Electrochemical Detection of Free-Chlorine in Water Samples Facili-
tated by in-situ pH Control using Interdigitated Microelectrodes
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ABSTRACT: Residual free-chlorine concentration in water supplies is a key metric studied to ensure disinfection. High
residual chlorine concentrations lead to unpleasant odours and tastes, while low concentrations may lead to inadequate
disinfection. The concentration is most commonly monitored using colorimetric techniques which require additional rea-
gents. Electrochemical analysis offers the possibility for in-line analysis without the need for additional reagents. Electro-
chemical-based detection of chlorine is influenced by the solution pH, which defines the particular chlorine ionic species
present in solution. As such, controlling the pH is essential to enable electrochemical based detection of residual chlorine
in water. To this end, we explore the application of solid state interdigitated electrodes to tailor the in-situ pH of a solution
while simultaneously detecting free-chlorine. Finite element simulations and subsequent electrochemical characterization,
using gold interdigitated microelectrode arrays, were employed to explore the feasibility of an in-situ pH control approach.
In practice, the approach converted residual chlorine from an initial mixture of two species (hypochlorous acid and hypo-
chlorite ion), to one species (hypochlorous acid). Chlorine detection was shown in water samples using this exploratory
method, resulting in a two-fold increase in signal response, compared to measurements without pH control. Finally, tap
water samples were measured using the in-situ pH control method and the results showed excellent correlation (within
experimental error) with a commercial instrument, demonstrating the efficacy of the developed technique. This work es-
tablishes the possibility of deploying an electrochemical based reagent-free, in-line chlorine sensor required for water dis-
tribution networks.

other adverse health effects.” As a result, the WHO has
guidelines that specify the appropriate concentrations of
Chlorine disinfection steps are employed for both pota- chlorine in drinking water.?

ble and non-potable water systems and, in each case,
knowing the concentration of residual chlorine at the end
of the distribution systems is a legal requirement. Residual
chlorine is defined as the sum of the concentrations of both
chlorine species, hypochlorous acid (HOCI) and hypo-
chlorite (OCI")."3 Disinfection processes typically involve
bubbling chlorine gas, or adding a salt such as sodium hy-
pochlorite (NaOCI) to the water, Both processes result in
the formation of hypochlorous acid as shown by the reac-
tion schemes:#

1 - Introduction

Residual chlorine typically exists as a mixture of HOCI
and OCI, the exact ionic ratio being dependent on solution
pH. Drinking water has an acceptable pH range of 6.5 to
9.5.9 While this relatively broad pH range is suitable for hu-
man consumption, it can greatly affect the signal output
from a sensor. In this pH range the chlorine ion ratio can
switch from predominantly HOCI to predominantly OCl-
species; which have very different reactivities at different
sensors.”® The most common method of detecting residual
chlorine is by a colorimetric technique using N,N-diethyl-
Cl, + H,0 & HOCl + HCl (1 p-phenylenediamine (DPD). This involves the reaction be-
tween the amine group of DPD and chlorine which pro-
duces a pink coloured compound.” Chlorine concentra-
tion can then be quantified based on the colour intensity.
Similar methods have been developed based on: fluores-
cence, chemiluminescence and other colorimetric tech-
niques that show high selectivity with limits of detection
in the ppb range.> >4 Although some of these methods
mitigate the issue of pH variation, they can be difficult to

NaOCl + H,0 < HOCl+ NaOH @

The concentration of residual chlorine in a water system
must be carefully monitored since too low a value may re-
sult in ineffective disinfection and pathogens remaining in
the system, while too high may lead to reactions with or-
ganic compounds forming, e.g., trihalomethanes, which
have been linked to cancer,> respiratory problems® and



deploy in-line as required in water distribution networks.
They also typically require the addition of a “reagent”,
which in most cases is not reusable. In contrast, it is well
known that electrochemical methods permit detection of
other analytes without the need for additional reagents, for
example, in medtech’ ' and environmental sectors.”

