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Reference electrode drift resulting from the exchange of ions at the
solution/reference electrode chamber interface is the number one
reason why ion selective electrodes and pH sensors in particular
require recalibration, costing companies up to 70 % of the total
lifetime cost of a pH probe. In this work, a novel and innovative
methodology is proposed in which the reference potential is
tracked, allowing for in-situ recalibration of the sensor without the
need for end-user intervention.

Keywords: Reference electrode ¢ Ag/AgCl ¢ lon Selective Electrodes
pH e Anthraquinone

lon Selective Electrode (ISE) sensors are used to detect ionic
concentration in aqueous solutions. Throughout the years a
number of ISE’s have been produced, the majority focusing on how
to achieve selectivity for the particular analyte.! As our
environment changes, and legislation tightens across the globe
regarding discharges into the world’s waterways and oceans, there
is a real need to improve the reliability of today’s sensing system.?
Although there has been significant progress over the last decade
with the development of the Internet of Things and networkable
sensors, the information provided to these networks is only ever as
reliable as the sensors monitoring the environment. Issues around
recalibration and maintenance often mean mass deployment is
economically unviable. ISE’s fall foul of this issue of manual
recalibration, making up to 70% of the sensor’s lifetime cost.

In the majority of cases the potential of the ion selective sensing
component is measured with respect to a standard Ag/AgCl
reference electrode housed in a known and defined potassium
chloride solution.> A fundamental issue with ISE sensors is
reference electrode drift or poisoning.* Reference electrode
poisoning occurs due to ion exchange at the porous frit used to
connect the reference chamber to the external environment, a
fundamental component of the sensor to operate. lon exchange
means that the composition of the reference solution is altered.
Variations in the chloride concentration will cause a shift in the
reference potential, and may give rise to soluble complexes of the
form AgCl,("1)-; ingress of ions such as sulphides, bromides, iodides
that form salts with silver that are less soluble than silver chloride
(AgCl) will also impact reference stability. Moreover, reducing
agents can precipitate silver from silver ions, and complexing
agents form metal complexes with silver ions, all of which will
adversely affect the reference electrode potential.®

Several researchers and organisations have tried to overcome
the drift issue. These have focused on improving the stability of the
reference electrolyte to minimize ion mobility and exchange,
improving the performance of the porous frit, or introducing
junction systems.®

Hach reported a new method known as the differential electrode
technique.” This technique utilises two glass electrodes to make a
measurement, which differs from the normal way of using a
reference electrode in a potassium chloride solution. The two glass
electrodes make the measurement differentially with respect to a
third metal electrode. It was reported that a dilution of 100 to 1
only saw a 0.05 pH shift.

More classically, different electrolyte filling solutions have been
studied.® Due to the desire of miniaturising sensors, the idea of
developing sensors without internal filling was investigated.® It was
said that removing the filling could also improve the sensors
durability and temperature range. This theory is also presented
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‘cumbersome’.® However, they also do go on to report the several
major challenges to the use of all-solid state ISEs. One of these
issues was the ion to electron transduction was interrupted at the
solid/membrane interface. Even after several improved designs, it
was seen that the all solid-state ISEs still didn’t match the
performance of the conventional sensor.!%!l |t seems the
effectiveness of solid state ISEs is heavily dependent on the solid
contact that is utilised.

Companies have also tried altering the type of frit used inside the
sensors. Sentek (amongst others) explore the idea of a double
junction probe as well as the common single junction probe.'? The
double junction contains an extra reference channel; this is to stop
any ‘leaching’ of contaminants to the silver chloride reference.
Rather than overcoming the drift issue they merely act to slow the
impact of the poisoning, elongating the time between calibrations.
This however does not remove the necessity for calibration to
ensure accurate and reliable sensing systems.

In this work we propose an innovative method to overcome this
drift, rather than trying to stop the drift, we understand that it will
always occur. Therefore, we report a novel means of verifying the
electrochemical potential/performance of the reference electrode
through the introduction of an additional stable voltammetric
electrochemical measurement (Scheme 1A). Scheme 1B and C
highlight the methodology of the approach. Scheme 1B highlights
the voltammetric response of the new calibration electrode
whereby the peak potential of the new redox couple is monitored
periodically. This merely acts as a guide to monitor any shift in the
reference electrode potential with time. Scheme 1C shows the
response of the classical electrode when a reference shift occurs
(red line). The peak potential shift taken from scheme 1B is then
fed back to the sensor and the outputted response is then amended
to provide the correct pH signal (scheme 1C, blue response). This
reference electrode potential drift correction occurs immediately
and without any end user intervention.

Output A
Output B “orrecled pH
measurement
‘ H measurement
El =
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3 “«>t=1 ]
. +«——>»t=2 L)
D '
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-3
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Scheme 1: (A) The proposed reference system set-up (B) the reference
tracking measurement (aq potential refers to the potential of the
anthraquinone species used as the redox indicator) (C) how it is applied in
real time.

All reagents were obtained from Sigma-Aldrich; these were of
the highest grade available and used without further purification.
All solutions and subsequent dilutions were prepared using
deionized water. All experiments were conducted in a 20 cm? glass
cell.

