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Abstract: Potentiometric plasticizer-free solid-contact Pb>*-selective electrodes based on copolymer
methyl methacrylate-n-butyl acrylate (MMA-BA) as membrane matrix and multi-walled carbon
nanotubes (MWCNTs) as intermediate ion-to-electron transducing layer have been developed.
The disposable electrodes were prepared by drop-casting the copolymer membrane onto a layer of
MWCNTs, which deposited on golden disk electrodes. The obtained electrodes exhibited a sub-ppb
level detection limit of 1071 mol-L~!. The proposed electrodes demonstrated a Nernstian slope of
29.1 + 0.5 mV/decade in the linear range from 2.0 X 107! to 1.5 x 10~ mol-L~!. No interference from
gases (Op and CO,) or water films was observed. The electrochemical impedance spectroscopy of
the fabricated electrodes was compared to that of plasticizer-free Pb?*-selective electrodes without
MWCNTs as intermediated layers. The plasticizer-free MWCNTs-based Pb?*-selective electrodes can
provide a promising platform for Pb(II) detection in environmental and clinical application.

Keywords: solid contact ion-selective electrode; plasticizer-free; methyl methacrylate-n-butyl acrylate;
Multi-walled carbon nanotubes; Pb(II)

1. Introduction

Potentiometry with ion-selective electrodes (ISEs) is attractive for practical applications in many
fields, for example, medical diagnosis and environmental monitoring [1-3]. The detection limit
for most traditional liquid-contact electrodes based on plasticized poly(vinyl chloride) membrane
was limited to micromolar range mainly due to the primary ion leaching from the inner filling
solutions [4,5]. Conventional Pb?*-selective liquid-contact electrodes were usually prepared by
incorporating a disk of elastic membrane into Philips-type electrode bodies and adding primary
ions in the inner filling solutions. One solution is the addition of complexing agent (e.g., EDTA or
NTA) [6], interfering ions (EtsNNO3), [7] or ion-exchange resins (Dowex C—350) [8] to precisely control
the primary ion activity in the inner filling solutions. For example, the Pb?*-selective liquid-contact
electrodes with ethylenediaminetetraacetic acid disodium salt Na, (EDTA)-buffered inner solution
exhibited a picomolar detection limit [9]. This type of Pb?*-selective liquid-contact electrodes were
made of membranes glued to PVC tubing and the inner filling solutions (10~3 mol-L~! Pb(NO3),
and 5 x 1072 mol-.L ™! Na,(EDTA)) in contact with the reference element (Ag/AgClin 3 mol-L™1 KCl)

Sensors 2019, 19, 2550; d0i:10.3390/s19112550 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/1424-8220/19/11/2550?type=check_update&version=1
http://dx.doi.org/10.3390/s19112550
http://www.mdpi.com/journal/sensors

Sensors 2019, 19, 2550 20f13

through a 1 mol-L~! KCI bridge electrolyte. After the electrodes were conditioned in 107> mol-L~!
Pb(NO3); for more than 2 days, measurements were performed with a Metrohm NET-Titrino 721 at
22-23 °C in successively diluted stock solutions of 1072 mol-L~! Pb(NOj3), from higher to lower
concentrations. However, the lifetime was less than a week. Other effort was focused on applying an
external compensating current to the sensor element [10]. However, the current control method requires
sophisticated instrumentation and complicated experimental procedure, since the compensation current
is related to the membrane potential. A more attractive approach is the exclusion of the troublesome
inner solutions from the sensor and incorporation of ion-to-electron conducting layers leading to the
solid-contact ion-selective electrodes (SC-ISEs) [11,12]. The introduction of conducting polymers (CP)
as ion-to-electron transducers experienced rapid growth owing to the advantages of the obtained
sensor and outstanding performances, which were comparable to those of traditional liquid-contact
electrodes in all aspects [13,14]. Some CP-based SC-ISEs have exhibited some problems with water
layer formation and interference from gases or light [15-17]. The lower detection limit was much worse
when the potentiometric water layer test was positive. Sutter et al. reported the presence of water films
in electropolymerized poly(octylthiophene) (POT)-based SC-ISEs where a sub-Nernstian response with
a detection limit of 10771 mol-L~! was observed [18]. POT was deposited on the Au disk electrodes
by galvanostatic electropolymerization of 3-octylthiophene in a one-compartment three-electrode
electrochemical cell. After POT coatings were rinsed and dried, a solution of Pb?*-selective membrane
was drop-casted on POT-coated Au disk electrodes. Before determination by a custom-made 14-channel
electrode monitor, the electrodes were conditioned for at least 2 days in 107° mol-L~! and then
overnight in 10~ mol-L~! Pb(NO3), (background: 10~ mol-L~! HNO3). When POT was deposited
by solvent drop-casting method, the linear response of the potentiometric sensor was extended