Free-chlorine sensors have been described in the litera-
ture employing cyclic voltammetry,'82° linear sweep volt-
ammetry,® > and chronoamperometry*2® as detection
methods. Chlorine concentration is probed by measuring
the reduction of either hypochlorous acid or hypochlorite
according to the following reactions:*

HClO + H* + 2¢~ —> Cl” + H,0 3)
ClO~ + H,0 +2e~ - Cl~ +20H" (a)

However, conventional electrochemical measurement of
free-chlorine in water faces two main challenges. Firstly,
as described above, the ratio of the chlorine reactants pre-
sent in a measuring environment is pH sensitive. While
electrochemical methods can work well in highly con-
trolled pH environments, with water, the pH is likely to
vary considerably. The second challenge is that hypo-
chlorite is the dominant species at near neutral pH’s, and
electrochemical reduction of hypochlorite occurs in the
same potential region as dissolved oxygen. 2° 3° Conse-
quently, dissolved oxygen is a ubiquitous interferent limit-
ing the effectiveness of electrochemical sensors.?* By con-
trast, hypochlorous acid (HOCI) reduction occurs around
0.3 V (versus a saturated calomel electrode, SCE) outside
of the oxygen reduction potential window. Thus, novel so-
lutions are required to mitigate the effects of pH variability
when using electrochemical based detection methods.

Prior work has shown that pH can be controlled in-situ
using a rotating ring disc electrode arrangement. Hydroly-
sis of water produced protons at an anode ring which dif-
fused to the sensing disc electrode lowering the pH in-situ,
compared to the bulk solution and enabled direct detec-
tion of mercury.?. In acidic conditions, water is split by the
following mechanism:3*

Cathode:2H" + 2e~ — H, (5)

Anode:2H,0 - 0, + 4H" + 4e~ (6)

In basic conditions, the mechanism becomes:

Cathode:2H,0 + 2e~ — 20H™ + H, 7
Anode:40H™ - 0, + 2H,0 + 4e~ (8

An acidic medium can be made more basic by consump-
tion of protons in a reduction reaction, or alternatively
more acidic by production of protons in an oxidation reac-
tion (depending on the potential imposed at an electrode).
It is important to note that the pH change is strongest close

to the electrode and diminishes with increasing distance
from the electrode.

The electrochemical measurements in this work are per-
formed on a generator-collector type device composed of
two combs of interdigitated electrode arrays. The working
electrodes are spaced 10 pm apart while the counter elec-
trode is 1.1 mm away from the region of interest. By impos-
ing an appropriate potential at one (“protonator”) comb of
electrodes, a pH change occurs in the local environment
that tailors the pH at the other (“sensor”) comb. That comb
can then be used to perform sensing in conditions that dif-
fer from the bulk solution. It is vital that the counter elec-
trode is relatively well removed spatially from the interdig-
itated combs. This ensures that the consumption of pro-
tons does not occur too close to the sensing electrode,
which would inevitably prevent pH control. Using this ap-
proach, a local environment is created that is more acidic
(or basic) than the bulk conditions. We apply this method
to sensing of free-chlorine in the hypochlorous acid ionic
form by electrochemically shifting the pH at a sensor to
more acidic conditions. Consequently, at low pH all free-
chlorine ions exists as hypochlorous acid, facilitating a
more sensitive analysis, that is also removed from the dis-
solved oxygen interferent reduction potential region. The
close spacing of the electrode combs ensures that pH con-
trol is established by the rapid diffusion of protons, so ad-
ditional acid addition, convection or fluidic forces are not
required. Thus, this approach has the potential for deploy-
ment as in-line analysis process, required, for example, in
water distribution systems

2 - Experimental Section
2.1 - Electrode Fabrication:

