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Persistent, mobile, and toxic (PMT) substances represent a serious threat to water
systems due to their environmental persistence, high mobility, and adverse effects on both
ecosystems and human health. Common examples of such compounds include bisphenols,
benzisothiazolinone (BIT), and benzotriazole (BZT), which are frequently found in household
and industrial products, therefore they can be easily found in environmental and also in the
human body. Detection and monitoring of these chemicals are crucial for evaluating their
environmental impact and informing mitigation measures. While conventional analytical
techniques like chromatography provide reliable results, they are not suited for rapid field
analysis. In contrast, electrochemical sensors offer a cost-effective, sensitive, and portable
solution for on-site detection. This work presents the use of carbon-based screen-printed
electrodes (SPEs) for the electrochemical detection of bisphenol S (BPS) in parking tickets and
BIT in river water, while modified SPEs with composite material carbon-polymer layers for
BZT detection. The results showed the effectiveness of the obtained electrochemical sensors

for real-time detection of PMT compounds.

Keywords: screen-printed electrodes, benzisothiazolinone, bisphenol S,
benzotriazole, voltammetry.

1. Introduction

Persistent, mobile, and toxic chemicals (PMT) pose significant
risks to water resources, requiring additional protective measures.
These chemicals are resistant to biodegradation, travel long distances
in water, and can be toxic to both the environment and human health.
(Hale et al. 2020) At the top of the priority list of PMT chemicals are
bisphenols. Bisphenol S (BPS) is commonly found in everyday items
like thermal paper, such as receipts from stores, parking tickets, and bus
tickets. It has been identified as easily migrating from paper products
onto human skin, subsequently entering the body and disrupting the
endocrine system by imitating the estrogen hormone. (Biedermann
et al. 2010; Takahashi et al. 2002) Another PMT of great concern is
Benzisothiazolinone (BIT), which belongs to the isothiazolinones group,
serves as an antimicrobial agent incorporated into various products,
including laundry detergents, water-based paints, and food packaging
paper, contributing significantly to the contamination of municipal
wastewater.(Silva et al. 2020) BIT has been detected in municipal
wastewater in France at concentrations of approximately 0.5 ug/L,
raising concerns about its environmental impact. (Lundov et al. 2014;
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Paijens et al. 2021) The discharge or runoff of BIT-containing substances
into water bodies poses a serious threat to aquatic ecosystems.
(Kresmann et al. 2018; He et al. 2021; Yu et al. 2024) Benzotriazole
(BZT) is a well-known corrosion inhibitor in deicing fluids for aircraft,
automotive antifreeze formulations, brake fluids, metal-cutting fluids,
and industrial cooling systems. (Weiss and Reemtsma 2005) Loos
et al. (Loos et al. 2017) analyzed 71 water samples from the Danube
River and its tributaries, and found that the most prevalent chemicals
are benzotriazoles, with an average concentration around 0.3 pg/L.
Similar to BPS, BZT is currently under assessment for classification as
an endocrine-disrupting chemical, further underscoring the need for
effective regulatory action.

Removing PMT chemicals from water remains a major challenge,
as no single solution exists for eliminating all PMT contaminants.
Assessing their persistence, mobility, and toxicity is difficult due to a
lack of reliable data. Gaps in regulations, monitoring, risk assessment,
and safe alternatives show the need for a “Safe and Sustainable by
Design” (SSBD) approach. Stronger monitoring and more research are
crucial to reducing the long-term impact of PMT chemicals. For that
purpose, detection of PMT chemicals is of crucial importance.

Electrochemical techniques are powerful tools for detecting
chemicals because they are simple, low-cost, portable, and highly
sensitive. This study focuses on developing electrochemical sensors
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for detecting PMT chemicals for field monitoring. The data from these
sensors will improve tracking models and help product designers,
policymakers, and regulators understand the impact of PMT chemicals.
This will support better strategies to reduce PMT chemicals in Europe
and beyond.

2. Materials and methods

A screen-printed electrode (SPE) was obtained from Metrohm
DropSens. Electrochemical analyses were conducted using cyclic
voltammetry and square wave voltammetry with a PalmSens 4
potentiostat (Palm Instruments, The Netherlands). Detection of BPS
in real samples was done on thermal paper — parking tickets. Parking
tickets were collected from the local shopping center. They were cut into
small pieces and sonicated in methanol. The solution was dried in a
rotary evaporator and further diluted in a buffer solution. The obtained
sample was used for further analysis using cyclic voltammetry (CV).
CV measurements were done within a potential range of -0.4 to 1.2 V
at a scan rate of 50 mV/s against the Ag reference electrode. For the
detection of BIT and BZT in real samples, collected river water was
spiked with BIT and BZT solutions. Square wave voltammetry (SWV)
measurements were used for BIT and BZT detection. SWV for BIT
detection was performed over a potential range of 0.2 to 1.0 V vs. Ag ref.
el. with an amplitude of 30 mV, while for BZT a potential window was
from — 0.9 Vto — 1.7 V vs. Ag ref. el. and an amplitude of 50 mV. SPE
based on carbon working electrodes was used for the detection of BPS
and BIT, while for the detection of BZT working electrode was based on
polyether ether ketone and functionalized carbon material.

3. Results and discussion

Figure 1a) illustrates the structure of the screen-printed electrode
(SPE), where the working, reference, and counter electrodes are printed
onto a ceramic substrate. The primary sensing component is the working
electrode, composed of carbon nanoparticles with an average size of
approximately 30 nm (Figure 1b)). For benzotriazole detection, the
working electrode is modified with functionalized carbon materials and
polyether ether ketone polymer to enhance sensitivity and selectivity.