093 mol-L_l). Moreover, Michalska et al. found the discharge of

into the subnanomolar range (1
electrochemically deposited poly(pyrrole) can damage the lower detection limit of CP-based SC-ISEs
due to the analyte ion fluxes from the CP in the direction to the sample [10]. Even a minor ion flux can
deteriorate the lower detection limit by the formation of an extensive diffusion layer at the membrane
surface in the sample side. Although a compensating current was proposed, which also used in
liquid—contact electrodes, the lower detection limit remained relatively high. For poly(pyrrole) and
other CP with functional groups that can be protonated, the possible reason for compromising the lower
detection limit is the accumulation of primary ions in conducting layers or in thin water films formed
between the conducting layer and ion-sensing membrane during the conditioning procedure [10,19].
In addition, it is well established that the diffusion coefficient of the ion-sensing membrane is a key
factor to the lower detection limit. Although a large number of Pb?*-selective electrodes reported are
based on plasticized poly(vinyl chloride) membranes, reducing the diffusion coefficient of the sensing
membrane can suppress the transmembrane ion flux, which is beneficial to the lower detection limit.
For example, the utilization of self-plasticized membrane materials [20-24] or ionophore covalently
attached to the membrane components [25-28] successfully reduced the diffusion coefficient and led to
lower detection limit.

In general, various factors should be considered on improving the lower detection limit of
the SC-ISEs, such as the ion-sensing membrane (reduced diffusion coefficients), ion-to-electron
conducting layer [29,30], and conditioning procedure [31,32]. Recently, there has been a surge in
the application of carbon nanomaterials, such as carbon nanotubes and bimodal pore Cg [33-35],
as transducing layers for SC-ISEs owing to their high hydrophobicity, double layer capacitance,
and absence in redox reaction. Multi-walled carbon nanotubes (MWCNTs) required the assistance of
surfactants to obtain a well-dispersed suspension mixture, but our former work found the presence
of surfactants could deteriorate the sensing performance [36]. Thus, the design of surfactant-free
MWCNTs-based single-piece Pb>*-selective electrodes was demonstrated with a low detection limit of
4.0 x 10719 mol-L 1. The single-piece Pb?*-selective membrane was prepared by introducing MWCNTs
directly into 2-nitrophenyl octyl ether plasticized poly(vinyl chloride) membranes. After sonication,
the suspension mixture was drop-casted on the golden disk electrodes evenly and the solvent was
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evaporated thoroughly at ambient temperature. Before measurements, they were conditioned in
1072 mol-L~! Pb?* solution overnight and then 10~ mol-L~! Pb?* solution for 2 days (background:
10~# mol-L~! HNO3). Then, potentials were recorded continuously with increasing Pb?* concentrations
from lower to higher concentrations by a 16-channel interface.