Silicon chip based devices were fabricated using meth-
ods similar to those described by Dawson et al.335 Each
chip consisted of two combs of gold working interdigitated
electrodes, platinum pseudo reference and gold counter
electrodes were also employed on-chip. In brief, chips were
designed to interface with external electronics via a mi-
croSD port to facilitate facile electrical connection. All of
the devices were fabricated on 4-inch silicon wafers bear-
ing a thermally grown 300 nm silicon dioxide layer. Blanket
metal evaporations of Titanium (10 nm) and Gold (100 nm)
using a Temescal FC-2000 E-beam evaporator and lift-off
technique yields interdigitated microband (55 pm x 1 pm x
60 nm) structures with gaps between the combs of'1, 2 and
10 pm. A second metal evaporation and lift-off process
yields the interconnection tracks, contact pads and the
gold counter electrode (9o pm x 7 mm). Finally, a third
metal evaporation was performed to create the platinum
pseudo reference electrode. To prevent unwanted interac-
tions along the connection tracks, silicon nitride, which
acts as an insulting layer was deposited by plasma, en-
hanced chemical vapour deposition. Photolithography and
dry etching were utilised to selectively open windows (45
pm x 100 pm) in the insulating SiN layer over the micro-
band electrodes for exposure to the electrolyte. Openings



were also created over the counter and pseudo-reference
electrodes and the contact pads. Each device contains six
interdigitated electrode (sensors) which are separated by
0.94 mm. Once the sensor fabrication is completed, a wafer
was diced into 28 separate chip devices.

A custom made holder cell was fabricated to allow meas-
urement in small electrolyte volumes (~50 pL to 5 mls).
The cell was constructed from an aluminium base and a
Teflon lid. Spring loaded probes (Coda Systems Ltd. PM4J
Plain Radius Microprobes) were inserted into the lid in po-
sition above the peripheral contact pads, to permit electri-
cal connection to external potientiostats. The cell was as-
sembled with a Viton O-ring embedded in the lid to forma
seal around the on-chip electrodes. Viton O-rings were
chosen for their chemical resistance. The inner diameter of
the O-ring was 7 mm with a cross section of 1.6 mm to al-
low an opening large enough to expose all six sensors,
counter and reference electrodes on the device to the elec-
trolyte.

2.2 - Electrode Characterisation:

Each chip was inspected using optical microscopy to
identify any obvious defects or faults. Prior to any electro-
chemical characterisation chips were cleaned by immer-
sion in acetone, then iso-propyl alcohol and finally de-ion-
ized water, each for a period of ten minutes. The chips were
dried in a flow of nitrogen and placed in the chip holder.
Electrochemical analysis was performed using an Autolab
Bipotentiostat (MAC8o150 with BA Module, Metrohm).
Cyclic voltammograms (CV) were performed from o V to
0.6 V at 50 mV/s in 1 mM ferrocene carboxylic acid (FCA,
Sigma Aldrich, 97%). During these scans, the second inter-
digitated comb of electrodes were held at o V. All electro-
chemical measurements were recorded versus a SCE.

2.3 - Buffer preparation and electrode characterisation:

A series of buffers of differing pH was used to study the
gold oxide reduction reaction. 0.1 M citric acid (Riedel-de
Haén, 99.5% anhydrous) and 0.2 M sodium phosphate di-
basic (Merck, 99% anhydrous) were mixed in appropriate
ratios to yield buffers with pH values of 3.6, 4.6 and 7.6,
respectively. 0.2 M sodium phosphate dibasic and 0.2 M
sodium phosphate monobasic (Sigma Aldrich, 99%) were
mixed to make a pH 8.6 buffer, while 0.1 M sodium car-
bonate (Sigma Aldrich, 99%) and 0.1 M sodium bicar-
bonate (Sigma Aldrich, 99.5%) were mixed to yield a pH
10.8 buffer. Voltametric analysis was performed in each
buffer over the potential range o to 1.2 V (versus SCE) at 50
mV/s.

