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Free chlorine is the most commonly used water disinfectant. Measuring its concentration during and after
water treatment is crucial to ensure its effectiveness. However, many of the existing methods do not allow
for continuous on-line monitoring. Here we demonstrate a solid state chemiresistive sensor using
graphene-like carbon (GLC) that overcomes that issue. GLC films that were either bare or non-
covalently functionalized with the redox-active phenyl-capped aniline tetramer (PCAT) were successfully
employed to quantify aqueous free chlorine, although functionalized devices showed better
performance. The response of the sensors to increasing concentrations of free chlorine followed
a Langmuir adsorption isotherm in the two tested ranges: 0.01-0.2 ppm and 0.2-1.4 ppm. The limit of
detection was estimated to be 1 ppb, permitting the detection of breaches in chlorine filters. The devices
respond to decreasing levels of free chlorine without the need for a reset, allowing for the continuous
monitoring of fluctuations in the concentration. The maximum sensor response and saturation
concentration were found to depend on the thickness of the GLC film. Hence, the sensitivity and
dynamic range of the sensors can be tailored to different applications by adjusting the thickness of the
films. Tap water samples from a residential area were tested using these sensors, which showed good
agreement with standard colorimetric measurement methods. The devices did not suffer from
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Introduction

Free chlorine content is an important water quality parameter,
because of its widespread use as a disinfectant for drinking
water. It is added at the water treatment facility to remove
pathogens (primary disinfectant) and to ensure that pathogens
(e.g. bacteria and viruses) cannot re-contaminate the water
during distribution (secondary disinfectant). This is because an
isolated exposure to pathogens can lead to infection and have
fatal consequences."® Continuous online monitoring of their
presence and concentration in water is not straightforward,
even though some limited progress has been made using solid
state sensors.*® Monitoring the concentration of added disin-
fectants is a viable alternative since their presence at a suffi-
ciently high level implies the absence of pathogens.” In the pH
range of drinking water the addition of commercial chlorine
disinfectants (e.g. chlorine gas or bleach) results in an
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a cost-effective option for the continuous automated monitoring of free chlorine in drinking water.

equilibrium between hypochlorous acid (HOCI) and hypochlo-
rite (OCL™).® Together they are known as free chlorine.® It is the
most commonly used disinfectant and it works by interfering
with cell membrane functions.* It is added to the water during
primary disinfection (to remove pathogens) and during
secondary disinfection (to avoid proliferation in the distribu-
tion system). The World Health Organization (WHO) recom-
mends that a concentration of 0.5-5 ppm (i.e. mg L") of free
chlorine is maintained in the distribution system and that
a minimum of 0.2 ppm is kept at the point of delivery.* Failure
to maintain adequate free chlorine levels can have catastrophic
results, as was the case during the Walkerton Tragedy (Canada),
when an E. coli outbreak killed 7 people and infected 2300
others.'>*

Available technologies for online monitoring of free chlorine
have been summarized in recent reviews,*'* but all currently
accepted reference methods are based on offline procedures.
There are five EPA (United States Environmental Protection
Agency) approved methods for the determination of free chlo-
rine in water." They use amperometry, titrimetry, and color-
imetry.'*" The International Organization for Standardization
(ISO) has three approved methods, which rely on titrimetry and
colorimetry.* The oxidation of N,N-diethyl-p-phenylenediamine
(DPD) by free chlorine to generate a reddish solution and the
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subsequent measurement of the absorbance is the most
popular approach to determine its concentration in water.">*
However, because of the extensive use of free chlorine as
a disinfectant, many other quantification strategies have been
reported." Examples of other reagents for colorimetric detec-
tion include ABTS,*” Michler's thioketone,” and syringalda-
zine.”* Chemiluminescence**” and fluorescence®®*® are also
successful optical sensing strategies. Multiple electrochemical
sensors have also been developed, based on the principles of
voltammetry***' and amperometry.**>=** The cited voltammetric
techniques rely on the measurement of reaction products to
improve sensor performance (e.g., selectivity and limit of
detection) thus making the process time-consuming, while the
amperometric methods do so by using functionalized working
electrodes. Unfortunately, the need for expensive instrumenta-
tion hinders the application of the aforementioned methods for
continuous on-line monitoring. The batch-like nature of the
reactions involved in the spectroscopic techniques limits them
to discontinuous testing, and the consumption of reagents is
a drawback. Electrochemical sensors overcome these limita-
tions, but they are susceptible to hysteresis and fouling. Field
Effect Transistors (FETs) have shown high sensitivity towards
detection of free chlorine; however, the gate-voltage depen-
dence response of the sensor as well as fabrication complexity
make them not favorable for onsite or continuous
measurements.*>3¢

