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Abstract: A new copper sensitive all solid-state ion-selective electrode was prepared using multi-
walled carbon nanotubes-ionic liquid (1-butyl-3-methylimidazolium hexafluorophosphate) nanocom-
posite as an additional membrane component. The effect of nanocomposite content in the membrane
on the electrode parameters was investigated. The study compares, among others, detection limits,
sensitivity, and the linearity ranges of calibration curves. Content 6 wt.% was considered optimal for
obtaining an electrode with a Nernstian response of 29.8 mV/decade. An electrode with an optimal
nanocomposite content in the membrane showed a lower limit of detection, a wider linear range and
pH range, as well as better selectivity and potential stability compared to the unmodified electrode.
It was successfully applied for copper determination in real water samples.

Keywords: copper ion-selective electrode; solid contact; nanocomposite; potentiometry;

copper determination

1. Introduction

Copper occurs naturally in metallic form, as well as in ores and minerals, and in the
form of complexes and solid particles in various types of water: surface, drinking, ground
and sea water [1,2]. Due to its many useful properties, which include: high stability, flexibil-
ity and electrical conductivity, both copper and its numerous alloys have many applications
in households and industry (in electroplating and photography, microelectronics, or as
catalysts) [1]. Copper is an important trace element necessary for the proper functioning of
human and animal organisms, however, both the excess and deficiency of this element can
cause adverse health effects [1].

Copper is, inter alia, a component of metalloenzymes in which it acts as an electron
donor or acceptor in important redox reactions, including collagen cross-linking, melamine
production or mitochondrial respiration. Its presence makes it possible to maintain home-
ostasis and the proper functioning of the body from the development and growth of the
fetus. Copper plays an important role in the metabolism of iron and glucose, helps in
the proper work of the brain and heart muscle. It takes part in the synthesis of neuro-
transmitters as well as in antioxidant and immunological processes [1,3,4]. Long-term
exposure to overly high concentrations of copper can cause many health problems [5]. A
high concentration of copper can lead to redox reactions of the Fenton type, and hence to
oxidative damage to biological systems, and cell death [3]. Copper is indirectly associated
with the occurrence of neurological disorders, including prion diseases or Alzheimer’s
disease [1]. People who consciously or unknowingly ingest increased doses of copper
develop a number of symptoms including dizziness and nausea, headache and abdominal
pain, diarrhea and vomiting, irritation of the eyes, nose and mouth. In such a situation,
liver and kidney failure and, in severe cases, even death can occur [1,5].
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The human body contains about 100 mg of copper, while the recommended daily
intake of copper is about 2 mg, and a dose of 10-15 mg is considered toxic [2,3]. Copper
enters the human body with food and drinking water [1]. Foods that are rich in copper
include nuts, grains, legumes, potatoes and some fruits, as well as the liver of mammals,
molluscs and crustaceans [1]. Depending on many factors, the copper content of drinking
water may range from 0.005 to 30 mg L~ [2]. The heavy metal content of the aquatic envi-
ronment has increased in parallel with the rapid industrialization over the past 150 years.
The average concentration of copper in uncontaminated river waters is 10 pg L~! and in
polluted waters it can reach 30-60 ug L~!. In recreational reservoirs, concentrations of
1 mg L~! and lower are used to suppress the growth of harmful algae. Taking into account
both the beneficial and toxic effects of copper, its monitoring in the environment is very
important. In water samples copper can be easy determined potentiometrically using a
copper ion-selective electrode.

Potentiometry is one of the simpler analytical techniques using easy-to-use apparatus,
and is also characterized by relatively low costs and speed of measurements [6,7]. Thanks
to these advantages, potentiometry is used to determine more than 60 different analytes
in many branches of science and industry (chemical and clinical analysis, environmental
monitoring, process control, etc.) [7,8]. Potentiometric measurement consists of measuring
the electromotive force of a cell working under near-zero current conditions consisting of a
working electrode, which is an ion-selective electrode, and a reference electrode [8].

