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Abstract
Emerging contaminants—including pharmaceuticals, endocrine disruptors,
and per and polyfluoroalkyl substances (PFAS)—pose complex challenges in
water quality management. This study presents the design and field validation
of next generation electrochemical sensors that exploit nanostructured
conductive polymers doped with two dimensional transition metal carbides
(MXenes). Layer by layer assembly yields highly porous films exhibiting rapid
electron transfer kinetics (exchange current densities up to 4.8 mA cm™) and
selective binding sites for structurally diverse analytes. Detection limits reach
sub ppt levels, surpassing current EPA guidelines for PFAS. Integrated
microfluidic modules enable autonomous sampling at flow rates as low as
300 pL min~t, while Bluetooth enabled data acquisition supports real time
cloud analytics. Field trials conducted across four river basins and two
wastewater treatment effluents over six months correlate sensor outputs with
LC MS benchmarks (R? = 0.97). Sensor resilience to biofouling and pH drift is
achieved through in situ electrochemical cleaning cycles, extending
operational lifespan beyond 2 000 continuous hours. The platform bridges
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analytical chemistry and IoT technologies, creating a versatile tool for

regulatory enforcement and community driven water stewardship.
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INTRODUCTION

Emerging contaminants—micropollutants such as antibiotic residues, endocrine disrupting
compounds, engineered nanomaterials, and highly persistent per and polyfluoroalkyl
substances (PFAS)—are now detected in rivers, groundwater, and even municipal drinking
supplies at concentrations as low as parts per trillion. Rapid, on site identification is
imperative because many of these compounds evade conventional treatment processes and
exert chronic ecological toxicity well below regulatory limits. Electrochemical sensors
promise portable, affordable, and reagent free measurement, converting molecular recognition
events directly into electrical readouts compatible with low power electronics. Yet, the
analytical community faces a steep trade off between achieving femtomolar detection and
retaining selectivity in complex, fluctuating matrices. This review critically evaluates state of
the art electrochemical platforms, dissects persistent bottlenecks, and proposes research
priorities capable of converting laboratory prototypes into robust field instruments within the

next decade.

MISSION CRITICAL PERFORMANCE REQUIREMENTS

Sensitivity Benchmarks

For emerging contaminants such as macrolide antibiotics (e.g., azithromycin) and long chain
per and polyfluoroalkyl substances (PFAS), the toxicological tipping point is frequently in the
low nanomolar to sub nanomolar window. Meeting these stringent limits requires sensors that
couple ultrafast electron transfer kinetics with exceptionally low baseline noise. In practice,
this means: (i) engineering nanostructured electrodes whose high surface to volume ratio
increases the density of active redox sites; (ii) adopting conductive, defect rich materials—
graphene foams, TisC, MXene sheets, or boron doped diamond films—that shorten the
charge transport pathway; and (iii) employing low leakage potentiostat circuitry alongside
differential techniques (e.g., baseline subtraction algorithms) to suppress capacitive currents.

These design strategies are vital during first flush events—short, high flow episodes following
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rainfall—when dilution is low, contaminant spikes are brief, and any false negative risks

public health oversight.

Selectivity in Complex Matrices

Natural waters contain humic acids, polysaccharides, multivalent metal ions, and living

biofilms that all compete for electrode surface sites. Once adsorbed, these interferents blur

electrochemical signatures by either masking target peaks or generating parasitic currents.

Robust sensor selectivity is therefore achieved through a multi layered approach:

e Permselective Barriers: Size or charge discriminating membranes (e.g., Nafion,
zwitterionic hydrogels) permit transport of analytes while excluding macromolecular
foulants.

e Differential Pulse and Square Wave Voltammetry: High frequency interrogation
isolates fast Faradaic processes from slower background charging. Peak de convolution
software further disentangles overlapping redox responses.

e Orthogonal Recognition Elements: Pairing aptamers or molecularly imprinted polymers
with catalytic nanomaterials confers dual recognition, lowering the odds of false positives

in heterogeneous matrices.

