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ABSTRACT: In this study, we successfully developed a solid-state reference electrode
based on sodium polyanethol sulfonate (SPS) immobilised on a cellulose acetate membrane
and coated on a layer of polypyrrole on top of a carbon screen-printed electrode (SPE).
We varied the concentration of SPS salt from 1% to 5% (w/v) and achieved an optimal
concentration of 4%. SPS optimisation test was performed by varying concentrations of
KClI and pH buffer solution. The slope obtained for 4% SPS was 3.5 + 0.3 with a residual
standard deviation (RSD) of 9.3% of KCI solution, whereas the slope obtained for pH
buffer solution was 3.4 + 0.2 with 1.2% RSD. The stability test in pH 7 buffer and 107
M KCl yielded drift at <0.4 mV/h for 60 h of continuous monitoring. We also performed
tests using standard NH,+, K+ and NO;— ion-selective electrode sensors, and the slopes
measured were respectively 52.4+ 0.4, 51.4 £ 0.4, and —52.3 + 0.9 mV/dec with a dynamic
range of 0.1-107 M.

Keywords: Solid-state reference electrode, poly (anethol sulfonic acid), cellulose acetate,
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1. INTRODUCTION

An analysis method based on potentiometric ion has been widely known since
the 1970s. This method has been used in various types of ion measurement
applications, such as medical, environmental, food, beverage industry, and many
more. The measurement of potential value of the system is conducted on zero
current condition.!? This method can measure very low ionic concentrations that is
in 1071 M or in parts per trillion (ppt).?> According to International Union of Pure
and Applied Chemistry (IUPAC), potentiometric analysis measures the potential
difference that occurs between the working and reference electrodes, which is
directly proportional to the logarithm of the concentration of ions. The working
electrode is an electrode that has an ion-selective membrane against the target,
which is commonly referred as ion-selective electrode (ISE).* Potentiometric
measurement will follow the Nernst equation:

.. 2.303 RT
EMF = B+ =25 Logla] (1)

where E° is an intercept whose value is tied to the state of the membrane and ion
interference; R, T, and F are a universal gas constant, temperature, and Faraday’s
constant respectively; Z is the ionic charge of the analytes; and a; concentration of
analytes.>®

One critical component in potentiometric measurement technique is the reference
electrode, which is as important as the working electrode. Till date, research
on reference electrode has not been conducted as much as the research on the
development of working electrode. Thus, there is an urgent need to conduct further
research on reference electrodes.”®

In potentiometric techniques, reference electrode is employed to determine the
potential of working electrode. A major feature of reference electrode is the ability
to maintain a steady potential over enormous range that should not be affected by
sample size and its environment.” Typical reference electrodes used are calomel
and Ag/AgCl-based electrodes. Both of these are usually large, making them
incompatible when coupled with micro-sized or planar working electrode. It is
inseparable from the evolution of micro-sized working electrode rapidly.!*-!?

To reach the stated goal, research related to the maturation of the reference
electrode is considered every bit of the potential areas to be built up. In recent
years, several studies on small and planar reference electrodes have been recorded,
such as research conducted by Kisiel et al. who utilised poly(n-butyl acrylate)
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membrane with lipophilic salts, such as potassium tetrakis (p-chlorophenyl) borate
(KTpCIPB)."* Meanwhile, Renata et al. used a PVC polymer containing ionic
liquid.'* The use of two different types of lipophilic salts of similar concentration
has also been reported for the miniaturisation of reference electrode. Both lipophilic
salts such as KTpCIPB and tridodecylmethylammonium chloride (TDMA-CI) can
be immobilised on poly(urethane) (PU) membrane.'>1¢

Even so, problems frequently arise from planar reference electrode due to leaching
of components over time. In addition, the formation of a layer of air trapped
between the surface of the electrode and the membrane seriously affects the
stability of reference electrode.!”

To overcome this problem, in this work, the authors used ionic polymers such as
sodium polyanethol sulfonate (SPS) salt as an electrolyte in a solid-state reference
electrode. Ionic polymer-based membrane contains a large number of charges that
can be ionised in water and other aprotic solvents.!® The chemical structure of
polymers can be seen in Figure 1. Referring to Nernst equation, if the charge value
of the chemicals (z) is high then the potential value obtained will be low. Therefore,
a large number of charge on the ionic polymers will induce the potential value of
the planar electrode toward 0, whereas if the charge exceeds 60, then the predicted
slope will be <1 mV. This corresponds to the ideal characteristics of the reference
electrode potential unperturbed by environmental changes.!”