Chemiresistive sensors are a type of electrical sensor. They
work by transducing a chemical process (i.e. the sensing event)
into an electrical signal through quantifiable changes in the
conducting properties of a transducing element (e.g. a semi-
conductor).*” Thus, the changes in resistance/conductance can
be monitored by probing the devices with a constant voltage. In
aqueous environments, they have successfully been used for the
measurement of a range of analytes including free chlorine, pH,
H,0,, heavy metals (Cd>", Cr", Hg?") and organics (glycerol,
TNT, atrazine).'**** Single-walled carbon nanotubes (SWCNTs)
and pencil films were doped with a phenyl-capped aniline
tetramer (PCAT),** which is readily oxidized by chlorine. The
oxidation of the molecule modified the resistance of the
devices, and the magnitude of the change was found to be
proportional to the logarithmic scale of concentration. The
sensors could be reused after being electrochemically or
chemically reset. However, the need for an external reset
impedes the detection of fluctuations in the concentration of
free chlorine. Applications such as monitoring the integrity of
filter cartridges also require a lower limit of detection, and the
fabrication process is not suitable for mass production. Redox-
active impurities and voids in the nanotube and pencil films
may also interfere with the measurements.*>*

Here we report a chemiresistive sensor for the continuous
monitoring of free chlorine in drinking water that uses a PCAT
doped graphene-like carbon (GLC) sheet as the transducing
element. We demonstrate that compared to previously pub-
lished devices, GLC-based chemiresistors can be fabricated with
higher consistency, operate continuously without external reset
or reagents, and can be tuned in their operating range for very
high sensitivity. First, we quantify the dependence of sensor
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performance on GLC film thickness in order to determine the
optimal substrate for different applications. The sensors have
a low limit of detection and do not require an external reset,
allowing for the detection of fluctuations in the concentration
of free chlorine over a wide dynamic range. The morphology
and inert nature of the films minimize interferences from ions
commonly present in drinking water. The films can be mass-
produced and are easy to handle, which will facilitate a scale-
up of sensor manufacturing.

Experimental section
Preparation of solutions

PCAT in its leucoemeraldine oxidation state was synthesized
according to the literature.”” Sodium thiosulphate pentahydrate
(extra pure, min. 99%) was purchased from Acros Organics.
Humic acid (min. 95%) and sodium phosphate dodecahydrate
(ACS grade, 98.0-102.0%) were purchased from Alfa Aesar.
Methanol (HPLC grade), sodium chloride (ACS grade, min.
99.0%), sodium nitrate (ACS grade, min. 99.0%), and sodium
sulphate (ACS grade, min. 99.0%) were purchased from Cale-
don. Sodium bicarbonate (ACS grade, 99.7-100.3%) and potas-
sium chloride (ACS grade, 99.0-100.5%) were purchased from
EMD. Magnesium chloride hexahydrate (min. 99%) was
purchased from Fisher BioReagents. Sodium hypochlorite
solution (reagent grade, 10-15%), sodium phosphate mono-
basic (ACS Reagent, 98.0-102.0%), and calcium chloride dihy-
drate (ACS Reagent, min. 99%) were purchased from Sigma-
Aldrich. All reagents were used as received. Type 1 ultrapure
water (obtained with a Millipore® Simplicity® UV) was used to
make all solutions. Prior to use, all glassware was pretreated for
chlorine demand by soaking it in 0.1% diluted commercial
bleach (Lavo-Pro 6) for an hour and rinsing it three times with
ultrapure water.*® The concentration of the free chlorine solu-
tions was determined with the DPD colorimetric method. Both
portable (Hach Pocket Colorimeter™ II) and benchtop (Thermo
Scientific™ Orion™ AquaMate 8000 UV-Vis Spectrophotom-
eter) measuring units were used. DPD Total Chlorine Reagent
Powder Pillows (Hach 2105669-CA) were used with the pocket
colorimeter, and the Orion™ AC4P71 Powder Chemistry Packs
were used with the AquaMate.

Sensor fabrication

Polyethylene terephthalate (PET) sheets coated on one side with
GLC films of different thicknesses (12, 24, 38, and 46 nm) were
supplied by 3M Canada. The sheets consist of few-layer gra-
phene platelets a few micrometres in size with some thicker
nanocrystalline graphene embedded. GLC is manufactured in
the absence of a binder and the platelets are deposited in
a parallel fashion onto a PET substrate following a proprietary
process.**~*

Two different device geometries were fabricated, differing
only in how the transducing GLC film is brought into contact
with the solutions. The basic components of the sensors are
identical in both geometries (Fig. 1a). Refer to the ESI (Fig. S17)
for dimensions. The GLC-coated PET was attached to a glass
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slide using double sided Kapton tape (LINQTAPE™ PIT2SD
from CAPLINQ Corporation). First, one of the adhesive sides
was exposed and it was carefully placed on the non-conducting
side of the GLC-coated PET, avoiding the formation of wrinkles
or bubbles. Using a sharp blade, the GLC-coated PET was cut
around the Kapton tape. Then, the other adhesive side was
exposed, and it was pasted at the end of the glass slide using
gentle pressure. Next, two silver patches (PELCO® Conductive
Silver Paint from Ted Pella Inc.) were painted on opposite ends
of the GLC film to improve electrical contact with the copper
tape. The paint was cured on a hotplate at 60 °C for 20 minutes.
Finally, two pieces of copper tape (3M™ EMI Copper Foil
Shielding Tape 1181 1/4 in) were pasted over the silver patches
going from end to end of the glass slide.