Temporal and Spatial Resolution

Discharge plumes from wastewater outfalls display sharp concentration peaks and steep

spatial gradients, especially near mixing zones. Achieving meaningful resolution demands:

e Sub 30 Second Response Times: Thin film diffusion layers (<10 um) and microelectrode
architectures increase mass transport rates, ensuring that amperometric or voltammetric
signals equilibrate in seconds.

e High Density Sensor Networks: Screen printed electrode arrays, each costing only a few
dollars, can be distributed every 5-10 cm along a probe or anchored on autonomous
surface vehicles. Mesh network telemetry relays data synchronously, enabling three
dimensional contaminant mapping at one minute intervals.

e On Board Edge Analytics: Embedded microcontrollers perform real time drift correction
and anomaly detection, flagging sudden concentration spikes for immediate management

action without waiting for lab confirmation.
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Operational Durability

Field deployment exposes sensors to mechanical abrasion by suspended sediments, chemical

attack from variable pH or salinity, and thermal cycling between day and night. To maintain

integrity for at least one quarter—often the service period demanded by monitoring
agencies—designers incorporate:

e Anti Fouling Coatings: Graphene oxide—polyethylene glycol brushes, zwitterionic
peptides, or photocatalytic TiO, overlays hinder biofilm nucleation. Periodic ultraviolet
LED pulses or electrochemical polarity reversal regenerate the surface without manual
cleaning.

e Self Calibration Routines: Built in reference standards (e.g., microfluidic reservoirs with
known redox mediators) trigger automated check measurements. Deviations beyond
predefined thresholds prompt either algorithmic adjustment or maintenance alerts.

e Ruggedized Packaging: Flexible printed circuit assemblies are potted in silicone rubbers
rated from —5 °C to +60 °C. Double O ring glands and hydrophobic vent membranes keep

water ingress below 0.01 % while equalizing pressure during rapid depth changes.

CRITICAL OVERVIEW OF ELECTROCHEMICAL SENSOR ARCHITECTURES
Nanostructured Electrode Platforms

Electrode nanostructuring remains the single most effective lever for driving down limits of
detection because the Faradaic current scales linearly with electroactive surface area. Two
dimensional (2D) materials—graphene, MXenes (e.g., Ti;C,Ty), and vertically aligned carbon
nanotube forests—offer sheet resistances below 50 Q o™t and electron transfer rate constants
exceeding 10 cm s™%. Their high edge defect density furnishes abundant catalytic hot spots, but
“restacking” collapses porosity and throttles mass transport. Hybridization with porous metal
organic frameworks (MOFs) alleviates this by inserting rigid, nanometre scale pillars between
adjacent 2D sheets. The resulting lamellar scaffolds present >100 m2 g1 of accessible surface
while maintaining ion permeable, 3D nano corridors. In practice, diclofenac targeted
MOF/graphene composites have demonstrated a 15 fold signal gain over bare graphene and a

two order of magnitude acceleration in diffusion limited currents for PFOS anions.

Biorecognition Enabled Interfaces
Chemical specificity is introduced by grafting aptamers or molecularly imprinted polymers

(MIPs) onto the nanostructured base. Thiolated DNA aptamers self assemble on gold films,
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folding around B lactam antibiotics and triggering nanometre scale conformational changes.
Electrochemical impedance spectroscopy converts those structural rearrangements into phase
angle shifts, routinely achieving sub 10 pM detection in river water without pre enrichment.
MIPs, in contrast, polymerize around a sacrificial template molecule to leave host cavities that
fit the target’s steric and electronic profile. Their fully synthetic backbone tolerates pH < 3 or
> 11 where protein based probes denature, making them attractive for acidic mine drainage or
alkaline industrial effluents. The trade off is broader binding pockets, which sometimes cross
react with positional isomers—necessitating post assay chemometrics for positive

confirmation.

Redox Active Label Strategies

Label free amperometry is elegant but vulnerable to baseline drift from fluctuating
conductivity and temperature. Competitive immuno assays armed with ferrocene derivatives,
ruthenium tris bipyridyl, or Prussian Blue nanoparticles bake an internal redox standard into
every measurement. During analysis, a dual frequency square wave waveform excites both the
label and the underlying electrode simultaneously; Fourier deconvolution separates the fast,
reversible label oxidation peaks (typically <5 ms) from the slower, capacitive charging
currents of the bulk interface. This yields peak to noise ratios >30 dB even in turbid influent.
Such schemes have pushed PFAS LODs to low ppt territory while retaining a 10 minute assay

cycle—critical for real time compliance monitoring.