2.4 - pH adjustment in Water Samples:

Deionised water samples and artificial drinking water
(ADW) samples were used to assess the ability of the mi-
croarray to control pH. ADW was prepared by dissolving 1
g of sodium bicarbonate, 0.0654 g of magnesium sulphate
(Sigma Aldrich, 99.5% anhydrous), 0.3414 g calcium sul-
phate dehydrate (Honeywell, 99%), 0.007 g potassium

phosphate dibasic (Fluka, 98%), potassium phosphate
monobasic (Sigma Aldrich, 99%) and o0.01 g sodium nitrate
(Sigma Aldrich, 99%) in 10 L of deionised water. For in-situ
pH control, voltammograms were performed in both DI
and ADW samples by scanning the sensing comb of the
IDE array from 0.2 V to 1.2 V (versus SCE) at 50 mV/s with
the protonator comb biased at 1.65 V (which is in the oxy-
gen evolution region) to protonate (acidify) the local envi-
ronment of the sensing electrodes.

2.5 - Diffusion simulations:

Diffusion simulations of proton concentration in the vi-
cinity of the protonator electrodes were undertaken ac-
cording to Fick's second law. A model was designed to sim-
ulate generation at and diffusion of protons from the pro-
tonator electrodes using finite element analysis (FEA) soft-
ware, COMSOL Multiphysics 5.3, in line with the galvanos-
tatic model shown by Read et al3. The geometry of the
model consisted of a 5 mm square box as the experimental
domain, and two sets of interdigitated 1 pm wide micro-
band electrodes (14 protonator electrodes and 13 sensing
electrodes), separated by 2 pm. A flux of protons was ap-
plied at the surface of the protonators, by applying a fixed
anodic current, where the flux was assumed to be propor-
tional to the current applied at the electrodes. The initial
pH value was set to 7. The proton diffusion coefficient used
for the simulation was 9.31 x 105 cm? s™.

2.6 - Detection of Free-Chlorine Without In-situ pH Con-
trol:

Initial scans were performed in various concentrations of
free-chlorine in ADW at pH 3 (acidified using HCI) to es-
tablish the appropriate linear sweep voltammetry (LSV)
parameters. Working samples were prepared by diluting
Milton Sterilising Fluid (2% Sodium Hypochlorite) to the
required concentrations. The concentration of free-chlo-
rine was measured using a commercial free-chlorine color-
imeter (Pocket Colorimeter II 58700-00 with Cl, Test Kit,
DPD method). The samples were acidified using 0.1 M HCl
to ensure the dominant chlorine ion species was hypo-
chlorous acid. LSV potential parameters were determined
to be 0.95 V to 0.2 V (versus SCE) with a 50 mV/s scan rate.
Scans were also performed using the same LSV parameters
at pH 8.5 to establish the detection of Free-chlorine when
the sample is a mixture of hypochlorous acid and hypo-
chlorite.

2.7 - Detection of Free-Chlorine With pH Control:

The same samples of chlorine in ADW used for the tests
at pH 8.5 were used for the experiments using pH control.
The LSV parameters were as before with the addition of a
bias of 1.65 V imposed on the protonator comb of elec-
trodes to acidify the local environment.



3 - Results and Discussion
3.1 - Device Characterisation:

Devices were fabricated with varying inter-electrode
comb spacing (1, 2 and 10 pm). Each comb of interdigitated
electrodes can be addressed separately allowing for gener-
ator-collector type sensing applications. Figure 1 (A) shows
an image of a silicon chip device which consists of six sen-
sors and on-chip counter and reference electrodes. Each
sensor comprised of two interdigitated electrode combs, a
protonator and sensor comb, respectively. Figure 1 (B)
shows a higher magnification image of a sensor with a 2 pm
gap between electrode combs. The protonator comb (left
hand side) contains 14 electrodes, while the sensor comb
(right hand side) has 13 electrodes. The passivation is
opened directly over the interdigitated combs of electrodes
which is evident by the darker blue coloured rectangular
window. This prevents unwanted electrochemical reac-
tions occurring along the interconnection tracks. It is also
clear that the electrodes do not touch the opposite side of
the array which indicates that there is no electrical short in
the device so dual mode generator-collector type electro-
Chemical measurements are possible
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Figure 1: (A) Photograph of the full silicon chip (9.68 mm by 17.42 mm) showing con-
tact pads, connection tracks, counter electrode, reference electrodes and sensors.
(B) 50 x magnification of a single sensor array highlighting where the gold IDEs make
contact to the gold pads.