The dip sensors (Fig. 1b) were packaged by masking the
contacts with a thin layer of polydimethylsiloxane (PDMS -
Sylgard® 184 Silicon Elastomer from Dow Corning). In order to
prevent the PDMS from spreading over the sensing area, it was
left to partially cure (approx. 6 hours at room temperature) so as
to acquire a thicker consistency. Then, the contacts were
masked with the thickened PDMS, and the sensors were placed
on a hotplate at 60 °C until the elastomer was completely cured.
For the flow sensors (Fig. 1c) a prefabricated PDMS fluidic
channel was attached to the GLC. The channels were fabricated
by pouring PDMS into a 3D printed mould (see ESI Fig. S1 for
dimensionst). Two 1.5 cm long pieces of Masterflex® Tygon®
Chemical Tubing L/S 13 (from Cole-Parmer) were cut and
inserted at the inlet and outlet of the mould before pouring the
PDMS. The mould was left to rest until all air bubbles dis-
appeared and curing was then completed in an oven for 40

a)
Copper tape
Silver paint
GLC
Kapton tape

-

Glass slide

PDMS mask

Fig. 1 (a) Basic components of the chemiresistive sensors. (b) Dip
sensor geometry. (c) Flow sensor geometry. (d) Scanning Helium lon
Microscopy (HIM) image of the 12 nm GLC sheet (x32657.14
magnification). The black areas are exposed PET substrate. (e) HIM
image of the 24 nm GLC sheet (x38 000.00 magnification).
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minutes at 80 °C. The channels were wet-bonded by spreading
a thin layer of PDMS on the GLC-covered area, leaving a gap in
the centre for the hollow part of the channel. The device was
then placed on a hotplate at 80 °C until the PDMS was sticky.
Then, the PDMS channel was carefully placed on top and the
curing was finalized on the hotplate. The resistances of the
sensors were in the range of 70-110 kQ (12 nm), 2-7 kQ (24 nm),
1.3-1.6 kQ (38 nm), and 0.85-1.1 kQ (46 nm). The substantial
drop in resistance from 12 nm to 24 nm is due to the transition
from a percolation network (Fig. 1d) to a continuous film of few-
layer graphene flakes (Fig. 1e). Thicker GLC films (38 nm, 46
nm) exhibit the same continuous morphology as the 24 nm film
and have a conductivity that scales directly with thickness.

Data acquisition

In order to test the performance of the sensors, dynamic
measurements of the current were taken by applying a constant
potential of 10 or 100 mV across the GLC film with an eDAQ
Quad Multi-Function isoPod™ (EPU452), which allows for the
simultaneous monitoring of up to four sensors. The instrument
was set to the Biosensor function, with a data acquisition rate of
30 min~" and the maximum number of decimal places possible.
To maximize resolution, the sampling range was chosen such
that it was twice the amplitude of the biggest signal expected.
The sample averaging period was set to 1.0 s to improve the
signal-to-noise ratio. Unless noted otherwise, the noise of the
signal (taken as the standard deviation of one minute of data) at
the time of data collection was less than 0.5% of the total sensor
response. The constant potential across the GLC film was
chosen with experimental requirements in mind. While
a 100 mV potential resulted in a higher current signal,
a potential of 10 mV was preferred because it is important to
maintain the voltage as low as possible. This way the potential
drop across the portion of the chemiresistive film that is
exposed to the analyte will not cause electrochemical reactions,
with the two ends of the exposed films acting as two electrodes.
In fact, at low biases, the electrochemical double layer acts as
a rectifier and prevents current leakage through the solution.
Our group has previously demonstrated free chlorine detection
at 100 mV,*® but we find 10 mV to be a conservative choice in
order to avoid interferences.

For dip sensor measurements, the sensing area of the
devices was immersed in a vessel containing the solution. The
analyte solutions were continuously agitated using a magnetic
stir bar. For flow sensor measurements, a two-channel peri-
staltic pump (Masterflex® L/S® Digital Miniflex Pump Systems
from Cole-Parmer) was used to move the solution through the
PDMS channel at a 0.2 mL min " rate. Masterflex® Tygon®
Chemical Tubing L/S 13 was used for the feed. In order to study
four sensors using a single pump, they were connected in series
in sets of two (i.e., outlet of the first sensor turns into inlet of the
second sensor). Microbore PTFE tubing 1/32 inch ID (from Cole-
Parmer) was used for the connections. All experiments started
with a 5 minute methanol run in order to wet the channels,
remove debris, reduce adventitious carbon deposits, and
establish a baseline signal for doping. The set of doped sensors
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followed with a 30 minute run of a methanolic solution of PCAT
(5% of 7.6 mg mL™", the saturation concentration), which
resulted in a significant change in signal due to the function-
alization of the films. The set of blank sensors was exposed to
methanol for an equivalent amount of time. The last step in the
doping protocol was a 5 minute methanol rinse. Following that,
all sensors were exposed to a chlorine-free aqueous background
overnight in order to get a baseline before proceeding with the
analyte solutions.