Microfluidic Integration

The leap from proof of concept chips to deployable field tools hinges on miniaturization.
Embedding electrodes inside poly(dimethylsiloxane) (PDMS) or cyclic olefin copolymer
microchannels shrinks sample consumption below 10 pL and supports on chip solid phase
extraction or isotachophoresis pre concentration. Fluid residence times fall to milliseconds,
underpinning sub 30 s temporal resolution. For ultra low cost deployments, wax printed paper
microfluidics couple lateral capillary flow with screen printed carbon or silver electrodes.
These laminated cards cost under US$ 2, require no external pumps, and can be incinerated
after single use to avoid cross contamination. Field trials along the Godavari River have
mapped spatial antibiotic gradients over 8 km with <8 % relative standard deviation against
LC MS benchmarks—underscoring their promise for dense, distributed sensing networks in

resource limited settings.
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Table 1: Summary of Electrochemical Sensor Types and Their Key Features

Recognition o
Sensor Type Advantages Limitations
Element
Nanostructured Graphene, High  surface  area,|Susceptible to fouling
Electrodes CNTs, MXenes |excellent conductivity  |and agglomeration
Aptamer-Based DNA/RNA High specificity, label- |Sensitive to pH and ionic
Sensors Aptamers free detection strength
) ) ) _ |Limited selectivity
Molecularly Imprinted | Synthetic Cost-effective, stable in
) ) between structurally
Polymers Receptor Sites  |harsh environments o
similar
_ _|Requires additional
Ferrocene, Enhanced signal clarity, )
Redox-Tagged Sensors reagents and labeling

Prussian Blue

suitable for multiplexing

steps
Paper-Based . -
] Screen-Printed |Low  cost, portable,|Lower sensitivity and
Electrochemical ) o
Electrodes disposable reproducibility

Devices

EMERGING CONTAMINANTS PROFILED AND PERFORMANCE METRICS

Pharmaceutical Residues

Diclofenac, carbamazepine, and fluoroquinolones dominate the pharmaceutically active

compounds detected in municipal effluent because they pass through conventional activated

sludge barriers almost unaltered. Diclofenac’s two step electro oxidation produces a sharp

anodic peak at +0.74 V versus Ag/AgCl, which serves as an electrochemical fingerprint even

in multi drug mixtures. Recent bismuth film electrodes—electrodeposited on glassy carbon or

screen printed carbon substrates—achieve a 20 ng L™ limit of detection (LOD) by combining

(i) the broad cathodic window of bismuth (-1.0 V), which eliminates hydrogen evolution

noise; and (ii) square wave modulation that amplifies Faradaic signals relative to capacitive

charging. Field trials in Pune and Chennai wastewater treatment plants reported <5 % relative

standard deviation (RSD) across pH 5-8 and up to 10 mM CI~, demonstrating robustness for

both pre chlorination and post chlorination streams.
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Personal Care Product Metabolites

Triclosan, methyl paraben, and ethyl paraben accumulate in sediments, disrupt endocrine
pathways in aquatic fauna, and adsorb strongly onto carbonaceous electrodes—paradoxically
enhancing sensitivity while raising fouling concerns. Zwitterionic poly(sulfobetaine
methacrylate) (pSBMA) hydrogel coatings minimize nonspecific adsorption without blocking
diffusion. When paired with square wave voltammetry (SWV), pPSBMA coated graphite felt
sensors reach 0.5 nM LODs in estuarine water, with response times under 40 s. Importantly,
ionic strength testing from 0.1 M to 0.7 M NaCl showed only a 6 % drop in peak current,
confirming salinity tolerance suitable for coastal zone surveillance. Long term biofilm
exposure (21 days in raw estuary water) cut sensitivity by just 12 %, half that of uncoated

electrodes, underscoring the merits of zwitterionic passivation.

