linear behaviour
in the concentration range of 20-100 ppb and 5-220 ppb with detection limits of 5 ppb and 1.48 ppb respectively. The developed sensor
has been applied to the determination of Cd** in real water samples with satisfactory results.

paste electrode by ionic liquid (IL) has received considerable
attention by many scientists because of its useful properties
e.g., high chemical and thermal stability, viscosity, negligible
vapor pressure and good conductivity?' >,

Since the construction of the first carbon paste electrode
by Adams in 1958, numerous reports on the fabrication and
modification of the carbon paste electrode have appeared to
achieve selective, sensitive and reproducible electrochemical
biosensors. A carbon paste electrode consists of electrically
conducting graphite powder and a non-conductive organic
liquid, Nujol and paraffin being the most commonly used.
However, carbon paste electrodes display defects associated
with poor fabrication reproducibility and mechanical
fragility compared to metal electrodes. Therefore, the
replacement of the traditionally used Nujol and paraffin
with ionic liquids, which serves as a binder and conductor,
has been shown to be an attractive and efficient alternative
to fabricate electro-chemical sensors. The application of
ionic liquids as a binder agent produce more uniform
electrodes than those obtained in traditional carbon paste
electrodes™.

Comparatively, few papers per year on ionic liquid-
modified electrodes were published. However, starting after
2005, the usefulness of ionic liquid for electrode modification
was recognized and resulted in rapid increase in the number
of reports reaching almost 300 in the middle of 20127,
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Because of their superior characteristics, ionic liquids
have been employed as a binder for carbon paste electrode.
The improvement of voltammetric signal when paraffin oil is
replaced by ionic liquid was also reported®, perhaps due to
better properties of the polar components in the binder.

The application of ionic liquids as electrolytes has increased
enormously and many review articles can be found in lite-
rature”’. Some articles briefly mentioned electrodes modified
with ionic liquid or having ionic liquid as one of the compo-
nents. There are many ways to modify electrodes using ionic
liquids. To date, imidazolium-based ionic liquids with tetra-
fluoroborate anion have been the focus of numerous publi-
cations dealing with their physico-chemical properties, phase
equilibria and direct application studies®. In a few publications,
imidazolium-based ionic liquids were used as a binder for
carbon paste electrode®.

In this paper, we studied the use of ionic liquid for the
modification of carbon paste electrodes. We focused on
examining the relationship between the ratios of ionic liquid
in the carbon paste electrode with the electrochemical signal
of oxidation of cadmium to obtain optimized composition of
ionic liquid modified carbon paste electrode (IL-CPE) for the
determination of Cd** in water. The elctrochemical behaviour
of IL-CPE and IL-CNT-CPE was investigated and some para-
meters were examined to select the best conditions for the
determination of cadmium.

EXPERIMENTAL

All reagents were of analytical grade and were used with-
out additional purification. 1-Butyl-3-methylimidazolium
tetraflouroborate [Bmim][BF,] was received from the Kakuichi
laboratory as a gift with a structure as shown in Fig. 1 (Mole-
cular formula: CsH;sBF.N,, formular weight: 226.02 g, m.p.
=71 °C,d =1.21 g/mL at 20 °C)
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Fig. 1. Molecular structure of ionic liquid used for modification of
electrode

Graphite powder obtained from Cica Reagent, Japan and
paraffin oil from Wako, Japan were used directly without
modification.

Solutions were prepared by dissolving the reagents in
distilled water. Stock cadmium and mercury solutions (1000
ppm) purchased from Merck were prepared in 0.1 M nitric
acid. The supporting electrolyte for voltammetric experiments
was phosphate buffer prepared from dissolving a mixture of
K,HPO, and KH,PO; in distilled water with the pH adjusted
by the addition of H;PO, solution. Additional diluted solutions
with desirable concentrations were prepared daily from the
stock solution.

Voltametric measurements were performed with a home-
made potentiostat/galvanostat model PGS-HHS (Institute of

Chemistry, VAST). The electrochemical cell was used with a
conventional three electrode system: An Ag/AgCl/KCI refe-
rence electrode and a platinum wire as a counter electrode.
All potentials were given with respect to the Ag/AgCl electrode.
Working electrodes used in this study were a IL-CPE, IL-CNT-
CPE and a conventional carbon paste electrode for comparison.