Scanning helium ion microscopy

The morphology of the samples was examined by Scanning
Helium Ion Microscopy (HIM), which provides a higher lateral
resolution (especially of surface features) and a larger depth of
field than typical Scanning Electron Microscopy. An Orion Plus
HIM (Carl Zeiss SMT Inc.) was employed to measure the
samples. A condenser lens spot control of 4 and a beam-limiting
aperture of 10 pm were chosen, giving a probe current of 0.7 pA.
These experiments were conducted at WATLab (University of
Waterloo).

Results and discussion

Chemiresistive sensing characteristics as a function of GLC
film thickness

In order to study the response of the sensors to free chlorine,
increasing concentrations of the analyte solutions were run
through several flow sensors. Each GLC thickness and probing
voltage was studied on a separate run, with each run consisting
of 2 doped sensors connected in series and 2 blank sensors
connected in series. After getting a stable signal for ultrapure
water, the amount of free chlorine was increased until the
response of the devices was saturated (i.e. the response cannot
be distinguished from the noise). Each solution was run for 40
minutes and the sensor response was calculated by averaging
one minute of data at the 40 minute mark and comparing it to
the water baseline (sensor response = Al/l,). The experiments
were performed at biases of 10 mV and 100 mV with no effect on
the results. The change in chemiresistance is not impacted by
the voltage. The function of the sensor will thus not be impacted
as long as the control electronics are capable of measuring
sufficiently low currents (according to Ohms law), which is the
case here. Fig. 2a shows representative raw data from a doped
sensor (for additional data see ESI Fig. S27).

The data was fitted to three different models: a Langmuir
adsorption isotherm, an exponential decay, and a Freundlich
adsorption isotherm (Fig. 2b). All of these models fit the
requirement that a 0 ppm analyte concentration should lead to
a 0% response. Both the Langmuir isotherm and the exponen-
tial function also incorporate asymptotic behaviour at high
analyte concentrations, consistent with a saturation of the
sensor response. Even though both the Langmuir and the
Freundlich isotherms derive from surface science models of
adsorption,® they cannot be applied literally to explain the
sensor response, since the response may or may not be
proportional  to they provide

coverage. Nevertheless,
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Fig. 2 (a) Raw data obtained from a doped sensor (12 nm thick GLC
and 100 mV bias). (b) Calibration curves fitted to a Langmuir adsorption
isotherm, exponential decay, and Freundlich adsorption isotherm.

mathematically useful models for fitting the sensor response,
especially since they allow to distinguish between a scenario of
coverage saturation (Langmuir) and continuing coverage
increases at high concentrations (Freundlich). The equations
and the curve parameters obtained with each model are gath-
ered in the ESI (Table S1t). The Langmuir adsorption isotherm
and the exponential decay provided the best fits, implying that
the sensors indeed saturate in their response. From here on,
Langmuir isotherms are used to discuss the performance of the
devices (Fig. S3 in the ESI} gathers the curves obtained after
fitting the sensor responses to the Langmuir adsorption
isotherm).

As mentioned earlier, the Langmuir adsorption isotherm
cannot be applied literally to explain the sensor response. In
order to fit our experimental data to the model, a Langmuir-like
mathematical model was used instead (eqn (1)). In that equa-
tion, y (%) is the sensor response, x (ppm) is the analyte
concentration, A (%) is a curve parameter that represents the
maximum sensor response, and B (ppm™ ') is a second curve
parameter that is inversely proportional to the saturation
concentration (see ESI eqn (S1) for its derivationt). These curve
parameters were found to show a dependence on the thickness
of the GLC. The maximum sensor response decreases as the
films get thicker (Fig. 3a), while the saturation concentration
increases (Fig. 3b). These trends can give insight into the
sensing mechanism.