CH;

OCHj3
Figure 1: Chemical structure of SPS salt.
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2. EXPERIMENTAL

2.1 Materials

The ionic polymer of sodium polyanethol sulfonate 98% and cellulose acetate
were obtained from Sigma Aldrich. Tetrahydrofuran (THF), potassium chloride
(KCI), nitric acid (KNOs), ammonium chloride (NH,CI), and monomer pyrrole
98% were purchased from Merck, whereas the buffer solution with pH 4, 7 and 10
were purchased from Fisher Scientific. We purchased powder polisher Al,O; from
Metrohm.

3.  METHODS
3.1 Preparation of Electrode Transducers

The carbon screen printed electrode (SPE) (Scrint Print BHD, Malaysia) was
scrubbed with Al,O; powder for approximately 30 min and then washed with
deionised water until clear. Next, the electrodes were rinsed and sonicated for
1 min to get rid of Al,O; dirt and particle remnants that sticked to the surface
of the electrode. After sonication, the electrode was again rinsed and cleaned
with deionised water and dried with a tissue paper. After drying, the carbon SPE
was soaked in a solution containing monomers of 0.5 M pyrrole and 1 M KCI
as a dopant and connected to Autolab PGSTAT 128N MODEL potentiostat for
electropolymerisation process. Carbon SPE acted as a working electrode, Pt
electrode as counter electrode, and Ag/AgCl double junction electrode as a reference
electrode. The process of polymerisation was started by supplying a current density
of 2mA/cm? for 90 sec. The completion of polypyrrole polymerisation process was
marked by a dark purple layer formed on the surface of carbon SPE. After that, the
carbon SPE was rinsed with deionised water and was dried using a tissue paper.

3.1.1 Preparation and characterisation of solid-state reference electrode

SPE coated with a layer of polypyrrole was deposited with a 50 puL cocktail of
polymeric ions containing 5% cellulose acetate at varying concentrations (1%—
5%, w/v) of ionic SPS polymer and THF as a solvent. After the surface of the
electrode was coated with the cocktail, the electrode was left to dry overnight at
room temperature. The completed reference electrode was further tested for the
Nernstian number at various concentrations and for pH using KCl solution wherein
the solid-state reference electrode acted as a working electrode. In addition, a
stability test under continuous monitoring in KCI 107 M and pH 7 buffer solution
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was performed. In the final test, the response to NH,*, K* and NO;™ ISE electrode
was measured, where the measurement outcomes were compared to ISE paired
with a standard double junction reference electrode. All the tests were conducted
using ion meter Orion 5 Star.

4. RESULTS AND DISCUSSION
4.1 Characterisation of Electrode Transducers

Prior to testing the performance of the solid-state reference electrode, some
headway toward the characterisation of a carbon SPE after coating polypyrrole-
chloride (PPy/Cl), and also after placing the cellulose acetate membrane/SPS need
to be attained. This aims to ensure that polypyrrole was polymerised and SPS salt
is present in the system of the solid-state reference electrode. The characterisation
was performed by visual inspection, scanning electron microscopy (SEM), cyclic
voltammetry (CV), 0.1 M KCl solution, and potentiometric measurements.

With the aid of visual inspection and SEM analysis, differences were noticed
between the bare carbon electrode, after coating with PPy/Cl, and after deposition
of cellulose acetate membrane/SPS on top of PPy/Cl layer (Figure 2). In Figure 2(a),
an electrode with scratches, black layer, and SEM image shows un-homogeneous
thin layer spots. Furthermore, after polymerisation, pyrrole monomers converted
to polypyrrole on the surface of the carbon electrode forming a new layer. As seen
in Figure 2(b), the surface of the electrode becomes thicker and smoother. This is
supported by a SEM image showing real change, whereby after polymerisation,
a layer with smoother texture and shape like a stack of raisins was formed. This
picture is in accordance with the data presented in the previous research.?%?! Figure
2(c) shows the presence of a shiny layer that is transparent and slippery like plastic,
which is a layer of cellulose acetate membrane that contains SPS salt. SEM was
conducted using cross section of the side edges, where the thickness of the layers
was visible that the membrane is less about 436 mm.
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(b)
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Figure 2: Visual and scanning electron microscopy (SEM) of electrode (a) carbon
electrode, (b) after polymerisation of PPy, and (c) after deposition of cellulose
acetate containing SPS salt.
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Figure 3 and Table 1 show the presence of the PPy/Cl layer and cellulose acetate/
SPS membranes. Figure 3 also shows the CV graph, a carbon electrode, and PPy/
Cl layer that were performed with the use of three cells in a solution of 0.1 M
KCl, where carbon electrodes and PPy/ClI also acted as the working electrode.
The reference electrode was a double junction of standard Ag/AgCl electrode and
the counter electrode was a Pt electrode. Figure 3(a) shows the CV image of the
carbon electrode and this form is the specific pattern of the carbon electrode. As
seen in Figure 3(a), carbon electrodes were not showing oxidation peak at —1 V
to 1 V window, where the scan rate used was 100 mV/s, whereas we also found
that the carbon electrode’s CV was very thin. This suggests that there is a surface
on the carbon electrode that is not contaminated from other materials.?>? Figure
3(b) shows the CV of PPy/Cl in a solution of 0.1 M KCI, wherein the window
between —1 V and 0.4 V was seen as the peak oxidation on region 0 V and the peak
reduction at —0.8 V. This indicates that PPy/CI had formed above the surface layer
of carbon electrodes. In addition, the presence of peaks of oxidation and reduction
also indicates that the PPy/Cl formed will make electrode transducer having the
ability to make charge transfer on the surface layer of carbon.?