In this work, MWCNTs-based Pb?*-selective SC-ISEs with a trace level analysis at sub-ppb
concentrations are presented. The proposed potentiometric sensor is designed based on the following
principles: (a) Reducing the diffusion coefficient by the employment of plasticizer-free copolymer
methacrylate-n-butyl acrylate (MMA-BA), (b) the utilization of hydrophobic MWCNTs as a transducing
layer deposited by solution-casting, (c) the dispersion of MWCNTs in plasticizer instead of surfactants
to reduce the surfactants’ interference. To the best of our knowledge, this is the first report on
MWCNTs-based Pb?*-selective SC-ISEs with copolymer MMA-BA as membrane matrix. The obtained
sensor was investigated by electrochemical impedance spectroscopy (EIS). The possibility of the
formation of a thin water film at the interface was probed with a potentiometric water layer test.
The influences of gases on the potential stability were also studied. The results suggest that the
proposed sensor is promising for environmental and clinical Pb(II) determination.

2. Materials and Methods

2.1. Reagents

Methyl methacrylate (MMA), butyl acrylate (BA), 2-nitrophenyl octyl ether (NPOE), lead
ionophore IV, and tetrahydrofuran (THF) were all purchased from Sigma-Aldrich (Switzerland).
Sodium tetrakis[3,5-bis(trifluoromethyl) phenyl]borate (NaTFPB) was purchased from Dojindo
Laboratories (Japan). MWCNTs (>97%) with 10-20 nm diameter and 5-15 um length were obtained from
Shenzhen Nanotech Port Company (Shenzhen, China) with no further purification and modification.
Ethyl acetate, methylene chloride, 1,4-dioxane, and 2,2’-azobisisobutyronitrile (AIBN) were purchased
in analytical reagent grade from Titan (Shanghai, China) and dried before use. Lead nitrate (Pb(NOs3),)
and other salts were obtained from Sigma-Aldrich. Aqueous solutions were prepared by dissolving the
appropriate salts in freshly deionized water (DI water, resistance 18.25 MQ)-cm, Millipore, Burlington,
MA, USA).

2.2. Polymer Preparation and Characterization

The copolymers composed of MMA and BA were synthesized via thermally initiated free
radical solution polymerization according to previous literature (see the scheme in Figure 1) [25].
Firstly, to remove the inhibitors, monomers MMA and BA were washed with a caustic solution
(containing 5% (w/v) NaOH and 20% NaCl) in a 1:5 (monomer/caustic solution) ratio and water.
The initiator AIBN was recrystallized from methanol and dried before use. Secondly, calculated
amounts of monomers were added to 100 mL of dry ethyl acetate. The solution was degassed for 20 min
by bubbling with nitrogen before the addition of 2,2’-azobisisobutyronitrile (AIBN). About 10 mg of
AIBN was used for the polymerization. The homogeneous solution was continuously stirred and
maintained at 85 °C for 16 h under an atmosphere of nitrogen. Thirdly, after the reaction was complete,
the solvent was evaporated, and the precipitate was redissolved in 10 mL of 1,4-dioxane resulting
in a gelatinous solution. Then, the gelatinous solution was added dropwise to 500 mL of DI water
under vigorous stirring. The collected white precipitate was dissolved in 50 mL of methylene chloride,
which was dried thoroughly and filtered by anhydrous Na;SOy. Finally, the transparent copolymer
was obtained by evaporation and dried under vacuum at least for 2 days. The glass-transition
temperature (Ty) was detected by the differential scanning calorimeter (Diamond DSC, PerkinElmer,
Waltham, MA, USA) and heated scanning at a rate of 10 °C/min. The Ty was then determined from
DSC thermogram in Figure 2. The relative molecular mass of the copolymer was measured by gel
permeation chromatography (GPC, Waters1515) with THF as solvent, as shown in Table 1.
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Figure 1. The free radical copolymerization reaction scheme of methyl methacrylate (MMA) and butyl
acrylate (BA) resulting in plasticizer-free ion-selective membrane matrix.
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Figure 2. The glass-transition temperature (Tg) of the copolymer MMA-BA.

Table 1. The physical properties of the copolymer MMA-BA.