ABx
+ Bx

y=1 % 100% (1)

Charge transfer and electrostatic gating are regarded as the
dominant mechanisms underlying the sensing response of

© 2022 The Author(s). Published by the Royal Society of Chemistry



Paper

nanocarbon sensors in aqueous solutions.** Other observed or
proposed mechanisms include changes in gate coupling, carrier
mobility changes, Schottky barriers between the nanocarbon
particles (carbon nanotubes or graphene flakes) that form the
percolation network that makes up the resistive film, and
Schottky barrier effects at the interface between the nanocarbon
film and the contacts.>**® We can firmly exclude the latter since
the contacts are coated in the dielectric material and do not
interact with the analyte (Fig. 3c). We also do not observe any
correlation between the sensing signal and ionic strength
(conductivity) of the analyte solution, since the electrochemical
double layer at the sensor surface acts as a rectifier to block
charge carrier transfer in one direction and thus prevents
shunting of the chemiresistive film by the analyte solution.®”
Lastly, no substantial current will flow through the monolayer-
like PCAT adsorbate layers on the doped sensors,* as seen in
comparison to the blank devices (i.e. both the blank and doped
devices have comparable currents). We thus conclude that the
entire sensing response is due to effects within the GLC film
(Fig. 3c). The data obtained as a function of GLC film thickness
strongly supports the charge transfer and electrostatic gating
mechanisms.

At ambient conditions, the GLC films are expected to be
intrinsically p-doped.*®*** The decrease in current observed
during functionalization with PCAT can be explained through
a charge transfer mechanism, as the n-doping effect of the
amines lowers the number of charge carriers in the film. The
free base of PCAT can be fully reduced (four amine groups), half-
oxidized (two amine, two imine groups), or fully oxidized (four
amine groups). As the doped sensors are exposed to free chlo-
rine, the amines are gradually oxidized into imines and become
p-type dopants, this time supplanting the intrinsic p-doping of
the film.*® Blank sensors still respond to the presence of free
chlorine like they would to the presence of any oxidant in

a)30% o5 red b) %5 1o550ed
25% 4 »Blank 0.4 {*Blank
% | = Tl i+
e T E 03 ¢
< 15% 1 8
10% k3 F— Q02 .
5% = 2 = = =
0% 0
0 10 20 30 40 50 0 10 20 30 40 50
Thickness (nm) Thickness (nm)
c) Solution e
PDMS ol = Charge transfer
Electrostatic gating
M Copper tape 7
B PCAT
HGLC
Glass slide
Fig.3 (a) Thickness dependence of the maximum sensor response (10

mV). (b) Thickness dependence of the saturation concentration. (c)
Proposed mechanisms for the thickness dependence of Aand 1/B. The
current can only travel through the bulk of the GLC film (solid arrows)
as opposed to the analyte solution or PCAT molecular layers (dashed
arrows). The big arrow illustrates the fading of the charge transfer and
electrostatic gating effects into the bulk of the GLC.
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solution. The sensing mechanism of blank sensors, however,
originates from the oxidation of the surface by the presence of
HOCI/OCI . The oxidation induces holes to p-doped material
and therefore, an increase in conductance is observed. More-
over, the presence of negatively charge free chlorine species
(OCI7) in the vicinity of the GLC can p-dope the surface through
charge screening by the formed electrochemical double layer.®*
The resulting positive charge build-up at the sensor film surface
will lead to the modulation of the sensor current as a result of
an electrostatic gating effect. Oxidant solutions by definition
tend to withdraw electrons from surfaces in contact with them.
This is known as their redox potential, and commonly
measured as a positive oxidation-reduction potential (ORP).
The response of the sensors to these effects is impacted by the
thickness of the films. Thinner films can only respond to
smaller amounts of charge transfer and electrostatic gates (i.e.
low concentrations) before the sensor response saturates,
whereas thick films can respond to higher amounts (i.e. high
concentrations).®> Much thicker films, such as several hundred
nanometer thick pencil drawn films, will not saturate even at
very high free chlorine concentrations (above 100 ppm).>**°
However, the impact of the charge transfer and the magnitude
of the electrostatic gating effect are expected to fade into the
bulk of the nanocarbon film (Fig. 3c). As a consequence, the
overall response will be lower on thicker films, as a larger
fraction of the current will travel through the bulk unaffected by
the analyte.* These results suggest that the thicker the GLC film
the wider the dynamic range but the lower the sensitivity (as can
be seen in Fig. 3a and b). Therefore, the thickness of the film
can be tailored based on the application in mind. The resis-
tances of the films increase slightly upon immersion into water
(Table 1). While water molecules themselves are not expected to
cause a change in conductivity of graphene,* the formation of
a double layer at the interface will result in electrostatic gating.**
Higher GLC thickness results in lower resistance, confirming
the bulk conductivity through the film.