In the last decades, ion-selective electrodes with solid contact have gained great popu-
larity, in which the liquid contact is replaced only by an additional thin layer of a substance
characterized by ionic and electronic conductivity, placed between the electrode material
and the membrane layer. This was made to improve the stability and reproducibility of
the electrode potential, which deteriorated significantly when the ion-selective membrane
was applied directly to the surface of the solid electrode, as was the case with coated
wire electrodes, first proposed almost 50 years ago. By eliminating the internal solution,
the electrodes were designed to be smaller in size, easier to handle and store than their
predecessors, and to avoid the risk of solution evaporation or leakage [8]. Ion-selective
electrodes with solid contacts are also characterized by an easier structure than their classic
predecessors, with greater possibilities of shape modification and lower production costs.
Moreover, these types of electrodes often allow for lower detection limits and can work in
any position and under unfavorable conditions (e.g., high pressure), in which sensors of
other types could be damaged [2,9].

In recent years, many electroactive substances have been used as solid contacts in
ion-selective electrodes: conducting polymers (typically polypyrrole doped by chloride
ions [10], ladder conjugated polymer-thieno[3,2-b]thiophene [11]), hydrogel [12], redox-
active self-assembled monolayers [13], carbon nanomaterials (singlewalled carbon nan-
otubes (SWCNTs) and graphene [14], multiwalled carbon nanotubes (MWCNT) [15] colloid-
imprinted mesoporous carbon [16], three-dimensionally ordered macroporous (3DOM)
carbon [17], carbon black [18]), nanoparticles (gold [19] and platinum [20]). To achieve
better properties of analytical sensors, scientists have also used combinations of several
components used for this purpose (multiwalled carbon nanotubes and bimetallic nanopar-
ticles AuCu [21]) or their modifications (gold nanoparticles functionalised with lipoic acid
or lipoic amide [22] or octadecane modified MWCNT [23]).

In this work, a new all solid-state copper ion selective electrode based on multiwalled
carbon nanotubes-ionic liquid nanocomposite is described. A nanocomposite was prepared
using multiwalled carbon nanotubes and 1-butyl-3-methylimidazolium hexafluorophos-
phate (BMImPFg). Both components play an important role in the electrode operation and
contribute to the improvement of its analytical and electrical parameters. Multiwalled car-
bon nanotubes act as ion-to-electron transducer facilitating the charge transfer between the
membrane and the internal electrode [15,24]. As we have shown in previous works, ionic
liquids can be successfully used as an ionic membrane component that reduces resistance
and facilitates the transport of the main ion from the water phase to the membrane [25,26].
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1-butyl-3-methylimidazolium hexafluorophosphate (BMImPFy) was successfully used as
an extraction solvent for preconcentration of copper [27,28]. Therefore, we have decided to
use this ionic liquid in the form of a nanocomposite with MWCNTs to prepare copper all
solid-state ion-selective electrodes. The use of a nanocomposite combines the beneficial
functions of both components and allows a homogeneous membrane to be obtained.

2. Materials and Methods
2.1. Reagents

N,N,N’ N'-Tetracyclohexyl-2,2’-thiodiacetamide (copper(Il) ionophore IV) and
2-nitrophenyl octyl ether (NPOE) were purchased from Fluka. Ionic liquid: 1-butyl-
3-methylimidazolium hexafluorophosphate (BMImPF;), multiwalled carbon nanotubes
(MWCNTs) with 6-9 nm diameter, 5 um length and poly(vinyl chloride) low molecular
weight (PVC) were obtained from Sigma Aldrich. Copper nitrate (pure pro analysis), other
nitrate salts used in the interference study and other reagents were purchased from Fluka.
All aqueous solutions were prepared using freshly deionized water.

2.2. Preparation of Nanocomposite

MWCNTs- BMImPF; nanocomposite was obtained by mixing 100 mg of nanotubes
with 500 mg of ionic liquid and thorough homogenization of the mixture in an ultrasonic
bath for 1 h.