The compact design of the SPE allows compatibility with various
potentiostats, making it suitable for both laboratory and field
applications. The sensor demonstrated reliable performance using
both standard benchtop potentiostats (Figure 1c)) and portable
electrochemical devices, such as IoT-enabled potentiostats or
potentiostats connected to mobile phones for on-site analysis (Figure
1d)). This versatility makes SPE-based sensors highly practical for
real-time monitoring of PMT chemicals in environmental samples,
such as river water. The ability to perform rapid, low-cost, and efficient
detection highlights the potential of SPE sensors as valuable tools for
widespread environmental monitoring.
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The carbon-based SPE was used to detect BPS in parking tickets
collected from a local shopping center. Figure 2a) shows the cyclic
voltammetry results, where an oxidation peak at 0.8 V vs Ag ref. el.
confirms the presence of BPS in the samples. Based on the calibration
curve from our previous research, the BPS concentration in parking
tickets was estimated to be approximately 0.9 wt.%. (Vujancevi¢ et al.
2024) The sensor was further applied for BIT detection in river water
using square wave voltammetry, a more sensitive electrochemical
technique. An oxidation peak at approximately 0.6 V vs Ag ref. el. was
observed, confirming the presence of BIT in the water sample. Finally,
the modified SPE with functionalized carbon and polymer was used for
BZT detection in river water. A redox peak was observed at —1.25 V vs
Ag ref. el, indicating the successful detection of BZT.

The carbon-based SPE electrode showed a limit of detection for BPS
of 0.2 mg/L. (Vujancevic et al. 2024) According to the literature review,
the majority of studies have focused on the detection of bisphenol A,
while only a limited number have addressed the detection of bisphenol S.
Most of these studies employed modified glassy carbon electrodes (GCE),
which, although offering good sensitivity, are generally not suitable for
on-site or field applications. Additionally, these sensors were primarily
applied to the analysis of surface water and food samples. For instance,
Hyder et al. modified GCEs with NiO nanoparticles functionalized with
a para-hexanitrocalix[6]arene derivative, achieving a limit of detection
(LOD) of 0.001 mg/L and possible application for the detection of BPS
in river water. (Hyder et al. 2024) Another study utilized GCEs modified
with functionalized multi-walled carbon nanotubes, reaching an LOD of
0.1 mg/L for the determination of bisphenols in food samples. (Cakic
et al. 2023) In a separate study, GCEs were modified with a hybrid of
iron nanoparticles and nanostructured graphene oxides, resulting in an
LOD of 2.9 mg/L, and were employed for the detection of bisphenols in
surface water.(Pina et al. 2023) As can be seen, studies have confirmed
the presence of BPS in various water samples; however, to the best of
our knowledge, its detection in parking ticket materials has not been
previously reported.

Direct electrochemical detection of BIT has not yet been
documented in the literature. Nevertheless, other isothiazolinone
derivatives, such as methylisothiazolinone (MIT), have been detected
electrochemically. For instance, Jakubczyk et al. reported a limit of
detection of 0.24 mg/L for MIT using boron-doped diamond electrodes.
(Jakubczyk et al. 2022) Furthermore, Abad-Gil et al. investigated the
voltammetric detection of MIT using modified SPEs incorporating
poly(diallyldimethylammonium) matrices and Au nanoparticles,
obtaining a LOD of 2.6 mg/L.(Abad-Gil et al. 2021; 2020) In our studies,
we obtained LOD for BIT 0.006 mg/L, which is significantly lower,
highlighting the enhanced sensitivity achieved through optimization of
both electrode composition and electrochemical technique.

Regarding benzotriazole, available studies on its electrochemical
detection remain limited. Muschietti et al. reported an LOD of
0.4 mg/L using carbon nanofiber-based SPEs. (Muschietti et al. 2020)
In comparison, our sensor, based on functionalized carbon SPE with
polymer incorporation, achieved an improved LOD of 0.2 mg/L.
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Fig. 1. Schema of the: a) construction of SPE, b) Schema of SPE with SEM image of carbon working electrode, c¢) standard benchtop potentiostats, and

d) IoT potentiostat and potentiostat connected with cellphone.
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Fig. 2. Electrochemical detection of PMT chemicals in real samples: a) CV of BPS in parking tickets, b) SWV of BIT in river water and ¢) SWV of BZT in river water.

The improved detection limits achieved in our study underscore the
potential of SPE-based sensors as a reliable, cost-effective, and sensitive
platform for monitoring substances of persistent, mobile, and toxic
concern in complex environmental matrices.

4. Conclusion

This study demonstrates the effectiveness of electrochemical sensors
for detecting persistent, mobile, and toxic chemicals in environmental
and consumer product samples. Screen-printed electrodes were
successfully used for the detection of bisphenol S in parking ticket
paper, as well as benzisothiazolinone and benzotriazole in river water.
The results confirm the presence of BPS at approximately 0.9 wt.%
in parking tickets, while BIT and BZT were detected in river water
at characteristic oxidation and redox potentials of 0.6 V vs Ag ref. el.
and —1.25 V vs Ag ref. el., respectively. The versatility of SPE sensors
makes them suitable for both laboratory and field use, as they work
with standard potentiostats and portable, IoT-enabled devices. Their
low cost, ease of use, and high sensitivity make them a good alternative
to expensive methods like chromatography. These findings highlight
the importance of simple and effective detection tools for monitoring
PMT chemicals and supporting environmental regulations. Future work
will focus on improving sensor performance, increasing selectivity,
and expanding detection to more contaminants. Developing better
monitoring tools will help reduce the impact of PMT chemicals on both
human health and the environment.
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