Low range detection

The ability of the sensors to detect very low concentrations (e.g.,
a breach in a chlorine filter) was studied next. In order to have
the highest sensitivity and lowest limit of detection, 12 nm GLC
was used to fabricate the devices and they were probed with

Table 1 Summary of sensor resistances in before and after exposure
to water in different GLC thickness

Resistance Resistance —
GLC thickness Sensor condition - dry (kQ) water (kQ)
12 nm Blank 31.4 32.8
Doped 39.2 39.7
24 nm Blank 8.76 8.72
Doped 7.75 7.99
38 nm Blank 1.36 1.35
Doped 1.34 1.36
46 nm Blank 1.11 1.12
Doped 1.02 1.03
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100 mV (2 doped sensors connected in series were run simul-
taneously in parallel to 2 blank sensors connected in series).
The devices were exposed to increasing concentrations of free
chlorine in the range of 0.01-0.2 ppm for 30 minutes each. They
were reset between each concentration by running ultrapure
water overnight. The response time to lower free chlorine
concentrations can be reduced by adding reducing agents such
as ascorbic acid or sodium thiosulphate, however, reagentless
operation is preferred for water quality monitoring. Therefore,
simple water resetting was preferred for this study. In cases
where a faster response time is required, we have previously
demonstrated resetting with a voltage applied to an auxiliary
electrode.*®* All devices gave a pronounced signal as soon as
they were exposed to free chlorine, even at the lowest concen-
tration. The sensor response was calculated by averaging
a minute of data at the 25 minute mark and comparing it to the
water baseline. The response of the devices followed a Lang-
muir adsorption isotherm (Fig. 4a). The response of the sensors
to 0.01 ppm (Fig. 4b) was pronounced enough to suggest that
the detection of even lower concentrations might be possible.
The limit of detection was estimated by calculating 3 times the
noise and it was found to be approximately 1 ppb. More repli-
cates can be found in the ESI (Fig. S4f), along with their
respective curve parameters (Table S2+). The parameters are not
comparable to those of the higher concentration range (Fig. 3a
and b), indicating that the mathematical model used herein is
not a perfect Langmuir adsorption isotherm. This is not
surprising since there is no reason to assume that the sensor
response should be strictly proportional to coverage over a wide
range. A meaningful response of the devices can be obtained in
less than 10 min (Fig. 4b and S47). In the scenario of sensors
being used to detect a filter breach at a point-of-use (most likely
application for low concentration range), this is sufficient to
alert the user to the need for changing an exhausted or gradu-
ally failing filter cartridge, while a catastrophic failure could be
detected within seconds from the initial slope. The response
time is thus adequate for most applications at low
concentrations.

Continuous monitoring under realistic conditions

In order to study the ability of the sensors to detect fluctuations
in free chlorine levels, they were exposed to multiple cycles of

a)10% % b) 1250
8% 1240 ~
8 X 2 .
2 6% X £ 1230 A
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o
5 4% £ 1220
c [&]
B 2% X 1210 { ~oppm
0.01
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Fig. 4 (a) Response of a PCAT-doped sensor to low concentrations of

free chlorine (100 mV, 12 nm GLC). (b) Raw data of one of the data

points in (a) showing the response to 0.01 ppm free chlorine.
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increasing and decreasing concentrations. Background of
100 ppm NaCl and 100 ppm NaHCO; was added to the solutions
in order to simulate realistic drinking water conditions
(conductivity and pH of around 320 uS em ™" and 8.0 respec-
tively, as seen in Mississauga - Ontario, Canada - drinking
water).®® Dip sensors with 24 nm GLC were used for the exper-
iments, and they were probed with 10 mV (a single run with 3
doped sensors and 3 blank sensors connected in series). The
ratio of hypochlorous acid to hypochlorite may affect the
interaction of free chlorine with PCAT. Said ratio depends on
the pH of the solutions, so the experimental setup included an
ORP electrode (Ionode IJ-64) and a pH electrode (Fisherbrand™
accumet™ Gel-Filled Polymer Body Single-Junction pH
Combination Electrode) to continuously monitor the solutions.
The pH control is necessary since the chemistry of free chlorine
is doubly pH dependent. At pH greater than 7.5, OCl™ is the
dominant form of free chlorine while at pH lower than 7.5,
HOCI is the dominant form. Furthermore, since the redox
reactions of both these species involve protons (or hydroxide at
high pH), there will also be a pH-dependence of their redox
potential according to the Nernst equation. With increasing pH,
the redox potential (i.e. ORP) will decrease, and the sensor
response thus tends to decrease for the same concentration of
free chlorine. Therefore, sensitivity will decrease and LOD will
increase with increasing pH of the solution.*** The concentra-
tion of free chlorine was measured by taking aliquots from the
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Fig. 5 Reproducibility of the detection of fluctuations in the free
chlorine concentration (at 10 mV).
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Fig. 6 (a) Doped sensor response to a real drinking water sample and
subsequent spiked concentrations. (b) Averaged concentrations pre-
dicted by the blank and doped sensors. The purple line represents the
real concentration of the sample, and the error bars represent the
standard deviation of the sensor measurements (all measurements
performed with 24 nm GLC at 10 mV).
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Insets show the average responses to the interferents in proportion to
the free chlorine response (all measurements performed with 24 nm
GLC at 10 mv).

vessel and using the DPD method (AquaMate). For the step-ups,
the solution was spiked with a stock solution of sodium hypo-
chlorite. For the step downs, the concentration was decreased

Table 2 Comparison of recently published free chlorine sensors®
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by the addition of sodium thiosulfate, which reacts with free
chlorine and neutralizes it. The sensor response was calculated
by averaging a minute of data after at least 30 minutes of data
collection. Fig. 5 shows that the sensors respond to variations in
the concentration with good reproducibility. The raw data and
replicates from the other sensors can be found in the ESI
(Fig. S5t). The reproducibility was found to be better in the
doped devices.