2.3. Preparation of the Electrode

Electrodes with different nanocomposite contents in the membrane from 0 to 8%, were
made. The membranes contained, for electrode 1: 1% ionophore, 33% PVC, 66% NPOE; for
electrode 2: 1% ionophore, 33% PVC, 64% NPOE, 2% nanocomposite; for electrode 3: 1%
ionophore, 33% PVC, 62% NPOE, 4% nanocomposite; for electrode 4: 1% ionophore, 33%
PVC, 60% NPOE, 6% nanocomposite; for electrode 5: 1% ionophore, 33% PVC, 58% NPOE,
8% nanocomposite. Membrane components were weighed in appropriate proportions
into a glass vial, 1 mL THF per 0.1 g of the mixture was added and homogenized in an
ultrasonic bath for 30 min, and then applied to the surface of the inner electrode. The
mixture prepared in this way is visually homogeneous even after 1 month from preparation.
In the case of adding nanotubes to the membrane cocktail, but without an ionic liquid, the
sediment of the nanotubes is clearly visible at the bottom of the glass vial already 2 weeks
after the preparation.

Glassy carbon disks with 3 mm diameters were used as the internal electrode. Before
covering them with a membrane mixture, they were thoroughly polished with Al,O3
powder, rinsed with water in an ultrasonic bath and additionally immersed in THF and
dried in the air. Next, the membrane was deposited on the electrode surface by drop casting
3 times 30 pL of membrane mixture dispersed in THF and left to dry for 24 h. Th next day,
the electrode was immersed in 1 x 1073 mol L~ Cu(NOj3), solution for at least 24 h. The
electrode was also stored in such a solution between measurements.

For comparison purposes, a classical electrode with an internal filling solution was
prepared and labeled as electrode 1*. The membrane of this electrode had the same compo-
sition as in electrode 1 without the nanocomposite (1% ionophore, 33% PVC, 66% NPOE).
It was prepared exactly according to the procedure described previously [29]. A piece of
the membrane in the shape of a circle with a diameter of 5 mm was mounted in a Philips
IS 561 electrode body, which was then filled with an internal solution 1 x 1073 mol L™!
Cu(NO3),. Between measurements this electrode was stored in the same solution.

2.4. The Measurement of the Electromotive Force

The EMF measurements were performed in the system copper ion-selective electrode
as the indicating electrode and a silver-chloride electrode (Metrohm 6.0750.100) as the
reference electrode. All measurements were made at room temperature in mixed solutions
using a 16-channel data acquisition system (Lawson Labs. Inc., Malvern, PA, USA) coupled
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with a computer. An Orion 81-72 glass electrode connected to a multifunction computer
meter CX-741 (Zabrze-Mikulczyce, Poland) was used for pH measurements.

2.5. Electrochemical Impedance Spectroscopy Measurements

Electrochemical impedance spectroscopy (EIS) measurements were performed in
1 x 1072 mol L~! Cu(NOj3); solution using an AUTOLAB electrochemical analyzer (Eco
Chemie, Netherlands) controlled by NOVA software. For this purpose, a conventional three-
electrode system was used, in which the working electrode was the tested ion-selective
electrode, the auxiliary electrode was a platinum wire, and the reference electrode was an
Ag/AgCl silver chloride electrode (3 mol L' KCI). The impedance spectra were recorded
in the frequency range 0.1-100 kHz and at open circuit potential using an AC-amplitude of
10 mV.

3. Results and Discussion

Both ionic liquids and MWCNTs exhibited hydrophobic and electrically conductive
properties. These features make them good candidates for the modification of polymer
ion selective electrode membranes to improve their electrical and mechanical properties.
As we have shown in our previous research on cadmium solid contact ISEs [30], IL and
MWCNTs show synergistic properties, which means that an electrode with a membrane
containing both of these components shows better performance compared to electrodes
whose membranes were modified only with an ionic liquid or only with carbon nanotubes.
A similar effect was reported in relation to other electrochemical sensors [31].

It is known that imidazolium based ionic liquid, due to presence of cation-m, interacts
with the 7 electronic surface of the MWCNTs [32]. Due to this, MWCNTs are surrounded
by an ionic liquid layer which provides both steric and electrostatic stabilization, and a
homogenous composite material is formed. Therefore the MWCNTs-IL nanocomposite can
be effectively dispersed in the membrane cocktail without the use of additional dispersing
agents.