Composition Based on Feed Average Molecular Weight (Daltons)

Polydi i
(mol Fraction) olydispersity

M, My MP  M,+1 My /My (M,+1)/My
MMA/BA = 1:3 9837 15487 12441 31,759  1.50 2.05 1.57

2.3. Electrode Fabrication

Golden disk electrodes (Au, inner diameter (ID) = 2 mm, outside diameter (OD) = 6.35 mm)
were applied for the fabrication of the proposed electrodes. They were polished with 0.3 um alumina
suspensions, rinsed with DI water, sonicated with ethanol and DI water separately, and finally dried
under nitrogen. The cleaned electrodes were then tightly inserted into a piece of PVC tube (1 cm long,
5 mm ID and 8 mm OD) at the distal end.
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The ion-selective sensing membrane cocktail (total mass 100 mg) was prepared by dissolving lead
ionophore IV (2.0 wt %), NaTFPB (1.0 wt %), and MMA-BA (97 wt %) in 1 mL THEF. The intermediate
layer was prepared by dissolving 0.15 mg MWCNTs and 5 mg NPOE in 1 mL THF, and the mixture was
sonicated for at least 20 min to obtain a uniform suspension, in a similar way to previous literature [36].

For MWCNTs-modified SC-ISEs, 100 uL of the MWCNTs suspension was drop-casted on the
bare golden disk electrodes. The MWCNTs coatings were left to dry thoroughly in a desiccator.
For MWCNTs-modified Pb?*-selective SC-ISEs, 100 uL of the ion-selective sensing membrane cocktail
was evenly drop-casted on the MWCNTs-modified SC-ISEs in a desiccator. After the solvent evaporation,
the fabricated electrodes were conditioned in 10~ mol-L~! Pb?* solution for 2 days and then 107 mol-L~!
Pb2* solution for 1 day before measurements. All the Pb(NOs); solutions had the same background of
10~* mol-L~! HNOj3 (pH = 3.8) in which Pb?* is the predominating form of lead [37].

2.4. Apparatus and Measurements

The potentiometric responses were measured with a 16—channel interface (Lawson Labs, Inc.)
controlled by a PCI-6281 data acquisition board and LabView 8.5 software (National Instruments,
Austin, TX, USA). A double-junction Ag/AgCl/3 mol-L~! KCI reference electrode containing 1 mol-L~!
CH3COOLi bridge electrolyte by Metrohm Ion Meter (Switzerland) was used. Different amounts of lead
ions in the concentration range from 2.0 x 10712 to 1.5 X 107 mol-L~! were added progressively to 1.0 L
of 107* mol-L~! HNOj solution in a crystallizing dish (200 mm). Before measurements, the crystallizing
dish was washed with 10! mol-L~! HNOj3 solutions and pretreated overnight in 10 mol-L~! HNO;
under magnetic stirring. The stability in time was measured by recording potentials of the developed
electrodes consecutively under magnetic stirring. The activities of the ions were based on the activity
coefficients, which were calculated according to the extended Debye—Hiickel equation [38]. All the
SC-ISEs’ potential results were the average of sets of at least three membranes, which were performed
in laboratory ambient temperature.

The electrochemical impedance spectroscopy (EIS) measurements were performed in
1.5 x 1073 mol-L~! Pb(NO3), solution at room temperature, within the frequency range between
0.01 Hz to100 kHz using 100 mV amplitude at 0.2 V. All measurements were performed with a CHI
760D electrochemical workstation (Shanghai Chenhua Apparatus Corporation, Shanghai, China) with
a Ag/AgCl/3 mol-L~! KCl as reference electrode and a platinum as counter electrode.