Voltammetric measurements were undertaken using an Anapot
potentiostat (Zimmer and Peacock, UK) with a three electrode
configuration. A modified carbon rod (3 mm length, 0.5 mm
diameter) was used as the working electrode. The counter
electrode was an unmodified carbon rod (4 mm length, 1 mm
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diameter). Unless otherwise stated the reference electrode was a
saturated Ag/AgCl electrode (BASI, USA). Square wave
voltammograms were collected using the following parameters;
frequency = 25 Hz, amplitude 80 mV, step potential 0.5 mV. All the
experiments were conducted whilst thermostattted at ambient
temperature (20 1 °C). Derivatisation of the sensing electrodes
was conducted using the electrochemical reduction of Fast Red Al
salt (10 mM) in acetonitrile containing 0.1 M tetrabutylammonium
perchlorate.!® The classical cyclic voltammetric signal was observed
for the modification of the carbon surface, with a small reduction
wave at 0.3 V (vs. Ag wire) consistent with the reduction of the
diazonium moiety to generate the reactive quinone species. A
larger wave at -0.9 V was also seen due to the reduction of the
quinone adduct.!®* After the modification, the electrode was
washed two times each in fresh acetonitrile and deionised water
solutions respectively to ensure any absorbed species were
removed from the electrode surface. After which the electrode was
ready for interrogation.

The approach uses the results of Compton et al. who showed
that in media of low buffer, the electrochemical reduction of
anthraquinone perturbs its use as a pH sensor, rather it changes the
pH of the solution locale to the electrode interface.* In the
following we use this phenomenon to produce a stable reference
system in media of low buffer such as that found in the reference
chamber of a typical reference electrode system.

To demonstrate the suitability of the approach as a reference
system, the peak potential is required to be stable in a number of
solutions of varying concentration and composition. Perhaps one
of the most common reasons for reference electrode drift when
sensors are placed in aquifer and river systems is the loss of
chloride ions from the reference electrode chamber. This is due to
the reference potential being very sensitive to the chloride ion
concentration. Figure 1A depicts the reductive square wave
voltammetric response of the anthraquinone (AQ) - modified
carbon electrode to varying chloride concentrations, ranging from
0.1 M —3.0 M KCl.

-
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osmkct |
Blank - 3 M KCl
AQ-3MKCl ® Aq potential
AQ -1 MKCI 2 M KCI I
AQ-0.5MKCI Ag/AgCl
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- -0.8 -0.6. - -0. Potential shift fi 3M KClI
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Figure 1: (A) Square wave voltammetry of the anthraquinone modified
carbon electrode in various KCl concentrations (B) comparison with the
unmodified carbon electrode placed in 3 M KCI.

In each case a well-defined redox wave is observed consistent
with the anthraquinone redox couple being present on the surface
of the electrode. As expected, the peak current decreases with
electrolyte concentration. Analysis of the variation of peak
potential as a function of chloride concentration is given in Figure
1B. This compares the peak potential shift of the AQ redox wave
with that of redox potential of the Ag/AgCl redox couple for the
same concentrations of chloride. This latter shift depicts the error

This journal is © The Royal Society of Chemistry 20xx
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chloride ions to the bulk solution. At the extremity, should the
solution concentration change from 0.1 M — 3.0 M KCl, this equates
to a 1.42 pH unit error in a classical pH sensor compared to a 0.08
pH error using the novel internal voltammetric reference system.

In industrial applications, ion exchange is not solely the loss of
chloride ions from the reference chamber, but rather the uptake
ions into the chamber. Figure 2 illustrates the response of the AQ-
modified electrode when directly immersed in a solution covering
the range pH 2-13. In Figure 2A the pH was adjusted by the addition
of hydrochloric acid to the 3 M KCl solution, Figure 2B is the
addition of sodium hydroxide and Figure 2C the addition of acetic
acid.

——— OmM pH 6.33
0.05mM pH 5.33
0.1mM pH 5.29
0.25mM pH 5.25
0.4mM pH 5.25
——— 0.45mM pH 5.24
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Figure 2: The influence of pH on the reference system signal. A) Addition of
HCl to 3 M KClI, B) addition of NaOH to 3 M KCI and C) addition of acetic
acid to 3 M KCl.

In each case a voltammetric signal is observed consistent with
the AQ redox couple, however, contrary to the belief that the AQ
redox potential shifts with pH, no perturbation in the redox
potentials is observed. The results are consistent with previously
produced data for a species in solution*. The reduction of the AQ
and subsequent uptake of protons from the solution in the
immediate vicinity of the electrode perturbs the pH locale to the
electrode surface. This phenomenon thus provides a pH
independent redox wave even in high and low pH regions and in
buffered conditions as highlighted by the addition of acetic acid in
Figure 2C.

Further to demonstrating the independence to protons and
hydroxide ions on the redox potential of the AQ-electrode, other
potential interferences were studied. Figure 3 highlights the mean
deviation of the AQ-peak potential when in the presence of a
number of anions and cations over various concentrations.