3.1. Potential Response

The effect of membrane modification by the addition of MWCNTs-IL nanocomposite
was assessed first by determining the electrode response in Cu(NO3), solutions at con-
centrations ranging from 1 x 1078 to 1 x 1072 mol L~!. The obtained calibration curves
are shown in Figure 1 where it can be seen that electrodes with unmodified membranes
showed a similar response regardless of the kind of contact. The classic electrode 1* was
characterized by a slightly higher characteristic slope of 27.5 mV /decade compared to
electrode 1 with the same membrane but without internal solution, the slope of which was
26.7 mV/decade. On the other hand, electrode 1 showed a slightly lower detection limit of
4.4 x 1077 mol L~! compared to the classic electrode 1* (5.5 x 10~7 mol L™!). This effect is
well known for electrodes without an internal solution. The improvement in the detection
limit is achieved due to the elimination of transmembrane ion fluxes [33].

The modified electrodes were characterized by a wider measuring range and lower
detection limit compared to unmodified electrode 1 and classical electrode 1* with in-
ternal solution. A gradual improvement in the electrode response can be seen as the
nanocomposite content in the membrane increases. The electrode exhibiting the best
response was electrode 4 which contained 6% nanocomposite in the membrane. The cal-
ibration curve of this electrode had a linear course over the widest concentration range
of 1 x 10771 x 1072 mol L! with a slope of 29.8 mV /decade. This electrode was chat-
acterized by the lowest limit of detection 3.3 x 1078 mol L~!. Electrodes with lower
composite content exhibited higher detection limits of 3.7 x 10~7 mol L~! (electrode 2)
and 1.0 x 1077 mol L~! (electrode 3). The range of linear response of these electrodes
was also shorter compared to electrode 4 and the slope was close to the Nernstian one, at
28.3 mV /decade and 28.8 mV /decade for electrodes 2 and 3, respectively. Electrode 5, with
the highest nanocomposite content (8%), tended to have a super Nernstian response at
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lower concentrations, and the linear range of the calibration curve was shortened. As a
result, the detection limit of this electrode deteriorated to 6.6 x 10~ mol L.

+— electrode 1*with internal solution (no nanocomposite)
400 — -
o— electrode 1 (no nanocomposite]) °
o— electrode 2 (2% nanocomposite)
o ¢lectrode 3 (4% nanocomposite) @ (
_| —e— electrode 4 (6% nanocomposite) -
—e— electrode 5 (8% nanocomposite) © ‘ *
300 —
>
£
LI: =
=
w
200 —
L
L
100
| | |
8 6 4 2
-log ac,,

Figure 1. Calibration curves of studied electrodes.

Differences in the properties of the electrodes are due to differences in the compo-
sition of the membrane. The enrichment of the membrane with nanocomposite lowers
its resistance and increases its lipophilic character. As the nanocomposite content in the
membrane increases, its extraction capacity increases and the transport of Cu ions from the
water phase to the membrane phase is more efficient.

The improvement in the electrode response is clearly revealed in the dynamic response,
an example of which for electrodes 1 and 4 is shown in Figure 2. There is an evident
difference in the potential stability and range of linearity for the modified electrode.

Taking into account the analytical parameters of the electrodes, such as the linear range
of calibration curve, the slope of the characteristic and the limit of detection, electrode 4
was chosen for further studies. In parallel, an unmodified electrode 1 was also tested for
comparison.

3.2. Potential Stability and Reversibility

The fully conditioned electrodes were tested to evaluate parameters such as the
stability and reversibility of the potential. These parameters are important in terms of
the practical application of the electrodes and have a significant influence on the accuracy
of determinations and analysis time. Short term potential stability was observed during
3 h measurement in the 0.01 mol L~! Cu(NO3), solution. On the basis of total potential
change, the potential drift of studied electrodes was calculated from dependence AE/At.
As expected, after the introduction of the MWCNTs-IL nanocomposite into the membrane
phase, the stability of the electrode potential was significantly improved (Figure 3). The
potential drift determined for electrode 4 (0.046 mV /min) was much smaller than the
potential drift of electrode 1 (0.16 mV /min) without membrane modification.
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Figure 2. Potentiometric dynamic response for tested unmodified electrode 1 and electrode 4.
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Figure 3. Comparison of potential stability of nanocomposite-based electrode 4 and unmodified
electrode 1.