3. Results and Discussion

3.1. Characterization of the Copolymer

This work reports the first plasticizer-free MWCNTs-based Pb?*-selective SC-ISEs based on the
copolymer MMA-BA. Former literature pointed out that copolymer with Tg between —20 to —44 °C
had the proper physical and mechanical property for the ion-sensing membranes and functionality
of an ionophore when incorporated into the membranes [39,40]. Since a low Ty of the copolymer is
critical to the functional polymeric ion-sensing membranes, the Fox equation was utilized to calculate
the approximate T of the copolymer based on the weight fractions and Ty of the respective monomers
(Tg (polymma) = 378 K, Tg polyBa) = 218 K) [40]. In this study, to obtain a low T below -20 °C,
the calculated weight fraction of MMA-BA is about 1:3. As can been seen from Figure 2, the fabricated
MMA-BA shows a low experimental Tg of =25 °C. The resulting product also has a polydispersity of
1.57 and M,, of about 15,487 (Table 1), giving an elastic and tough film, which correlates well with
former reports [25,40]. The results indicate that it may have the right characteristics to function as
Pb?*-selective membrane without plasticizer. Since the native anionic sites in the membrane matrix can
lead to a Nernstian response even in the absence of anionic additives NaTFPB [25], the potentiometric
response of the membranes made of MMA-BA and lead ionophore IV was studied without NaTFPB.
The blank copolymer membranes showed no response to ions, which indicates there is few ionic
impurities. Then, the copolymer MMA-BA was applied as membrane matrix for the fabrication



Sensors 2019, 19, 2550 60f 13

of MWCNTs-based Pb?*-selective SC-ISEs. Our previous work demonstrates that the existence of
surfactants deteriorated the sensitivity of electrodes [36]. Thus, to avoid the potential interference
from surfactants in the intermediate layer, MWCNTs were suspended in plasticizer NPOE in the aid of
sonication. Subsequently, the obtained plasticizer-free MWCNTs-based Pb?*-selective SC-ISEs were
characterized in terms of potentiometric response, impedance measurements, and so on.

3.2. Potentiometric Behavior

The potentiometric response of the plasticizer-frre MWCNTs-based Pb**-selective SC-ISEs
(Au/MWCNTs/(MMA-BA)-Pb?*-ISEs) was recorded in the Pb?* concentration range from 2.0 x 10712 to
1.5 X 1073 mol-L 1. The proposed electrodes showed a Nernstian response of 29.1 + 0.5 mV/decade over
a linear range from 2.0 x 1071% to 1.5 x 1073 mol-L™!, as shown in Figure 3. A sub-ppb detection limit
of 10719 mol-L~! is observed, which is calculated as the intersection of the two slopes (Figure 3). Table 2
displays the response characteristics and sensor construction of Au/MWCNTs/(MMA-BA)-Pb?*-ISEs in
comparison with those of reported Pb?*-selective SC-ISEs with lead ionophore IV. As can been seen from
Table 2, the proposed Au/MWCNTs/ (MMA-BA)-Pb?*-ISEs show the lowest detection limit so far, down to
0.1 ppb for Pb?>* among available Pb?*-selective membrane with lead ionophore IV. Additionally, as shown
in Figure 4, the developed electrodes exhibit fast response time of less than 30 s with a drift below 4 uV/s,
which is much smaller than that of Au/POT/(MMA-DMA)-Pb?*-ISEs (0.4 mV/min) [18].

400
o
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/Q’
2 o
hy o’
%200
= o
= ,‘7"
o
RPN - R i
100 4 ! 29.1 mV/decade
| -10
0 T T :l T T T T T T T T

T
13121110 9 8 7 6 5 4 3 2 1 0
log (a,,:-/mol'L™)

Figure 3. Potentiometric calibration curve of the multi-walled carbon nanotube (MWCNTs)-based
plasticizer-free solid-contact Pb%>*-selective electrodes in Pb>* concentration range from 2.0 X 10712 to
1.5 % 1073 mol-L71.
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Table 2. Response characteristics and sensor construction of Au/MWCNTs/(MMA-BA)-Pb2* jon-selective
electrodes (ISEs) in comparison with those of reported Pb?*-selective solid-contact electrodes.