Following on from optical inspection, sensors were elec-
trochemically characterized using FCA. Figure 2 shows a

typical scan performed in generator-collector mode. The
generator was cycled from o V to 0.6 V while the collector
was held at o V. The generator comb oxidised the FCA to
FCA*. The FCA* species diffused across the gap to the col-
lector electrode, which subsequently reduces it back to
FCA. This is a phenomenon known as redox cycling and
can be used to boost signals as described by Wahl et al.3¢
The shape and current magnitude seen for the FCA scan in
figure 2 was typical of a working electrode array. The volt-
ammogram in Figure 2 exhibits steady-state behavior, for
the oxidation of FCA. This is a result of ultra-microelec-
trodes permitting time independent mass transfer when in
the generator-collector mode. As such there is no overlap
of diffusion layers, which would cause the array to behave
as one larger electrode, diminishing sensitivity. The collec-
tion efficiency, which is a ratio of the collector to the gen-
erator currents, was determined to be 83.5 %, for 2 um
gaps. The voltammogram in Figure 2 graph represents
three consecutive CV each showing excellent overlap with
the previous scans demonstrating the reproducibility of
the sensors. The generator voltammogram exhibited a ca-
pacitance current component arising from the fast scan
rate applied. However, the collector voltammogram has a
much lower capacitative current component as it was held
at a constant potential throughout the experiment. Thus
it's capacitance dissipated after initial biasing, evidenced
by the lack of hysteresis between the forward and reverse
sweeps in the collector scan in Figure 2.
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Figure 2: CVs at gold IDEs of 1 mM FCA in 10 mM PBS at a scan rate of 50 mV/s. The
generator electrode (black) was cycled between 0 V and 0.6 V while the collector
(red) was held at 0 V. A current of 30 nA was indicative of a fully working array. This
graph shows three consecutive cycles each showing excellent overlap with the previ-
ous scan.

3.2 - pH Dependence of Gold Oxide Reduction Peak:

The gold oxide reduction peak was used as a probe for
the pH condition of the electrodes. An oxide was formed
on a gold electrode by scanning to a sufficiently positive
potential, typically around 1.2 V. The electrode was then
swept cathodically to the initial potential and the position
of the oxide reduction peak was noted. This procedure was



repeated at different pH values in a series of buffers to es-
tablish the linearity of the technique. Figure 3 (A) shows
the oxide reduction peaks for the different buffer solutions.
In each case; four replicate scans were performed to deter-
mine reproducibility. As expected the oxide peaks shifted
to more positive potentials at lower pH values. The oxide
peak potential values for different pH’s were reproducible
(SD of 6.32E-4 V for greatest error) over multiple scans as
confirmed by the negligible error bars for the calibration in
figure 3 (B) fitted using a linear regression approach. The
calibration plot indicates a strong linearity with an R* =

0.998.
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Figure 3: (A) CVs of one electrode comb in a series of pH buffers from 0 to 1.2 V at 50
mV/s. For these scans, the second electrode was left unbiased to prevent any inter-
ference. The inset shows the full scan used to take a measurement. (B) Calibration
plot of oxide peak reduction potential vs. pH. A linearity fit of 0.998 is determined for
this calibration plot.

The oxide approach to pH analysis shows a sensitivity of
67.78 mV/pH, indicated by the slope of the linear fit. As
mentioned, the error was very low for each data point so
the error bars are not well defined. The error was

calculated as three times the standard deviation between
scans, which is used for each calibration.