Preparation of electrodes: The ionic liquid-carbon paste
electrode was prepared following similar procedures reported
in previous papers* . The IL-CPE was constructed by thoro-
ughly mixing graphite powder, paraffin oil and [Bmim][BF4]
with different ratios of 80/20/0-EL1, (carbon paste electrode),
80/10/10-EL2 and 80/5/15-EL3, respectively (w/w/w) in a
agate mortar for 20 min. The mixture was then tightly packed
into one end of a teflon tube (5 mm internal diameter) and a
gold wire was inserted through the opposite end for electrical
contact. The surface of the IL-CPE and carbon paste electrode
was manually smoothed by polishing on clean paper and was
then rinsed with distilled water before use without any
electrochemical pretreatment.

Electrochemical measurements: The electrochemical
behaviour of IL-CPE was investigated by cyclic voltammetry
(CV)in 0.01 M K;[Fe(CN)s)/K4[Fe(CN)e] in 1 M KCl solution
to examine the behaviours of prepared electrodes. The detec-
tion of cadmium ion was carried out by anodic stripping diffe-
rential pulse voltammograms (ASDPVA) using the following
procedure. First, the cadmium was concentrated on the elec-
trode surface by applying a potential at -1 V (vs. Ag/AgCl) for
240s in the stirring phosphate buffer solution solution with
1 ppm Hg?* added to form an in situ film. Second, the stripping
voltammograms were recorded by scanning from-1Vt0 0.7 V
after 10 s quiescence. All experiments were carried out at room
temperature.

RESULTS AND DISCUSSION

Electrochemical behaviour of ionic liquid-carbon paste
electrode: Ks[Fe(CN)q]/K4[Fe(CN)s] was selected as a probe
to evaluate the performance of the prepared electrodes. Fig. 2
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Fig. 2. Cyclic voltammograms of carbon paste electrode and IL-CPE
in 0.01M K;Fe(CN)y«/KsFe(CN)s + 1M KCI. Scan rate 10 mV/s,

(—) CPE, (A) IL-CPE
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shows the electrochemical responses of carbon paste electrode,
IL-CPE in 0.01 M K;[Fe(CN)s]/K4[Fe(CN)¢] solution. Two
clear reversible peaks are visible at a two curve response to
[Fe(CN)g]*™* redox couple according to the reaction:

[Fe(CN)s]* + e — [Fe(CN)]*

It was observed that the peak current of the electrode
with the presence of [Bmim][BF.] ionic liquid (A) in the
compo-sition significantly increased compared to that at
carbon paste electrode (—). The current signal in this case is
almost two times higher than that of pure carbon paste
electrode.

The results presented indicate that the electrode reaction
and the conductivity of carbon paste electrode were greatly
improved. This can be explained by the fact that the replace-
ment of paraffin oil with conductive ionic liquid as a binder
led to the increase of faradaic signal because of some reactants
were transferred through ionic liquid/electrolyte solution and
electrode at carbon/ionic liquid interface in IL-CPE body?.
This does not occur at conventional carbon paste electrodes
with nonpolar binder. On the other hand, some carbon graphite
particles were covered by paraffin oil behaving as inactive
species on the carbon paste electrode surface. The replacement
of ionic liquid to paraffin oil made those particles become
more active, so the working area surface in IL-CPE was larger
than that on carbon paste electrode. The results obtained
showed that the presence of ionic liquid not only acted as a
binder but also improved the electron transfer ability and
surface area in the carbon paste electrode.

Electrochemical signal of cadmium at ionic liquid-
carbon paste electrodes: Fig. 3 shows anodic stripping diffe-
rential pulse voltammograms (ASDPVA) of Cd** (60 ppb) in
phosphate buffer solution (0.1 M, pH 4) at different electrodes.
In the blank solution, no current wave was observed. In the
presence of Cd** in the solution, the well-defined peak appeared
at the potential of -0.67V corresponds to oxidation of Cd to Cd**.
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Fig. 3. ASDPVAs of 60 ppb Cd* at the IL-CPE with the ratios of
graphite powder/paraffin oil/ionic liquid 80/5/15 (1), 80/10/
10 (M) and 80/20/0 (-), respectively. Curve of blank solution
was substracted. Deposition potential: -1 V, deposition time:
240s, stripping potential range: -1 V to -0.5 V