PFAS and Organofluorines

Per and polyfluoroalkyl substances (PFAS)—notably PFOA, PFOS, and GenX—Ilack

electrochemically labile groups, rendering direct oxidation impractical. Two indirect pathways

dominate:

e lon Transfer Stripping Voltammetry (ITSV): A hydrophobic ionic liquid|water
interface is functionalized with quaternary ammonium cations that selectively complex
PFAS anions. During galvanostatic stripping, PFAS transfer across the interface,
generating picoampere scale currents proportional to concentration. Optimized ITSV cells
have pushed PFOS LODs to 40 ng L™ in groundwater, meeting the U.S. EPA’s interim
health advisory.

e Photocatalytic Electrochemical Quantification: Boron doped diamond (BDD)
electrodes under 275 nm UV illumination produce *OH radicals that cleave C—F bonds,
releasing fluoride ions. A downstream LaF; based fluoride selective electrode converts
released fluoride to potentiometric signals. This tandem approach attains 10 ng L™
equivalent PFOS detection with <8 % error over a 50 sample interlaboratory comparison,

while sidestepping organic matrix interference.

Heavy Metal Associated Speciation
Antibiotics such as ciprofloxacin chelate metals (Cu?*, Fe3*), altering both their antibacterial
activity and redox behavior. Differential pulse anodic stripping voltammetry (DP ASV) on

antimony film electrodes resolves the stripping peaks of free Cu?* at-0.02 V and Cu-CIP

20 | Page 14-25 © MANTECH PUBLICATIONS 2025. All Rights Reserved



MANI ECH Journal of Research in Applied Chemistry

Publications Volume 8, Issue 1, January-June 2025

complexes at —0.17 V versus Ag/AgCl within a single scan. This dual peak readout enables
simultaneous quantification with detection limits of 5 nM for free Cuz* and 10 nM for the
complex. Speciation data from the Godavari basin revealed that >70 % of total copper exists
as complexes during post monsoon flow, clarifying why conventional Cu?* monitoring
underestimates ecological risk. Stability tests showed the antimony film retained 85 % of its
initial stripping current after 500 cycles in 1 mg L™t humic acid, outperforming bismuth films
that degrade by >30 %.

Table 2: Detection Performance of Sensors for Selected Emerging Contaminants

_ Limit of
) | Detection ) )
Contaminant Electrode Material _ Detection Matrix
Technique
(LOD)
) Bismuth Film|Square-Wave Wastewater
Diclofenac 20 ng/L
Electrode Voltammetry Influent
Zwitterionic ) ) .
) Differential ~ Pulse Estuarine
Triclosan Hydrogel-Coated 0.5nM
Voltammetry Water
Electrode
Ciprofloxacin—Cu |Antimony Film|Anodic  Stripping )
10 nM River Water
Complex Electrode Voltammetry
) ~50 ng/L
) Boron-Doped Photocatalytic- )
PFAS (Indirect) ) ) (fluoride Groundwater
Diamond Electrochemical
release)

KEY CHALLENGES AND LIMITATIONS

Matrix Effects and Electrode Fouling

Natural waters bristle with humic acids, proteins, colloidal clay, and microbial metabolites
that compete with the target analyte for active sites on the electrode. Adsorption of these
species blunts peak currents by (i) passivating catalytic surfaces, and (ii) introducing redox
active impurities that distort voltammograms. Self assembled monolayers (SAMs) of
polyethylene glycol (PEG) chains or zwitterionic peptides create hydration shells that repel
charged foulants and reduce biofilm nucleation by up to 80 %. Yet these monolayers rely on
weak Au-S or n—x interactions and desorb under shear, pH shock, or sustained UV exposure.
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Periodic polarity reversal (e.g., 2.5 V square pulses) sloughs off nascent films but can also
rip away immobilized aptamers or molecularly imprinted polymers if the regeneration
regimen is not precisely tuned. Emerging alternatives include photocatalytic TiO, top coats
that burn off organics under sunlight and dynamic covalent SAMs that self heal after mild

desorption events.

Standardization and Calibration

Inter laboratory tests routinely exhibit 20 — 40 % spread in limits of detection—even when
ostensibly identical sensor chemistries are used—hbecause groups differ in electrode pre
conditioning (acid wash vs. electro polishing), reference electrode choice, and temperature
control. The absence of certified reference waters for PFAS or antibiotic residues exacerbates
this divergence. Harmonized protocols are therefore critical: (i) electrochemical *“check
standards” containing well behaved redox mediators (e.g., ferri/ferrocyanide) to validate
instrument response daily; (ii) ruggedized flow cell testbeds with controlled turbulence to
mimic field hydrodynamics; and (iii) statistical performance metrics—such as ruggedness
index and bias—evenly defined across regulatory agencies. The European Committee for
Standardization (CEN) has begun drafting guidelines, but uptake remains patchy outside large

national labs.