3.3 - Simulation of pH Control at Interdigitated Elec-
trodes:

To determine the viability of the proposed in-situ pH
control method using interdigitated electrodes, a simula-
tion study was performed to elucidate the diffusion of H*
ions away from a protonator electrode with 2 pm separa-
tions. The simulation model was employed to determine
the best electrode configuration for pH control and to es-
tablish some of the conditions necessary to tailor the local
pH to the acidic values required. Figure 4 (A) shows the pH
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Figure 4: Simulation of an interdigitated array of electrodes with a current of 1
WA applied to the inner electrode. Simulations show the local pH 10 ms (A), 100
ms (B) and 1000 ms (C) after current imposition. The insets are a higher magnifi-
cation of the 3 electrodes highlighting the local pH environment. The insets also
show the silicon substrate (light green colour).



in the environment of the electrodes after applying a cur-
rent of 1 pA for 10 ms. The image shows a 2-D cross-section
of a 1.2 mm by 1.8 mm area through the interdigitated ar-
ray. It can be seen that although the bulk pH value remains
at its initial value (in this case pH 7.0), in the locality of the
electrodes the pH has begun to drop from pH 7 to below 5
(see inset — zoom in showing a 6 pm by 16 pm area around
the electrodes). Figure 4 (B) shows the situation 100 ms af-
ter the current bias was applied. The diffusion layer thick-
ness has increased and the local environment at the elec-
trodes has decreased to below pH 4. Figure 4 (C) shows the
local environment 1 s after the current bias was applied.
The diffusion layer thickness has increased further and the
local environment at the electrodes is now at pH 3 (Inset).
This suggests that within 1 second from switching on the
pH control, the local pH environment should be suffi-
ciently low to convert all residual chlorine to hypochlorous
acid ionic form.

3.4 - Evaluation of in-situ pH Control of Deionised Water
and Artificial Drinking Water:

As previously discussed, the location of the gold oxide
reduction peak was used to determine the parameters re-
quired for pH control in non-buffered matrices as shown
in Figure 3. Deionised water samples were used initially to
minimize complications arising from buffering capacity
and interfering species. The samples were made slightly
basic (pH 8.5) using 10 mM NaOH, as water splitting is not
efficient at neutral pH. Tests were performed in triplicate
where the sensing comb was swept anodically from o - 1.2
V while the protonator remained unbiased. A gold oxide
was formed on the electrode and subsequently reduced on
the cathodic sweep. The location of the reduction peak
maximum was observed at ~ 0.27 V, see Figure 5 (a). The
protonator electrode was then biased at a constant positive
potential of 1.65V (vs. SCE) to induce a local pH change and
the sensor electrode again swept from o -1.2 V. These re-
sults are shown in figure 5(A), where the gold oxide reduc-
tion peak of the sensor electrode was observed to shift ane-
mically to 0.75 V; a shift of 48 mV. Using the data presented
in Figure 3(B) it is estimated that the induced pH change
was from pH 8.5 to pH 2.9 at the “sensor” electrode; a drop
of ~5 pH units.

Tests were then repeated in ADW to determine the ef-
fectiveness of pH control in real sample conditions. ADW
contains significant concentrations of sodium bicarbonate
which was expected to buffer the pH at around 8.5. Using
the same parameters as described above, it was found that
pH control was still possible under these buffered condi-
tions, see Figure 5(B). The pH shift is not as large as for
deionised water, which was expected, but it was still suffi-
cient to decrease the pH. The oxide reduction peak in this
case appears at 0.68 V, which was estimated to be pH 3.8.
While not as acidic as the deionised water sample, this pH
still enables a near total conversion to HOCI. By adjusting
the protonator potential further, the pH change can be tai-
lored to the required value of 3.0.