To ascertain the presence of a PPy/Cl layer and also the presence of SPS salt on
the cellulose acetate membrane, we tested the cellulose acetate membranes using
the Nernstian number measurement in solution buffer at pH 4, 7 and 10. This
was performed because PPy/Cl is highly prone to deprotonation, making it very
sensitive to pH changes, which will lead to the occurrence of positive slope close
to the Nernstian number.>> Meanwhile, the presence of SPS salt on the cellulose
membrane and on the surface of PPy/Cl will cause the response slope to be
dropped significantly (Table 1). It is inseparable from the SPS salt, which is a type
of polyion that has a large charge, thus causing potential changes on the surface of
the electrodes. The presence of H* on the surface of the transducer is not enough
to affect the change in the potential at the surface of the transducer.?® Different
things are indicated if the cellulose acetate membranes used do not contain a salt
of SPS (Table 1). This does not change the response of the electrode transducer.
Transducer still retains the characteristics of the response of PPy/Cl, which is
sensitive to alterations in pH. This is because the properties of cellulose acetate
membrane, that is porosity with no charge,?”-*® caused the samples to enter freely
into the membrane toward the surface of the electrode without being influenced by
changes of the charge on the membrane.
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Figure 3: The cyclic voltammetry of (a—c) carbon electrode (d—f) after PPy deposited.
Testing in 0.1 M KCl solution.
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Table 1: Slope comparison of PPy/Cl layer and after cellulose acetate/SPS deposited on
top of PPy/Cl layer.

Parameters PPy/Cl  Cellulose acetate bare Cellulose acetate/SPS (top of PPy/

Cl layer)
Slope (mV/dec) 55 54.7 34
SD 22 1.9 0.2
RSD (%) 4.0 4.4 1.2
r? 0.9991 0.9986 0.9884

Note: PPyCl:polypyrrole-chloride RSD: relative standard deviation; SD: standard deviation, SPS: sodium
polyanethol sulfonate.

4.2  Effects of Sodium Salt of Poly(Anethol Sulfonic Acid)

The sodium salt of poly(anethol sulfonic acid) is a type of polymeric ion, which
is also known as SPS. It is usually used as an anticoagulant in blood samples
of the bacteria breeding in a bottle. In addition, SPS also serves as a barrier to
reproductive cells that can intervene with the growth of bacteria in a sample of
media.?” Moreover, SPS is also employed as an ionophore in the preparation of
sodium ISE.*

In this work, SPS at varying concentrations was immobilised on cellulose acetate
membrane and applied on a solid-state reference electrode matrix. The choice
of the cellulose acetate membrane was based on its properties such as easy
decomposability, thermoplastic in nature, easily soluble in various organic solvents,
flexibility, and possesses good mechanical durability. In addition to these, cellulose
acetate membrane has a porous physical structure, which helps in the movement of
both ions and water molecules toward the sample or in the opposite direction.'-3*

As seen in Table 2, the concentration of SPS salt immobilised onto the cellulose
acetate membrane gives an impression of the response slope when tested at various
concentrations of KClI solution and pH of the solution when the solid-state reference
electrode was coupled with the standard Ag/AgCl reference electrode with double
junction type. In this work, the solid-state reference electrode functioned as a
working electrode.
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Table 2: Slope of various types of solid state reference electrode in the various
concentrations of a KCl solution and pH of buffer solution.