It can be seen that the height of the peak was raised with
an increase in the amount of ionic liquid in the composition
of the modified electrode; e.g., the current at the curve (M)
with the ratio of graphite powder/parrafin oil/ionic liquid 80/
5/15 is 18 pA, more than two times higher than signals at the
curve (A) 12 pA and about four times higher than that
obtained on carbon paste electrode. In the case of increasing
the percentage of ionic liquid more than 20 %, the electrode
surface was visually broken during the accumulation process
because of a decrease of paraffin oil that led to a link between
graphite particles which in turn became weaker and unstable.
This result shows the role of ionic liquid in the composition
of carbon paste electrode and that it is possible to improve the
possibility of detection of cadmium by using the IL-CPE. The
IL-CPE with ratio 80/5/15 was chosen for further experiments.

Effect of pH: The influence of pH on the stripping peak
current of Cd* was investigated in the pH range of 3-6 in
phosphate buffer solution 0.1 M and the results are shown in
Fig. 4. It can be seen from Fig. 4 that the acidic environment
is more suitable for the stripping process of metal on the IL-
CPE. This is in agreement with published papers***. In a study
range of pH, the current peak reaches a maximum at pH 4 and
decreases with increasing pH value. At a pH < 3, a strong
evolution of hydrogen occurred on the electrode surface and
dramatically reduced current signal thus affecting the stablility
of the electrode. Therefore, the 0. 1M phosphate buffer solution
pH 4 was chosen as electrolyte solution for the following
experiment.
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Fig. 4. Effect of pH on the peak current of Cd** at the IL-CPE with
ratio 80/5/15 in the 0.1M phosphate buffer solution containing
60 ppb Cd**

Calibration curves and detection limit: Attempts to
build calibration curves and the determination of detection
limits were conducted using three different ratios of ionic liquid
(EL1, EL2 and EL3).

To verify the practicality of the IL-CPEs for the determi-
nation of Cd*, the stripping processes of the metal ion were
investigated. The anodic stripping voltammetric responses of
different Cd** concentrations in 0.1M phosphate buffer solution
(pH 4) under the optimized conditions, are shown in Fig. 5.
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Fig. 5. ASDPVAs of different Cd** concentrations in 01.M phosphate
buffer solution of pH 4. Concentration of Cd** (from 20 to 100
ppb; deposition potential: -1 V; deposition time: 240s. The
inset: calibration curve for determining Cd** of the EL1, EL12
and EL3

It can be seen from the inset of Fig. 5 that the peak current has
a good linear relationship with the concentration of Cd**. The
linear regression equation for Cd** y, = 0.172x - 2.959; y, =
0.227x - 2.910; y3 = 0.298x - 2.305, (y: LA, x: ppb) in the
concentration range from 20 to 100 ppb and the correlation
coefficient is R =0.995, R =09975, R =0.9990 for EL1, EL2
and EL3, respectively.

The detection limit, defined as the concentration of the
analyte giving signals equivalent to three-time the standard
deviation of the blank signals (S/N = 3), is 7.83 ppb for ELI,
4.82 ppb for EL2 and 3.72 ppb for EL3, which is as sensitive
as that for Cd** in the some previous publications**, The
reproducibility of the stripping peak current obtained on IL-
CPE was investigated by repeated measurements in the solution
containing 40 ppb Cd**. With sample size n = 5 the calculated
relative standard deviations (RSD) of peak currents were 1.58
%. The high reproducibility indicated that IL-CPE was suitable
for analytical measurement.

Adding carbon nanotubes (CNT) into in desired electrodes
in order to reduce the detection limit of Cd** in the study environ-
ment was also studied in order to improve to sensibility of the
Cd** probe. Since 2003, it has been known that imidazolium-
type ionic liquids tend to form physical gels when grounded
with SWCNTs" by physical cross-linking of the nanotube
bundles, mediated by local molecular ordering of ionic liquids.
Similarly, highly electroconductive material can be formed
from polymerizable ionic liquid and SWCNTs* ¥, IL-CNT
gel and analogous material containing carbon microbeads and
ionic liquid were first recognized by Professor Shaojun Dong
as suitable electrode material®. Further studies of these
electrodes obtained from variety of hydrophobic or hydrophilic
ionic liquids showed the utility of this easily prepared electrode
material, which can be deposited in a form of thick film on
solid conductive substrate. Although most papers report IL-
CNT gel electrodes made of SWCNTs, MWCNTs*** and
mesoporous carbon® also form gel films suitable for electrode
preparation. These electrodes exhibit larger capacitive
current than that of carbon-based material and redox activity
characteristic for carbon nanotubes’.