The improved potential stability also results in a better potential reversibility. This
parameter was studied by potential measurements repetitively in Cu(NOj3), solutions with
the concentrations: 1 x 107 and 1 x 10~* mol L~!. Time-dependent potential traces
during this experiment for modified electrode 4 and unmodified electrode 1 are shown
in Figure 4 where it can be seen that the potential of the modified electrode was fully
reversible in contrast to the unmodified one.
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Figure 4. Potential reversibility determined in 1 X 10~%*and 1 x 1072 mol L=! Cu(NO3), solution.

3.3. Dependence of Electrode Potential on pH

The influence of the pH on the response of the studied electrode was investigated
using 1 x 10~ mol L~! Cu(NO3); solution over the pH range 2.0-8.0. The pH was adjusted
using HNO3; or NaOH solutions as additives and the working pH range was determined
as where the potential of the electrode was nearly constant (£2 mV) (Figure 5). Based on
this analysis, the working pH range was 5.0-6.0 and 2.5-6.0 for electrode 1 and electrode 4,
respectively. In both cases, a gradual decrease in the potential at higher pH values was
detected. It can be attributed to the formation of some hydroxy complexes of Cu?* in
solution. The pH ranges of the studied electrodes differ within acidic solutions. In this
region, the change in potential is due to the interfering influence of hydrogen ions. In the
case of the modified electrode, this effect is significantly reduced due to the presence of an
ionic liquid in the membrane. As a result, the potential of the modified electrode does not
depend on the pH in the broader range 2.5-6.0.

3.4. Redox Sensitivity

Since the presence of electron conducting nanomaterial in the membrane may induce
a redox response in the ion-selective electrode, the redox sensitivity test was performed.
Measurements of the electrode potential in samples with different redox potential were
performed in solutions containing a pair of redox ions Fe?* and Fe?* (FeSOy4 and Fe,(SOy),)
in the constant ionic background of 10~3 mol L~ Cu(NO3), (logFe?* /Fe3* ratio: —1; —0.7;
0; 0.7 and 1) (Figure 6). The potential of the electrodes did not change much despite the
change in solutions, so it was found that they are not sensitive to this type of environmental
changes.

3.5. Influence of the Presence of Gases

Due to the willingness to use the described electrodes for testing environmental
samples, it was considered important to check whether the presence of gases in water
samples will affect the effectiveness and quality of copper ions determinations. For this
purpose, the electrode potential was measured in a main ion solution of 103 mol L~!
previously left at room temperature in order to saturate CO, and O, from the air for half an
hour. N, was then passed through the solution to get rid of CO; and O,, and the electrode
potential was measured again for half an hour. The obtained relation is shown in Figure 7.
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The potential value was almost constant for the modified electrode, therefore it can be
concluded that the presence of gases in the sample does not affect the operation of the
proposed electrode. In the case of unmodified electrode 1, potential drift was observed
both in the presence and absence of CO, and O, in the solution. This was probably due to
a water layer forming between the inner electrode surface and the membrane, which was
confirmed by a water layer test.

440 —

400 —

360 —

EMF, mV
w
S
I

electrode 1(no nanocomposite)
—o— electrode 4 (6% nanocomposite)

W71 T 1 T [ T T T ]

2 3 4 5 6 7
pH

Figure 5. Dependence of electrode potential on pH.

3.6. Water Layer Test

In order for ion-selective electrodes to function properly, they should meet a number
of requirements. For ion-selective electrodes with solid contact, in addition to the basic
parameters, such as a wide range of linearity, low detection limits and very good selectivity
of sensors, resistance to changes in external conditions is also very important (e.g., the
previously described sensitivity to changes in pH and redox potential of solutions and the
presence of gases in samples) and to maintain the appropriate stability and reversibility of
the sensors’ potential. It has been confirmed that a thin water layer may form between the
solid contact material and the ion selective membrane, the presence of which is undesirable,
mainly due to the electrode potential changes it can cause [34]. A water layer test was
performed following the procedure described by Pretch et al. [35]. The electrodes were
immersed in a solution of Cu(NOj3), with a concentration of 1x10~2 mol L~! for 24 h. They
were then transferred to a solution containing the salt of the interfering ion (Zn(NOs);) at
the same concentration for about 3 h, and after this time were returned to the main ion
solution again. Figure 8 shows the water layer test for electrode 4 with 6% nanocomposite
in the membrane and for the unmodified electrode 1. In the potential time-traces recorded
for the nanocomposite-based electrode, no essential potential drift was observed after
replacing the main ion solution to the interfering ion solution and after the reverse change.
In the case of an unmodified electrode, a significant positive potential drift was observed
first, followed by a negative one. Such results give us information that the modified
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electrode was resistant to the formation of a water layer. It was achieved by the presence in
the membrane a highly lipophilic MWCNTs-BMImPFg nanocomposite.