SPS KCl solution Buffer solutions

Giw v RPCOF v RSDe)f
1 7604 5.1 0.9847 79404 4.8 0.9954
2 5605 82 0.9900 55+02 3.9 0.9866
3 46+01 2.7 0.9935 47402 4.5 0.9965
4 35£03 93 0.9946 3.4+0.2 1.2 0.9884
5 3502 438 0.9920 3.8+£0.2 4.1 0.9930

Note: RSD: relative standard deviation; SPS: sodium polyanethol sulfonate.

In this study, we have seen that the concentration of SPS salt will influence the
value of the slope of the solid-state reference electrodes. This phenomenon is seen
because of the amount of the charge contained in the polymeric ionic salts such
as SPS. This great amount of charge if inserted into Equation 1 will make the
Nernstian number or the slope to go down."

In the manufacture of ionic sensors, lipophilic salts are added to increase the
dynamic side of the membrane, allowing ions to move toward the layer to of the
membrane.*-37 With a similar concept, the addition of SPS salts should also work
as lipophilic salts in the solid-state reference electrode prepared in this work. If this
is determined, the slope resulting from the measurements tends to sustain a positive
response, which may be inseparable from the negative charge of the functional
groups of sulfonate. Then, the lining of the membrane will tend to deliver a large
negative active site thereby making the positively charged ions such as K* and H*
to extract into the membrane and provide stimulus potential value (Figure 4).3%%

Studies on the variations of the concentration of SPS aim to determine the optimal
composition of the ingredients in the making of solid-state reference electrodes.
Table 2 shows that with increasing concentration of SPS salt, the average Nernstian
number will go down from 7.5 to 3.5 for KCl solution and 7.9 changes to 2.1 for
pH buffer solution (1%—4% w/v). This is due to the increase in the concentration
of SPS salt used that will also cause a rise in total charge of the lining membrane
of the surface electrodes contained in the solid-state reference electrode. This will
have a reduction in the Nernstian number.'® In addition, it will also increase the
negative side of the cellulose acetate membrane. This will also improve competition
between ions that are present in the sample to allow movement into the membrane
of solid-state reference electrode so that the resulting slope also decreased.*
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Figure 4: The mechanism of charge transfer process in a solid reference electrode.

Meanwhile, at a concentration of 4%—5%, the number of Nernstian produced
visible already a constant. This is because the total amount of charge on the film’s
layer of cellulose acetate membrane was already saturated. This will result in a
charge balance in the solid-state reference electrode as it approaches the balancing
stage. In a state of saturation, the resulting potential difference tends to be
incessant. In summation, the equilibrium will also change direction, that is, from
the membrane towards the sample. It appears at a pH testing solution, which slope
at a concentration of 5% is somewhat higher than the concentration of 4%.4:42

4.3 Drift Study

The reference electrode drift study was evaluated through the stability of the
potential value.** Stability was defined as the ability of the reference electrode
to maintain at a constant potential within a certain time period.** The reference
electrodes were immersed in two types of solutions: 10 M potassium chloride
(KCl) solution and buffer solution with pH 7 for a continuous measurement of
60 h. Figure 5 shows potential response measurement of reference electrodes
versus time. Initially in the first 35 h of measurement period, there was a change
in the potential value observed with a drift rate of 0.13 mV/h in KCI solution and
0.09 mV/h in the pH 7 buffer solution. Meanwhile, during the last 25 min, reference
electrodes that were immersed in 103 M KCI solution showed fairly significant
drift of 0.33 mV/h or 73.7% drift increment. However, electrodes studied in buffer



Solid-state Reference Electrode 172

solution pH 7 exhibits 0.26 mV/h drift rate or 188.9% drift increment. A good
reference electrode drift rate is reported not exceeding 1 mV/h.!!-14.45-47

240
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Figure 5: The stability of solid-state reference electrode potential value for 60 h in a
solution of 103 M of KClI and buffer solution at pH 7.

The non-ideal effects existed in many sensors. The sensor drift can be influenced
by many factors such as poor component entrapment in the polymer matrix.
However, in this work, the drift was induced by the occurrence of leaching-off of
SPS salt components from the polymer matrix of the cellulose acetate membrane.
This leaching process was due to the apparent motion of ions from the membrane
towards the sample or otherwise, as well as process water ingress into the cellulose
acetate membrane.!>!'®4” The porous form of cellulose acetate membrane also
contributed to the onset of the process of leaching of SPS salts from the cellulose
acetate matrix.?-3* From Figure 5, it can be observed that the stability of the solid-
state reference electrode was initially low and started to degrade after 35 h.