The substances used in the preparation of electrodes consist
of graphite powder (see above), single wall carbon nanotube,
parafin oil and [Bmim][BF,]. Electrolysis modes are exactly
as described above (0.1M phosphate buffer solution as elec-
trolyte, deposition potential: -1 V; deposition time: 240s,
potential scan range from -1 to -0.5V vs. Ag/AgCl).

Two groups of IL-CPEs were prepared with the ratios
indicated in Table-1. The last columm provides the values of
peak currents (I,) obtained from each studied electrode with
certain content. Concentration of Cd** used for those measu-
rements is 60 ppb.

Two groups are split in order to verify the content of CNT
in the mixture. In group 1, the sum of paraffin oil and ionic
liquid was controlled as 20 of the weight while in second group,
it was kept as 30. The ratio of carbon nanotubes varied are
shown on Table-1.

From the results in Table-2, we can see clearly that the
electrode modified with graphite powder/carbon nanotubes/
paraffin oil/[Bmim][BF.] at 50/20/15/15 in weights, oxidation
peak of Cd** is highest at 25.553 uA. The standard curves
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TABLE-1
COMPOSITION OF PREPARED IL-CNT-CPE AND I, OBTAINED
Graphite Abon . [Bmim]
Group  powder  nanotubes o?i}if&) [BF,] I (A)
(% w) (% w) (% w)
20 - 6.8627
15 5 7.5656
5 > 10 10 10.282
5 15 X
20 - 7.8442
15 5 7.9769
! 0 10 10 10 10.907
5 15 X
20 9.1708
15 5 9.9210
63 15 10 10 10.032
5 15 X
30 0 9.1556
20 10 13.317
60 10 15 15 20.355
10 20 X
30 0 9.4010
20 10 16.801
I 30 20 15 15 25.553
10 20 X
30 0 8.7261
20 10 9.4010
40 30 15 15 X
10 20 X

were built using this ratio as the best case. Fig. 8 shows the
anodic stripping voltammetric responses of different Cd**
concentrations in 0.1 M phosphate buffer solution (pH 4 under
the optimized conditions (graphite powder/carbon nanotubes/
paraffin oil/[Bmim][BF.] at 50/20/15/15 in weights). It can
be seen from the inset of Fig. 6 that the peak current has a
good linear relationship with the concentration of Cd**. The
linear regression equation for Cd* y = 0.95301 + 0.413x, (y:
UA, x: ppb) in the concentration range from 20 to 100 ppb
with a correlation coefficient of R*= 0.99934. The detection
limit is determined as 5 ppb. The reproducibility of the stripping
peak current obtained on this modified IL-CNT-CPE was
investigated by repeated measurements in the solution conta-
ining 20 ppb Cd** (Fig. 7). With a sample size n = 10 the calcu-
lated relative standard deviations (RSD) of peak currents were
1.58 %.

It can be seen from Table-2 that most of ions had little
interference for the signals of Cd** at 20 ppb, even at a
concentration of a thousand times higher. For Cu** and Pb**
ions, in the presence of high concentration of Cu** and Pb**
(100 times higher), the stripping peak current of Cd** decreases.
Major interferences include intermetallic compound formation,
overlapping stripping peaks adsorption of organics and
complexation. In this case, when Cd**, Cu** and Pb*" are present
simultaneously, cadmium forms intermetallic compounds with
copper and also competes with Pb for surface active sites. As
a result, the stripping peak for the constituent metals may be
severely depressed or shifted and additional peaks due to
intermetallic compound stripping may be observed.

An attempt with a mixture of above metallic ions was
also done to investigate the interference between them when
they are coexisting in solution. Concentration of all above ions
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Fig. 6. ASDPVAs of different Cd** concentrations ranged from 5-220

ppb in 01.M phosphate buffer solution of pH 4, built up on IL-
CNT-CPE; deposition potential: -1 V; deposition time: 240s.
Background curve was substracted. The inset: calibration curve
for determining Cu®* in range of 5-220 ppb on IL-CNT-CPE
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Fig. 7. ASDPVAs collected from ten separately measurements in 0.1 M
phosphate buffer solution containing 20 ppb Cd** at electrode modified
with graphite powder/arbon nanotubes/paraffin oil/ BmimBF, at 50/
20/15/15 (%) in weights, potential: -1 V; deposition time: 240 s

in solution containing 20 ppb of Cd**, except Cu** and Pb**
with 500 times higher was test. No interference in terms of
anodic stripping current peaks was found. However, with the
prerence of Cu** and Pb* only at 10 folds, peak of Cd** in
study solution was depressed. Data is presented in Fig. 8.