0.1M CsCl R——
0.1M LiCl my—
0.1CaCI2 N
0.1M KNO3 "
0.1 MKI ——
0.1 MKSCN —
0.1 M NaCl N
0.1M KBr B
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3MKCI S,
-0.1 -0.08 -0.06 -0.04 -0.02 0 pHvoz 0.04 0.06 0.08 0. 0.12
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Figure 3: Mean deviation of pH when in the presence of a number of
anions and cations over various concentrations. In each case the standard
deviation was ca. 0.005 pH unit.

The deviation is measured with respect to the average peak
potential measured across all the solutions. A maximum of 0.12 pH
units is observed in a solution containing 0.1 M CaCl, and can be
tentatively attributed to the calcium ions chelating to the oxygen
moieties of the AQ species. Although this appears large it should be
noted should a reference electrode chamber suffer a complete
exchange from 3 M KCl to 0.1 M CaCl, this would equate to a 1.1
pH unit error and shows the stability of the newly proposed
reference system. It should also be noted that across 55 separate
measurements (five electrodes and eleven solutions of different
compositions), a standard deviation of 0.1 pH units was observed,
thus showing the reproducibility of this technique. Key poisioning
agents of Ag/AgCl reference electrodes are sulfides and
organothiols due to the formation of AgS complexes on the surface
of the reference electrode. It has been previously shown that the

redox potential of Anthraquinone is independent of these species.
15

The ability of the AQ redox couple to monitor the reference
potential change was demonstrated through monitoring the peak
potential difference using two different reference electrodes and
comparing this to that of a potentiometric response between the
two reference electrodes. Table 1 provides the peak potential of
the AQ redox wave for three different reference electrodes, a
standard Ag/AgCl electrode along with carbon and steel pseudo
electrodes. As expected, the peak potential varies with reference
electrode. In addition to this, the computed difference in measured
peak potential against the potentiometric difference between the
two electrodes is detailed.

Reference AQ AE wrt Ag/AgCl AE
Electrode Potential Calc. Potentiometric Calc-Pot
(mv) (mvV) (mV) (mV)
Ag/AgCl 739 N/A N/A N/A
Carbon Pseudo -736 3 7 4
Steel Pseudo -439 300 290 10

Table 1: Peak potential of the AQ redox wave for a standard Ag/AgCl
electrode along, a carbon and a steel pseudo electrode.

It can be seen that in the two cases shown, the calculated
difference between the potentiometric and proposed methodology
provides a maximum error of 10mV. This highlights that even in the
case where the reference electrode is completely changed to an
unstable pseudo reference electrode, the proposed methodology
accounts for the reference potential changes.

It is recommended that current pH sensors should be replaced
every 12-18 months depending on the environment in which they
are deployed. During this lifetime the electrode will be calibrated
numerous times, every day, week or month depending on the
application. For the proposed voltammetric reference system to be
a significant improvement, the recalibration frequency must be
greatly decreased; ideally the lifetime of the voltammetric
response should exceed the lifetime of the pH probe so it will never
be recalibrated. Ideally the new reference electrode system if
deployed on a commercial system would be tested at least once
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day throughout the lifetime of the probe equatlmg to ca. 888

measurements for an 18 month deployment. The lifetime of the
electrochemical response is dependent on two parameters; the
number of electrochemical sweeps and storage time in the analysis
media. These were tested in parallel, where an electrode was
continually scanned over a short period of time demonstrating a
strong voltammetric signal after 1440 scans, significantly higher
than the once a day measurement frequency. In addition, an
electrode was stored in 3 M KCI for a period of six months with no
degradation in the AQ-response observed after this time, providing
a predicted lifetime in excess of the eighteen month time period.
These results demonstrate the suitability of the system for long-
term deployments within a commercial device.

Commercial optimisation of the final product can be tuned
through varying the underlying carbon substrate. The chemistry
used in this method is known to modify a variety of carbon based
substrates including graphite, C60, glassy carbon and carbon
nanotubes.’®'” This will allow the device to be mechanically
optimised for a whole range of sensor architectures.

Obviously, for this system to be fully commercialised there needs
to be a potentiostat capable of running the voltammetric sweeps
designed and implemented within a classical glass pH geometry,
which will add cost to the final product. However, this will be low
compared to the cost saved of not having to have field engineers
routinely calibrate their sensor. Furthermore, any changes of the
redox potential associated with temperature will be part of the in-
built electronics calibration algorithms as already implemented in
commercial ISE’s today.

The results highlight an innovative and novel approach to
overcome the issues of reference electrode drift within
electrochemical devices. Rather than trying to stop drift through
modifying aspects of the sensors, it is accepted that drift will always
occur due to the design and requirements of the reference
electrode system. Thus, the new system demonstrates the
suitability to track the reference electrode potential by monitoring
the potential of the anthraquinone redox couple. The system has
been tested under a range of conditions and in the presence of a
number of known interferences to the Ag/AgCl reference system
with insensitivity demonstrated throughout. The efficacy of the
new voltammetric reference system will provide pH sensor
manufacturers the ability to track and recalibrate in-situ for
reference electrode drift, making these systems suitable for mass
deployment in the Internet of Things.
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