4.4 Response vs. ISE

To demonstrate the merit of the functional reference electrode, the developed
SPS-based solid-state electrodes were evaluated by measuring its potential shift in
comparison to commercial ISE sensors such as NH,*, K* and NO;™. A validation
test of the selected ISE’s versus standard Ag/AgCl double junction reference
electrode was also conducted with regard to Nerstian response.

Based on the result shown in Figure 6, it was observed that the commercial NH,",
K* and NO; ISE sensors paired with solid-state reference electrode exhibited
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linear logarithmic relationship that agree to Nerst response. NH," and K" ISE
sensors showed a positive slope response to positively charged ions, whereas NO;~
ion yields a negative slope response to negatively charged ions.!

This suggests that the solid-state reference electrode has a potential value that is
almostunchanged despite changes in the concentration of samples and environment.
This is an important feature of a solid-state reference electrode.’ This data is also
supported by the value of the Nernstian number as displayed in Table 2 which
shows the value that approximates the value of the Nernstian number, where the
ideal number of values at a temperature of 25°C Nernstian is 59.16 mV/dec. for
monovalent ions.*8
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Figure 6: Response of commercial ion-selective electrode (ISE) sensors vs. (a) solid-
state reference electrode, (b) commercial Ag/AgCl double junction reference
electrode.
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Based on the results tabulated in Table 3, comparable results were obtained for
the SPS-based solid-state reference electrode’s performance with the standard
Ag/AgCl double junction reference electrodes used. The Nerstian slope response
generated by SPS solid-state reference was relatively low as compared to the
standard Ag/AgCl reference electrode. This is governed by the type of electrolyte
used."! The standard Ag/AgCl reference electrodes are constructed with a liquid-
type electrolyte inner filling solution. However, solid-type electrolyte was
embedded on a solid-state reference electrode design. The solid-type electrolyte
will affect the movement of ions, where the motion of the ions will be slightly
stunted compared to the liquid-type electrolyte. This will cause a large increase in
the value of the underground electrode which will decline the Nernstian number.>

Table 3: Comparability of the performance of ISE sensors paired with solid-state reference
electrode and standard of Ag/AgCl reference electrode with double junction type.

vs. Ag/AgCl double junction reference

vs. solid-state reference electrode
electrode standard

ISE  Slope LOD Slope LOD
(mV/ LR (M) (x10° R? (mg jdecy R M) (x106 R
dec) M) M)
. 555+ L 27+ 524+ .
NH 15 0.1-10 "¢ 0.9992 0.1-10° 4.9+03 0.9994
. 545+ 49+ 514+ o
K 05 0.1-10% " 0.9988 '/ 0.1-10° 4.7+02 0.9990
. -559+ . 40x 523+ .
NO:™ s 0.1-10 0.9990 5 0.1-10° 4.9+0.5 0.9989

Note: LR: linear range ; LOD: limit of detection ,; ISE: ion-selective electrode RSD: relative standard deviation;
SPS: sodium polyanethol sulfonate.

In the membranous layers of solid-type electrolytes, such as ours, the movement
of the ions occurs through the mechanism of ion jumps or hopping.? In this
mechanism, the lipophilic salts, such as salt of SPS, will form pools that are spread
evenly throughout the membrane solids such as sprinkles of raisins in the bread.
Ions will move by jumping from one pond to another nearby pond until it reaches
the surface of the transducer polypyrrole found on top of a layer of carbon on the
surface of the SPE electrode.

The other factor that causes low solid-state reference electrode’s numerical
Nernstian slope is the different size of electrode’s design. The miniaturised
designed planar solid-state reference electrode has a small area compared to the
bulky commercial standard reference electrodes. The small design of the electrode
will affect the capacity of electrolytes contained in the reference electrode, which
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contributes to a low Nerstian slope value. Consequently, it constrains the ability
of electrolyte to pull ions into the membrane that later affects low sensor signal
performance. The same behaviour of reference electrode has also been reported by
Simonis et al. in 2004.1

5. CONCLUSION

In this work, a new solid-state reference electrode based on polymeric sodium salt
of SPS ion has been successfully developed in a planar type formed. The solid-state
electrode has been prepared via electropolymerisation of PPy/Cl and drop-casted
SPS membrane film assembly. The fabricated electrode has shown comparable
linear logarithmic response similar to the standard Ag/AgCl double junction
electrode. Thus, the SPS-based solid-state reference electrode has demonstrated
good stability with the achieved drift rate <0.4 mV/h within 60 h. Moreover, the
developed solid-state reference electrode can be applied as an alternative reference
electrode in the analysis using ISE method. In conclusion, the planar-type SPS-
based solid-state reference electrode offers a free liquid maintenance, ease of
handling, and high potential to be integrated into ion sensors array.
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