Low Detection Response

Limit si Electrode Ion-to-Electron Conducting Layer and Ion-Selective Membrane Reference
(m,;ll.n]_lfl) (mV-d:cpaiie’l) Substrate Deposition Method Composition
Au disk multi-walled carbon nanotubes PVC, NPOE, lead ionophore IV, .
—10 ’ 7 P! ’
10x10 291£05 electrodes (MWCNTs)/solution drop-casting NaTFPB this work
—10 glassy carbon  electrospun polyaniline microfibers film/solution PVC, NPOE, lead ionophore IV, )
6310 B1207 disk electrodes drop—casting NaTFPB (411
—10 glassy carbon . - PVC, NPOE, lead ionophore IV, )
5.0x 10 288+1.2 disk electrodes bimodal pore Cgp/electrodeposition ETH 500, NaTEPB [34]
Jassy carbon poly(3,4-ethylenedioxythiophene) doped with PVC, NPOE, lead ionophore IV,
7.9 x 10710 284 +04 dgisk e)llectro des polystyrene sulfonate anion potassium [42]
¢ (PEDOT-PSS)/electrodeposition tetrakis(p-chlorophenyl)-borate
9 screen printer poly(3-octylthiophene-2,5-diyl)/solution PVC, NPOE, lead ionophore IV,
12x10 234200 electrodes drop—casting NaTFPB (321
63 x 10-10 291408 Au disk poly(2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene ~ PVC, NPOE, lead ionophore IV, [43]
: T electrodes vinylene) (MEH-PPV)/solution drop-casting NaTFPB -
1.0x 1079 262 +03 glassy carbon poly(octylthiophene) (POT)/solution hydroxyethyl methacrylate-butyl [44]
: o disk electrodes drop-casting acrylate, lead ionophore IV, NaTFPB
1.2%10-8 279403 glassy carbon  poly(3,4-dioctyloxythiophene) doped with lead PVC, DOS, lead ionophore IV, [45]
: o disk electrodes ionophore IV/electrodeposition NaTFPB :
5.0 % 10-10 Nernstian Au disk poly(octylthiophene) (POT)/solution Methylmethacrylate-decylmethacrylate, 18]
. response electrodes drop-casting ETH500, lead ionophore IV, NaTFPB
350
15x10°
-4
300 2.0x10
20 x10°
-1
Cpp2+ (mol-L7™)
Z 250 20 x10°
=~ K]
E 2.0 x10
K 200

150

100 — T T
0 500 1000 1500 2000

Time /s

Figure 4. Dynamic potentiometric response of Au/MWCNTs/ (MMA-BA)-Pb2*-ISEs with increasing
Pb?* concentrations from 2.0 X 10712 to 1.5 X 1073 mol-L 1.

Figure 5 demonstrates the response slopes profile for different interfering ions in selectivity
determination. It is clear that the sensitivity of the developed electrodes on Pb?* (0O) is much higher
than those of interfering ions, including Na* (x), K* (©), Ca®* (), Mg?* (x), and Li* (0). The proposed
electrodes show a near-Nernstian response of 57.1 + 0.8 mV/decade over the Ag* concentration
range from 2.0 X 1078 to 2.0 x 107> mol-L™!. With increasing concentrations from 2.0 x 107 to
2.0 x 1073 mol-L~!, the existence of Ag™ (3¥) would cause a slightly minor interference on the sensitivity
for Pb%*. However, obvious interference is found from Cu®* (+) below the Pb** concentration of
2.0 X 107® mol-L~!. In other words, at concentrations lower than 2.0 x 107® mol-L!, the sensitivity of
the developed electrodes on Cu?* is higher than that of Pb?*, so the electrodes will not work if both Cu?*
and Pb?* are present at concentrations below 2.0 x 107® mol-L~!. Such interference from Ag* or Cu®*
is often observed in Pb?*-selective electrodes [46,47]. The selectivity coefficients of the plasticizer-free
MWCNTs-based Pb?*-selective SC-ISEs were evaluated using the International Union of Pure and
Applied Chemistry (IUPAC) separate solution method (SSM, calculated at the highest ion concentration



Sensors 2019, 19, 2550 8of 13

tested) [48]. As shown in Table 3, potentiometric selectivity coefficients of the proposed electrodes are
comparable to those of reported Pb?*-selective SC-ISEs, such as Au/PPy/(PVC-DOS)-Pb?*-ISEs [19],
Au/POT/(MMA-DMA)-Pb?*-ISEs [18] and Au/MEH-PPV/(PVC-NPOE)-Pb%*-ISEs [43].