3.4 - Free-Chlorine Detection Using pH Control:

Samples of hypochlorous acid (made by diluting a hypo-
chlorite stock in ADW and acidifying with 10 mM HCI)
were assessed using the interdigitated electrodes to estab-
lish the appropriate detection window. LSV was again used
as the detection method and it was found that scanning
from 0.95 V to 0.2 V at 50 mV/s was optimal for detection
of Free-chlorine. A series of low concentration (0.3 - 2 ppm)
hypochlorous acid standards (pH of approximately 8.5)
were prepared and their respective concentrations con-
firmed using a commercial DPD method. Figure 6 (A)
shows typical LSV scans obtained at a senor electrode
while the protonator electrode remained un-biased. Under
these conditions, the Free-chlorine will exist as both hypo-
chlorous acid and hypochlorite, with the latter being the
predominant species. Voltammograms recorded for the
0.35 and 0.7 ppm standards overlapped entirely, as the cur-
rents associated with each are quite low, and could not be
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Figure 5: CVs at gold “sensor” IDE’s over the range 0.2 to 1.2V vs SCE at a sweep
rate of 50 mV/s. (A) Deionised water at an Initial pH is 8.5 the oxide reduction peak
is seen at approximately 0.27 V (black). By biasing the second electrode at 1.65 V
the oxide reduction peak shifts to 0.75 V (red). (B) The same parameters were ap-
plied to a sample of ADW



(407
0.4+
0.2-
‘<"' 0.0 4
-} ]
— -0.2-
€ ]
= 0.4+
= ] ——0.35 ppm ClI
O .0.6- — 0.7 ppm ClI
1 = 0.95 ppm CI
g ——1.22 ppm Cl
1.0 4 = 1.51 ppm ClI
q ——1.85 Cl
1.2 b
1.4 L) L) L) ! L)
0.2 0.4 0.6 0.8 1.0
Potential (V vs. SCE)
(©)os
0.0
€ a5
t
e
E -1.0
(&) ——0.35 ppm Cl
.54 — 0.7 ppm CI
-2.0
2.5 r

T T T
0.4 0.6 0.8

0.2 I
Potential (V vs. SCE)

(B)o.5 4
0.0
2 os4
=
[+H]
£ .04 _
S ——0.31ppm Cl
4.5 —— 0.6 ppm CI
' ——0.88 ppm Cl
———1.15 ppm CI
2.01 — 1.4 ppm CI
——1.76 ppm Cl
2.5 T T T T T
0.2 0.4 0.6 0.8 1.0
Potential (V vs. SCE)
25
(D) || Eauation y = -0.13745 + 1.14524*x
1/ R-Sguare(coD) 0.96971 }
—2.0
N
x o
> 1.5 7
2 ,/'”
@ 1.0 / A
5
O 0.5 |
.
0.0 - - .
0.0 0.5 1.0 1.5 2.

Chlorine Concentration (V vs. SCE)

Figure 6: LSVs at gold IDE’s over the range 0.95 to 0.2V vs SCE at a sweep rate of 50 mV/s. (A) Various concentrations of chlorine, measured by the DPD method in ADW at pH 8. (B)
Various concentrations of chlorine, measured by the DPD method in ADW at pH 3. (C) Various concentrations of chlorine, measured by the DPD in ADW at pH 8 with the protonator
electrode biased at 1.65 V. (D) Calibration plot for the scans shown in (C).

differentiated from each other. A well-defined plateau cur-
rent for the reduction was not observed making it difficult
to determine the appropriate potential at which to take a
reading for calibration purposes. A second plateau associ-
ated with hypochlorite reduction would be expected out-
side of this potential window at more cathodic potentials
in the oxygen reduction region. Consequently, dissolved
oxygen would interfere with the analysis by providing
higher currents and thus false positive readings. The equiv-
alent tests were then undertaken in newly prepared stand-
ard solutions acidified to pH 3 using 0.1 M HCI. The equiv-
alent LSV scans are presented in figure 6 (B). Much higher
currents (compared to Figure 6(A)) for similar concentra-
tions were observed. This higher sensitivity allowed clear
discrimination between the lower concentration stand-
ards. Furthermore, a well-defined plateau region between
02 -03 V was observed enabling facile calibration. Finally,
as the Free-chlorine existing entirely as hypochlorous acid,
the problems associated with dissolved oxygen as an inter-
ferents were removed.