The ability of the sensors to measure the concentration of
free chlorine in real drinking water was also addressed. Tap
water samples were collected from a residential area in Mis-
sissauga (Ontario, Canada). The drinking water supply in that
location is free of chloramines, another disinfectant that could
interfere with the tests. Using the same experimental setup as
before, the devices were immersed in the water sample and the
sensor response was calculated at the 50 minute mark. Then,
the sensors were left in the solution until all the free chlorine
degraded in order to obtain the baseline signal of a chlorine-
free real water matrix. Finally, the sample was spiked with
increasing concentrations of free chlorine (0.1-0.7 ppm) and
the sensor response was calculated at the 50 minute mark. The
concentrations were confirmed using the DPD method (Hach).
The correlation between the response of a doped sensor and the
concentration of free chlorine can be seen in Fig. 6a. Refer to
the ESI (Fig. S6t1) for more replicates. The data was fitted to
a calibration curve and it was used to estimate the concentra-
tion of the real water sample based on the sensor response.
According to Hach, the concentration of the real water sample
was 0.4 ppm at the time of analysis. The doped sensors per-
formed better at predicting the concentration (Fig. 6b).

Working range
Sensing principle Conductive layer Selective species [ppm] LOD [ppb] Ref.
Colorimetry — Methyl orange 1-10 — 70
— DPD 0.04-6 15 71
Photo-luminescence — TPA 0.015-1 15 28
Chemo-luminescence — GQD 0.04-74 20 25
Fluorescence — GQD 0.02-0.5 6 72
— Rhodamine B@GQD 0.7-10 300 73
Amperometry Pencil trace Graphite 7-500 6600 74
SnO, nanocolumns GO 0.1-10 — 75
Glassy carbon Prussian blue 0.009-10 9 32
Carbon Polymelamine 0.7-520 400 76
Glassy carbon Polydopamine @ GO 0.7-16 3 33
Pencil graphite Carbamate 0.4-6 400 4
Linear sweep voltammetry Gold vs. Pt; calomel ref. 0.5-4.5 10 77
Silver vs. Pt; Ag/AgCl ref. 0.1-20 70 78
Silver vs. Pt; Ag/AgCl ref. 1-100 2000 30
Potentiometry Stainless steel vs. Pt 1-10 — 79
Solution-gated FET Graphene Graphene 0.07-7 7 80
Chemiresistor CNTs CNTs 0.03-8 — 81
CNTs Oligoanilines 0.06-60 . 39
Pencil trace 0.1-60 — 40
Pencil trace 0.06-60 — 38
GLC GLC or oligoanilines 0.01-1.4 1 This work

“LOD = limit of detection; GQD = graphene quantum dots; GO = graphene oxide; TPA = 3,5-dihydro-5-oxo-2H-thiazolo[3,2-o]pyridine-3,7-

dicarboxylic acid.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Interferences

Finally, the response of the sensors towards ions commonly
present in drinking water was studied (i.e. sodium, potassium,
magnesium, calcium, chloride, nitrate, sulphate, and phos-
phate). The concentration of each ion was chosen based on
maximum guideline values or concentrations usually found in
drinking water.®*®” Similarly to the real water experiment,
a background concentration of 100 ppm NaCl and 100 ppm
NaHCO; was maintained. The cationic and anionic interference
studies were run separately, but they followed the same scheme.
First, six dip sensors (the same set used in the previous section)
were immersed in the blank solution until a stable baseline was
achieved. Then, the solution was spiked with the first interfer-
ent. After an hour, the sensor response was calculated and the
second interferent was added. This process was repeated until
all the interferents were present (assuming no synergistic
effects). Finally, the mixture was spiked with 0.5 ppm of free
chlorine and the sensor response was measured at the 50
minute mark. The response of each sensor to the tested ions can
be seen in Fig. 7a and b. The insets show the averaged ratios
between the sensor response to the ions and the sensor
response to free chlorine (taken as absolute values). All devices
showed a negligible response to the tested interferents (i.e.
response to the ion smaller than 5% of the response to free
chlorine). The anions showed slightly bigger interferences than
the cations, which could be due to their concentration being
significantly larger. The (low) responses of both cationic and
anionic interferences originate because the addition of analyte
increases the ionic strength of the solution, resulting a more
compact electrochemical double layer.®” However, this sensing
pathway depends on thickness and geometry of the electrical
double layer and is less significant compared to the change of
the redox potential at the electrode surface. Therefore, a much
larger response is observed for free chlorine as compared to
other interferences. We expect redox-active species such as free
bromine and other disinfectants to also elicit a response of the
sensors, especially for the bare sensors. We did not focus on this
question here because multiple disinfectants are unlikely to
coexist due to a propensity to react with each other. Usually, in
practice (e.g., in a drinking water distribution system), the
identity of the disinfectant is known. Overall, the interferences
were slightly smaller in the case of the doped sensors. Our
ability to reuse the set of sensor devices from the previous set of
experiments illustrates their outstanding robustness and
durability.