440 —
| o— electrode 1 (no nanocomposite|)
—e— electrode 4 (6% nanocomposite)
400 —
o P . N ®
E 360 —
w
= -
i
320 —
— *——9o s &  J
280 —
| I |
1 0 -1
-log(Fe?*/Fe*)

Figure 6. Redox sensitivity test for electrode 1 and modified electrode 4.

500 —
electrode 1 (no nanocomposite])
electrode 4 (6% nanocomposite)
400 —| \
|
> —_— —
£ - 1
w7 |
=
L |
300 — |
\
|
] 0, +COy | N,
|
|
200 | ] | |
0 0.2 04 06 0.8 1
t,h

Figure 7. Influence of the presence of gases on the potential of the electrodes.
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Figure 8. Water layer test of electrode 1 and 4 determined in 1 x 10~2 mol L~! Cu(NO3), (a) and
1 x 1072 mol L~1 Zn(NO3), (b).

3.7. Selectivity

One of the most important parameters of ion-selective electrodes is their selectivity,
the numerical measure of which are the selectivity coefficients. The selectivity coefficient
values were determined by the separate solution method (by extrapolating the response
functions to a; = aj = 1 mol L~ [36]. A comparison of selectivity coefficients obtained
for nanocomposite-based electrode 4 and unmodified electrode 1 is presented in Figure 9,
where it can be seen that the addition of MWCNTs-BMImPFg nanocomposite to the mem-
brane phase caused a noticeable improvement in the electrode selectivity. The obtained
electrode was very selective to copper over all interfering ions (log KP°t, < —3) ex-
cept lead, which was the most interfering ion (logKP°'y,pp < —2.1). This was not overly
surprising because lead is a well-known interferent in the case of copper selective elec-
trodes [37,38]. The improvement of the selectivity of the nanocomposite-based electrode
can be explained by the fact that the addition of the nanocomposite increases the ionic
strength of the membrane and thus facilitates the selective transport of the main ion to the
membrane phase.

3.8. Life Time and Long Term Potential Stability

The lifetime of the modified electrode was studied by its periodic recalibration in the
Cu?* copper nitrate solutions. The measurements were made 3 times a week during a
period of 3 months. No significant change in the performance of the electrode was observed.
Figure 10 presents the calibration curves of electrode 4 determined 1, 5 and 12 weeks after
preparation. Three-month-old electrodes still worked correctly, showing a slight increase
in the detection limit to the value of 5.1 x 1078 mol L~! and a small decrease in the slope
of the characteristic to the value 28.6 mV/decade. It is worth noting that the modified
electrode was characterized by very good long term potential stability. The mean E° value
determined from 36 calibrations performed during the lifetime test was 393.2 £ 6.3 mV.
Such a small change in the E° potential is a valuable feature of the electrode as it allows for
its long-term use without the need for frequent recalibration.
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Figure 9. Comparison of selectivity coefficients of nanocomposite-based electrode 4 (1st column) and
unmodified electrode 1 (2nd column).

360 —
320 —
280 —
>
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|-|: -
=
[11]
240 —
200 —
/ —e— 1 week old electrode 4
P —e— 5 weeks old electrode 4
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8 6 4 2
'Iog aCu(II)

Figure 10. Change of calibration curve course in time determined for electrode 4.