800

600 -

400 -

EMF | mV

200

T T T T
12 11 .10 9 8 7 -6 -5 -4 3 =2
log (ap,>- / mol-L")

Figure 5. The response slopes profile for Pb?* (O) and interfering ions, including Na* (+), Kt (¢), Ag*
(3%), Cu®* (+), Ca®* (1), Mg?* (x), and Li* ().

Table 3. The potentiometric selectivity coefficients (logKI}Zg; . I) of the proposed

Au/MWCNTs/(MMA-BA)-Pb%*-ISEs compared to those available Pb?*-selective solid-contact electrodes
with Au disk electrodes. (n = 3).

1] Ton ] (logK:::‘“J)
Electrode Type Na* K* Li* CaZ* MgZ* CuZ?* Ag*
Au/MWCNTs/(MMA-BA)-PbZ*-ISEs —849+02 | -848+0.1 | -793+02 | -11.07+03 | -11.07+02 | -570+03 | —0.47 £2.1
Au/PPy/(PVC-DOS)-Pb?*-ISEs [19] -6.3+0.1 —6.6 0.1 Not given -13.6 +0.2 Not given Not given Not given
Au/POT/(MMA-DMA)-Pb2*-ISEs [18] -87+0.2 -87+02 Not given -143+£0.2 Not given Not given Not given
Au/MEH-PPV/(PVC-NPOE)-Pb?*-ISEs [43] -6.6 +0.1 Not given Not given -16.5+0.2 Not given —-4.6 +0.1 Not given

3.3. Impedance Measurements

Impedance measurements were performed to evaluate the electrochemical properties of the
proposed electrodes. Figure 6 compares the EIS spectra of the plasticizer-free MWCNTs-based
Pb?*-selective SC-ISEs (Au/MWCNTs/(MMA-BA)-Pb?*-ISEs, circle) and plasticizer-free Pb?*-selective
electrodes in the absence of the MWCNTs layer (Au/(MMA-BA)-Pb?*-ISEs, triangle).
The Au/(MMA-BA)-Pb?*-ISEs (triangle) exhibit a large semicircle in the high-frequency region,
which arises from the bulk resistance and geometric capacitance of the ISM. The bulk resistances,
which are estimated by the diameter of the high—frequency semicircle, are 3.28 and 1.29 MQ} for
Au/(MMA-BA)-Pb?*-ISEs (triangle) and Au/MWCNTs/(MMA-BA)-Pb?*-ISEs (circle), respectively.
The lower bulk resistance value of Au/MWCNTs/(MMA-BA)-Pb%*-ISEs (circle) suggests that the
charge transport across the interface is facilitated greatly due to the presence of the MWCNTs as
conducting layer. In addition, the low-frequency region of the Au/(MMA-BA)-Pb?*-ISEs (triangle)
can be attributed to the charge-transfer resistance in parallel with a double layer capacitance at the
interface between the membrane and Au substrate. The negligible low-frequency part in the EIS
spectrum of Au/MWCNTs/(MMA-BA)-Pb%*-ISEs (circle) illustrates the higher double layer capacitance
compared to that of Au/(MMA-BA)-Pb?*-ISEs (triangle). These results indicate that the introduction
of the MWCNTs layer facilitates the charge transfer and ion-to-electron transduction effectively in
plasticizer-free Pb%>*-selective electrodes based on copolymer MMA-BA matrix.
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Au/MWCNTs/(MMA-BA)-PbZ*-ISEs (circle) in 1.5 x 10~ mol-L~! Pb2?* solution. Eg., 0.2 V;

excitation amplitude, 100 mV; frequency range, 0.01 Hz—100 kHz.