The developed electrode was used to analyse a water sample
collected from the Red river, a main river draining from the
northern region of Vietnam, through Hanoi. Red river water
sample was filtered through a Whatman GF/F glass fiber filter
to remove suspended particulates and other materials and the
pH was adjusted to 4 using phosphate buffer solution. Samples
were analyzed within 48 h.

Application of the voltammetric method using the modi-
fied electrodes described above did not show any traces of
cadmium. Spiking the water sample with three standard
additions of cadmium with different concentrations resulted
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TABLE-2
RATIOS OF SIGNAL OBTAINED BY Cd**/SIGNAL OBTAINED BY Cd** ADDED METALLIC IONS, %

Concentration of Cd*/

. . Ca** Ni* Co* Cr** Fe?* Zn** AP Mn?* Pb* Cu*
concentration of added ion
1:1 99.04 100.05 98.66 98.92 99.06 99.99 100.49 99.68 98.69 99.70
1:10 100.06 98.47 99.18 100.82 98.80 98.91 99.91 98.36 94.45 66.24
1:20 100.25 101.28 99.00 100.64  100.12 100.10 97.34 98.64 90.64 46.49
1:50 98.60 100.80 100.27 100.64 99.78 99.32 95.79 99.23 86.86 36.22
1:100 100.14 100.21 98.92 99.46 99.99 100.57 97.44 99.13 X X
1:200 99.76 100.54 96.29 96.45 96.20 100.55 97.01 98.95 X X
1:500 99.51 98.15 99.31 96.54 99.95 98.88 94.73 99.94 X X
1:1000 94.74 79.95 99.06 73.11 97.66 71.57 93.90 97.06 X X
TABLE-3
RECOVERY OF Cd** FROM THE RED RIVER WATER SAMPLE
No. Original (ppb) Cd* Added (ppb) Cd** Found (ppb) Average Recovery (%) RSD (%)
Not detected 1 20.38
S1 Not detected 20 o 18.39 18.98 94.9 6.4
Not detected 34 18.17
Not detected 1™ 40.95
S2 Not detected 40 2n 41.79 40.31 100.8 4.7
Not detected 34 38.18
Not detected 1 84.04
S3 Not detected 80 2nd 78.44 80.00 100 44
Not detected 34 77.53
140 background over the whole potential range of interest and
1 5 revealed attractive electroanalytical performance in acidic
120 + 1 medium of pH 4. Finally, the practical applicability of the
1 “ proposed electrode was successfully demonstrated with
100

E(V)

Fig. 8. ASDPVAs of Cd** at electrode modified with graphite powder/
carbon nanotubes/paraffin oil/BmimBF; at 50/20/15/15 (%) in
weights, deposition potential: -1 V; deposition time: 240s. (1) Cd**
20 ppb in 0.1 M phosphate buffer solution (-); (2) Cd** 20 ppb
(peak at -0.65 V) added Cu** (peak at +0.1V) and Pb** (peak at -0.4
V) 200 ppb (-@-) in 0.1 M phosphate buffer solution

in recoveries of 94-108 %, in comparison with the data of the
calibration plots. Results are shown in Table-3.

Conclusion

We describe the preparation, optimization and practical
application of the carbon paste electrode, IL-CPE and IL-CNT-
CPE prepared in situ at the carbon paste substrate electrode.
The sensitivity of the carbon paste electrode was improved
significantly by the incorporation of ionic liquid and IL-CNT
and the detection limit for Cd** was archived at several ppb.
The IL-CPE and IL-CNT-CPE exhibited strong stripping
voltammetric signals for testing metal Cd* ion with a low

measurements of microgram per liter concentration levels of
cadmium ions in natural water samples collected from the Red
river in Hanoi, Vietnam. Combined with a lab constructed
galvano-potentiosat, these portable and rapid electrochemical
sensors, can be used effectively in on-site measurement with
low cost and are extermely suitable for challenging environ-
mental surveys in developing countries like Vietnam.
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