3.9. Electrochemical Impedance Spectroscopy

In order to study the effect of membrane modification on the electric properties of
electrodes, an impedance study was carried out for fully conditioned electrodes two weeks
after preparation. The obtained impedance spectra for modified electrode 4 and unmodified
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electrode 1 are shown in Figure 11. As it can be seen in this figure, both obtained impedance
spectra showed a high-frequency semicircle connected to the bulk resistance (R,) of the
ion-selective membrane and its geometric capacitance (Cg) [39]. However, the diameter
of the semicircles, which is a measure of membrane resistance, varies dramatically. The
bulk membrane resistance (R},) determined from high frequency semicircle decreased
almost ten times (from 309 to 0.36 k(2) after modification of the membrane by MWCNTs-IL
nanocomposite.

1600 —
[}
1200 | 60
— . |
40 —
E £
o o o |
S 800 <
N o N 20
B ° u
¢ 0
400 . | | |
° 0 20 40 60
e Z',kOhm
| ®
:
2% ° electrode 1 (no nanocomposite)
[} electrode 4 (6% nanocomposite)
0
-V I S
0 400 800 1200 1600
Z',kOhm

Figure 11. Impedance spectra of electrode 4 based on MWCNTs-BMImPFg nanocomposite and
unmodified electrode 1 determined in 1 x 1072 mol L~! Cu(NOs), solution. Frequency range
0.1-100 kHz, amplitude 10 mV.

The second section of the impedance spectra determined for low frequencies is con-
nected with the double layer capacitance in parallel with a charge-transfer resistance at
the interface between the inner electrode and the ion-selective membrane [40]. The low-
frequency branch in the impedance spectrum of the modified electrode was much smaller
than that obtained for the unmodified one. The low-frequency capacitance was calculated
from the low frequency limit using the following expression Cjs = 1/(2nfZ") [41], where
f = 0.1 Hz was 45.7 uF for electrode 4 and 1.29 uF for electrode 1. These results indicate the
largest capacitance and faster diffusion processes in electrode 4 containing MWCNTs-IL
nanocomposite in the membrane. The reduction in the membrane resistance and the fa-
cilitated charge transfer at the interface contribute to the improvement of the analytical
parameters of the electrode, especially the improvement of the stability and the reversibility
of the potential.

3.10. Analytical Application

The usefulness of the proposed electrode 4 in the analysis of real samples was assessed
by measuring the content of copper in certified reference material SPS-WW1 Batch 111
Waste Water. This sample was analyzed without any pretreatment directly in the form in
which it had been purchased after two times dilution and addition of 0.1 mol L~! NaOH to
neutralize HNOj to reach a stable pH of 4.5. The obtained results from five measurements
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(n = 5) showed that the certified value (400 + 2 pg L=!) and the value obtained by the
proposed electrode (412 + 14 pg L~!) were in good agreement. Furthermore, the electrode
was used for the determination of copper in river water samples. River water was collected
from local river, Czerniejowka. Water samples were acidified with HNOj to reach a stable
pH of 4.5. Samples were spiked with Cu(II) ions to obtain final concentrations of 3 x 1077,
5x 107 and 1 x 107® mol L™}, in order to recover measurements. The data obtained for
the samples and the corresponding spiked ones are summarized in Table 1. As it can be
seen, the results of the determination of copper in all cases correspond to each other well,
which confirms the possibility of employing the proposed all solid-state electrode for the
monitoring of copper in water samples.

Table 1. Results of copper determination in river water samples using proposed copper electrode 4.

Sample Added Copper, ugL-1  Found Copper by ISE, ug L-12 Recovery, %

unspiked 13.6 £ 0.6 -
, 19.2 331+ 1.1 1015
River water 2 448 +27 97.7
64 781+ 3.1 100.7

@ standard deviations are based on six measurements.

4. Conclusions

As a result of the research, a new all solid-state copper ion-selective electrode was
obtained, simple both in design and operation. The electrode obtained as a result of the
membrane modification by MWCNTs-IL nanocomposite shows better selectivity than the
electrode with an unmodified membrane, with a detection limit an order of magnitude
lower, and a wider measuring range. Moreover, its potential is not dependent on pH over
a much wider pH range. The addition of a nanocomposite to the ion-sensitive membrane
also caused a noticeable reduction in the membrane resistance and an increase in capacity,
which results in better potential stability.
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