Following the successful demonstration of decreasing
pH increasing chlorine detection sensitivity, the protona-
tor potential established for pH control in blank water
samples was then applied to the initial Free-chlorine stand-
ards at pH 8.5. Figure 6 (C) shows the equivalent scans (to
figure 6 (A)) performed with the protonator biased at 1.65
V. A significant increase in signal current was observed for
each scan performed; similar to Figure 6(B). Figure 6 (D)
shows the associated calibration curve fitted using a linear
regression technique exhibiting good linearity with a R>=
0.969 and a measured detection limit of 0.35 ppm. Meas-
urements were undertaken in triplicate to determine the
error.

3.5 - Detection of Free-Chlorine in Tap Water Samples:

To confirm the potential of these sensors for water dis-
tribution applications, measurement of residual Free-chlo-
rine were undertaken in tap water samples. For this work,
the protonator was again biased at 1.65 V. The sensing
electrodes were biased at 1.2 V, to generate the gold oxide,



and the location of the gold oxide reduction peak observed
by scanning cathodically used to confirm pH ~3.0 of the
solution in the region of the sensing electrode. To account
for any matrix effects occurring from the samples, stand-
ards were prepared using a stock solution of tap water de-
gassed to remove residual chlorine; confirmed using the
commercial DPD method (LOD ~o.01 ppm). Hypochlorous
acid standards were prepared as before and measurements
made in triplicate for each concentration; see figure 7(A).
Peak currents, recorded at 0.2 V, were plotted versus each
concentration (using the mean of the triplicate measure-
ments) see Figure 7(B). Linear regression analysis was
again employed to fit a calibration line to the data.

—— 0 ppm
—— 0.8 ppm
— 1.9 ppm
— 2.7 ppm
— 3.9 ppm
—5 ppm

= = = Unknown|

Current (nA)

0.0 ) 075 ) 1!0 . 1.5
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{B)  {intercept 0.03186 + 0.0550
2.09| siope 0.36206 + 0.0187 ]

1,3.' R-Square(COD) 0.9894

0.4+
0.2+

0.0 4

— 7
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Chlorine Concentration (ppm)

Figure 7: LSV's at gold IDE's from 1.2 V to 0 V at a sweep rate of 50 mV/s. (A) Scans of
various concentrations of chlorine in tap water. The dashed line represents the un-
known sample. (B) Calibration plot for the scans shown in background subtracted (A)

Tap water samples of unknown Free-chlorine concentra-
tions were analysed and the current values, measured at
0.2V, challenged against the developed calibration curve.
A typical LSV recorded for one such sample, dashed line, is
presented in Figure 7(A). A Free-chlorine concentration
value of 0.33 ppm * 0.02 ppm was determined using the
developed electrochemical approach while a commercial

DPD method yielded a concentration of 0.31 ppm. In this
regard, both methods provided the same result within ex-
perimental error thereby confirming the efficacy of the in-
situ pH control method.

Conclusions

We have shown that electrochemical pH control is an ef-
fective approach to detecting residual chlorine concentra-
tion in real water samples. Finite element simulations and
subsequent electrochemical characterization, using gold
interdigitated microelectrode arrays in buffered samples,
demonstrated the feasibility of this technique. By design-
ing the sensing electrode to be close to the protonator elec-
trode, the local pH at the sensing electrode can be tailored
to pH 3 thereby converting all Free-chlorine into the hypo-
chlorous acid species. Effective chlorine detection was
shown in buffered artificial drinking water samples using
in-situ pH control and an enhanced signal response, com-
pared to measurements without pH control, was demon-
strated. Finally, tap water samples were measured using
the in-situ pH control method and the results correlated
excellently (within experimental error) with a commercial
instrument. This work shows the possibility of an electro-
chemical approach to reagent-free, in-line sensing of chlo-
rine required for water distribution networks.
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