Conclusions

We have demonstrated that GLC can be used to fabricate
chemiresistive sensors for the detection of free chlorine in water
over a wide dynamic range. The sensor responses were fitted to
Langmuir adsorption isotherms in the two tested ranges: 0.01-
0.2 ppm and 0.2-1.4 ppm. The maximum sensor response and
saturation concentrations were affected by the thickness of the
GLC films, with thinner films being more sensitive but having
a narrower dynamic range. The limit of detection of the sensors
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was estimated to be as low as 1 ppb using the thinnest GLC
films (12 nm). The detection of concentrations higher than
1.4 ppm might be feasible with GLC films thicker than 46 nm.
The devices did not require an external reset and showed
a decrease in sensor response when exposed to lower concen-
trations of free chlorine. Hence, they can be used to monitor
concentration fluctuations. Even though the bare devices also
responded to free chlorine, functionalization with PCAT
improved the performance of the sensors for the quantification
of free chlorine in real tap water samples. The blank devices
estimated the concentration of a 0.4 ppm water sample to be 0.6
£ 0.1 ppm while the doped sensors estimated it to be 0.4 +
0.1 ppm. The response of the sensors to cations and anions
commonly found in drinking water was negligible, with the
signal change being smaller than 5% of the response to 0.5 ppm
of free chlorine.

Our sensors compare very favourably to the current state of
the art in free chlorine sensor research (Table 2), both in terms
of simplicity and limit of detection for a lower concentration
range than previously reported chemiresistors. Chemiresistors
are a relatively recent technology that has not yet been
commercialized, so the comparison here also includes advances
in other common free chlorine quantification methods based
on optical, electrochemical, or electrical transduction. While
offline methods are well-established, recent work has focussed
on improving continuous online water quality analysis. Colori-
metric,’>”* photoluminescence,” chemoluminescence,” or
fluorescence””® based optical online free chlorine monitors can
be optimized for high’” or low****7%7> detection ranges
depending on application. Detection limits around 10 ppb are
comfortably achievable, but all these methods require the use of
fresh reagents for each sample point. Electrochemical methods
are mainly based on amperometry,**>**’*7¢ and linear sweep
voltammetry.*>”””® They work reagent-less and can also achieve
detection limits around 10 ppb, (3 ppb in the best case*) but
depend on maintenance-intensive reference electrodes. Even
though a potentiometric sensor has been proposed that avoids
a reference electrode by using two working electrodes with
dissimilar response functions, it only operates in a high detec-
tion range above 1 ppm.” A solution-gated FET with a 7 ppb
detection limit has been demonstrated® but it still depends on
a reference electrode. Since it was designed to be cheap and
disposable, this may not be an issue for one-time measure-
ments, but that modus operandi defeats the idea of continuous
online monitoring. Chemiresistors have been demonstrated for
reagentless, reference electrode free, continuous opera-
tion,****® but struggle with resetting and work best in a high
detection range (>>10 ppb). This is where GLC-based chemir-
esistors provide a significant improvement with their reset-free
operation and detection limits down to 1 ppb, in addition to the
benefit that very uniform GLC films can be economically
produced in large volume.

The sensitivity and dynamic range of the GLC-based chem-
iresistive sensors can be adjusted using different thicknesses of
GLC. This opens the doors to many different applications, such
as real-time water quality monitoring, the detection of breaches
in chlorine filters, and the quantification of free chlorine in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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unknown samples. The devices are suitable for use in remote
monitoring applications due to their ultra-low power
consumption of less than 100 nW (e.g. Fig. 5 with 24 nm film at
10 mV X 6000 nA = 60 nW) during reading (which can be
intermittent). More importantly, the chemiresistive sensor
design introduced here is not limited to free chlorine, as the
nanocarbon films can be functionalized with probes selective to
other chemicals of concern, e.g. cations®*** or pH.®* In addi-
tion, we have demonstrated the use of two different sensor
geometries, which expands the possibilities of sensor deploy-
ment. The manual lab-based device fabrication method
employed in this study does not lend itself to achieving narrow
tolerances, resulting in variations in the magnitude of response
between devices. Nevertheless, we were able to demonstrate
calibratable sensing behaviour on numerous devices. Inher-
ently, the format of the GLC films will allow for low-cost mass
production of sensors in the future.
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