3.4. Influence of Oxygen and Carbon Dioxide

The importance of a MWCNTs solid-contact layer is demonstrated by Figure 7. Interferences from
O, and CO; have been reported from several SC-ISEs where gases can easily permeate through the
polymeric membrane and cause disturbances at the surface of the Au substrate [15,16]. More specifically,
O; can form an oxygen half-cell affecting the phase boundary potential, while CO, can change the
local pH at the electrode surface [49]. Therefore, the effects of O, and CO, on the potential stability
of the Au/MWCNTs/(MMA-BA)-Pb2*-ISEs were investigated. The gas concentrations (O, or CO,)
were adjusted by bubbling these gases or Ar through the Pb(NOj3), solutions (1.5 x 1073 mol-L ™).
As exhibited in Figure 7, the AuMWCNTs/(MMA-BA)-Pb?*-ISEs display good potential stability when
exposed to Op or CO,. The outcome suggests that gases barely reach into the surface of the metal
contact, which is probably due to the hydrophobicity of MWCNTs [36].

Figure 7.

EMF | mV

7 Ar : O2 3 Ar
- ) 1
’ Ar | Co, . Ar
I ! J25m
T T T T
0 1000 2000 3000 4000
Time/s

Influence of O,

(top) and CO, (bottom) on the potential stability of

Au/MWCNTs/(MMA-BA)-Pb%*-ISEs, which were immersed in a 1.5 X 1073 mol-L ™! Pb(NO3), solution.
For clarity, the potential responses of theses electrodes have been shifted vertically.
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3.5. Potentiometric Water Layer Test

The potential water film at the ion-sensing membrane/electron conductor interface acts as a
localized microscopic water pool in which primary ions may accumulate [50]. The leaching of primary
ions into the sample during measurements can result in poor lower detection limit. Thus, potentiometric
water layer test was carried out for the plasticizer-free MWCNTs-based Pb?*-selective SC-ISEs.
As indicated in Figure 8, the proposed electrodes were firstly conditioned in the primary ion solution of
1.5 mmol-L~! Pb(NO3),. A stable potential for about 3.7 h was initially observed in Figure 8. After the
primary ion solution was replaced with a discriminated interfering ion solution of 1.5 mmol-L~! CaCl,,
the immediate large potential shift was recorded. This phase boundary potential change corresponds
well to the high selectivity behavior of plasticizer-free MWCNTs-based Pb?*-selective SC-ISEs (Table 3).
After the CaCl, solution was successively changed by the initial primary ion solutions, the stable
potential response for nearly 17 h revealed the elimination of the undesirable water layer.

- A: 1.5 mmol L. Pb(NO,),
B: L5mmol L™ CaCl,

EMF/ mV

i I 50 mV

0 4 8 12 16 20 24
Time/h

Figure 8. Potential water layer test of Au/MWCNTs/ (MMA—BA)-Pb2+ -ISEs; the measurements were
switched between 1.5 mmol-L~! Pb(NOj3), and 1.5 mmol-L~! CaCl,.

4. Conclusions

This work demonstrates for the first time that a 0.1 ppb limit of detection for lead(Il) was
achieved by the disposable plasticizer-free Pb?>*-selective SC-ISEs based on the copolymer MMA-BA
as membrane matrix and MWCNTs as a conducting layer. With good physical and mechanical
properties, the copolymer MMA-BA is suitable for the fabrication of plasticizer-free Pb>*-selective
SC-ISEs. The obtained electrodes show a Nernstian response of 29.1 + 0.5 mV/decade within the
concentration range from 2.0 x 1071 to 1.5 x 10=2 mol-L~! Pb?* solution. Additionally, with high bulk
capacitance and double layer capacitance, the proposed electrodes showed great potential stability due
to the introduction of the MWCNTs layer. Moreover, the plasticizer-free MWCNTs-based Pb?*-selective
SC-ISEs exhibited no obvious potential drift when exposed to O, and CO,. The potentiometric water
layer test confirms the absence of water films between the ion-selective membrane and the inner
electron conductor. This work indicates that potentiometric solid-contact ion-selective electrodes for
lead(II) detection has reached a performance well comparable to most advance methods.
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