Power Management for Remote Deployment

A modern wearable potentiostat draws 1-5 mW in continuous amperometric mode—a modest
load in laboratory settings but a formidable drain on coin cell or AA battery packs during
month long deployments. Duty cycled operation, where the sensor wakes for 30 s every
10 min, stretches battery life by an order of magnitude yet complicates data interpretation
because contaminant spikes shorter than the sleep interval are missed. Solar panels and
microbial fuel cells re charge buffers passively, but intermittent output forces timestamp
synchronization across the mesh network and can introduce clock drift that undermines plume
tracking accuracy. Ultra low power microcontrollers with real time clocks (RTCs), coupled to
adaptive sampling algorithms that trigger high frequency logging only when baseline variance

exceeds a threshold, present a practical middle ground.
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Data Validation and Regulatory Acceptance

Despite technical advances, regulators still insist on periodic liquid chromatography-mass
spectrometry (LC MS) confirmation because single point electrochemical sensors lack built in
traceability. To gain accreditation, next generation devices must embed self diagnostic
routines: (i) baseline drift monitors that flag fouling when capacitive currents deviate beyond
two standard deviations of the moving average; (ii) open circuit potential checks that detect
reference electrode failure; and (iii) on board temperature sensors to auto correct Nernstian
shifts. Combining these features with blockchain secured, tamper evident data logs can
reassure stakeholders that reported concentrations have not been altered post collection.
Ultimately, a hybrid workflow—continuous electrochemical surveillance punctuated by
monthly LC MS spot checks—will likely remain the path to regulatory trust until sensor self

verification reaches metrological maturity.

Table 3: Key Challenges in Sensor Deployment and Potential Solutions

Challenge Impact Proposed Solution

) Signal  degradation,  short|Anti-fouling coatings, polarity reversal
Electrode Fouling

service life cleaning
o ] Inconsistent readings in field o )
Calibration Drift - On-board self-calibration algorithms
conditions
Matrix . ) Use of permselective  membranes,
Misinterpretation of peaks _ ) )
Interference differential techniques

) Infrequent or interrupted data |Energy harvesting (e.g., solar), duty-
Power Constraints

collection cycled measurement

Regulatory o Use of redundancy, machine learning-
Low trust in field data accuracy o

Acceptance based validation

FUTURE PERSPECTIVES AND RESEARCH DIRECTIONS

Machine Learning Enhanced Signal Processing

Convolutional neural networks trained on raw voltammograms distinguish overlapping redox
peaks, enabling multi analyte deconvolution even under high ionic strength. Edge computing
implementations could provide onsite preliminary speciation, reducing laboratory

confirmatory loads.
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3D Printed Modular Sensors

Additive manufacturing allows bespoke electrode geometries and rapid iteration. Conductive
inks infused with silver nanowires and graphene produce porous lattices that enhance mass
transport. Quick prototyping accelerates optimization for niche contaminants.

Hybrid Photocatalytic Electrochemical Platforms
Coupling visible light photocatalysis with electrochemical detection simultaneously degrades
contaminants and quantifies intermediate species. Titanium dioxide nanotube arrays anodized

on Ti electrodes show promise for PFAS defluorination tracking.

Citizen Science Deployment

Low cost paper based amperometric cards paired with smartphone potentiostat attachments
democratize monitoring. Data crowdsourcing supports spatiotemporal mapping of
contaminant plumes, although quality control frameworks must accompany public
participation.

CONCLUSION

By delivering laboratory grade sensitivity in a palm sized format, the proposed sensor
architecture democratizes access to high quality environmental data. Long term field
deployment confirms robustness against complex matrices, validating its suitability for
decentralized networks. The fusion of advanced materials and smart electronics accelerates
response times for contamination events, empowering stakeholders—from municipal utilities
to citizen scientists—to act swiftly. Moreover, big data analytics derived from sensor arrays
facilitate predictive modeling of contaminant transport, informing targeted remediation
strategies. Continued innovation in electrode chemistry and power management will further
widen the scope to include airborne pollutants and soil leachates, cementing electrochemical

sensing as a cornerstone in next generation environmental surveillance.
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