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Abstract

The article presents a novel electrochemical technology for wastewater treatment based
on volumetric permeable electrodes operating in a flow-through regime. The proposed system
enables controlled modification of water properties, including pH adjustment and microbial
inactivation.

The study introduces a modular reactor design based on chemically stable materials and
highlights the integration of non-contact monitoring systems using electromagnetic resonance
spectroscopy. The approach is evaluated in the context of modern electrochemical water treat-
ment methods, including advanced oxidation processes and hybrid systems (Brillas & Garcia-
Segura, 2025; Ganiyu et al., 2020).

The technology is presented as a cost-effective and scalable alternative to existing electro-

chemical treatment methods.
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3. General Information
about the Article

The article by Vladyslav Meleshko, enti-
tled “Electrochemical Treatment of Industrial
Wastewater”, is devoted to the development
and analysis of an original electrochemical
approach for water and wastewater treat-
ment.

The work lies at the intersection of elec-
trochemistry, environmental engineering,
and water treatment technologies, address-
ing current challenges in sustainable water
purification. The proposed system is based
on the flow-through treatment of water pass-
ing through volumetric permeable electrodes
made of chemically resistant non-metallic
materials, enabling controlled modification
of physicochemical parameters such as pH
and microbiological activity.

The study demonstrates a strong applied
orientation and proposes a versatile techno-
logical solution suitable for multiple sectors,
including agriculture, medicine, and indus-
trial processing.

4. Relevance and Research Context
The global demand for clean water con-
tinues to increase due to industrialization,
population growth, and the emergence of
persistent contaminants such as pharma-
ceuticals and micro-pollutants. Convention-
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al water treatment technologies often fail
to completely remove such contaminants
or generate harmful by-products (Oturan &
Aaron, 2014).

Electrochemical advanced oxidation
processes (EAOPs) have emerged as prom-
ising solutions due to their ability to gener-
ate highly reactive species such as hydroxyl
radicals («OH), which enable effective deg-
radation of organic pollutants (Ganiyu et al.,
2020). However, existing systems, including
boron-doped diamond (BDD) electrodes and
reactive electrochemical membranes (REM),
are often limited by high cost, operational
complexity, and scalability challenges (Paniz-
za & Cerisola, 2009; Du et al., 2025).

In this context, the article addresses
a highly relevant research problem by pro-
posing a simplified electrochemical system
that maintains functional efficiency while re-
ducing structural and economic complexity.

5. System Architecture and
Operational Principles

The proposed technology is based on
a flow-through electrochemical reactor in
which water passes through the internal vol-
ume of permeable electrodes optionally sepa-
rated or structurally organized without func-
tional membrane dependence.

Figure 1. Conceptual diagram of the volu-
metric flow-through electrochemical reactor
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The system is characterized by:

« vertical electrode configuration;
« upward flow of liquid;

« controllable residence time;

« use of carbon-based materials;
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« symmetric and asymmetric electrode

designs for pH regulation.

The system allows for the generation of
different types of treated water, including
acidic, alkaline, and disinfected water, making
it suitable for a wide range of applications.

The conceptual design and operating
principles of the proposed electrochemical
reactor are presented in Figure 1.

6. Scientific Novelty and
Conceptual Contribution

The scientific novelty of the proposed ap-
proach lies in several key aspects.

» First, the use of volumetric perme-
able electrodes establishes a three-
dimensional electrochemical reaction
environment, directly aligning with
emerging trends in reactor design
aimed at enhancing surface area and
mass transfer efficiency (Rodrigo et
al., 2014);

» Second, the implementation of a flow-
through regime enables continuous
treatment with improved hydrody-
namic control, resulting in enhanced
mass transfer and overall process effi-
ciency;

» Third, the system provides a simpli-
fied alternative to membrane-based
technologies, such as reactive electro-
chemical membranes (REM), by elim-
inating membrane-associated limita-
tions while preserving the advantages
of flow-through operation (Du et al.,
2025);

» Fourth, the integration of non-contact
sensing based on electromagnetic res-
onance introduces real-time monitor-
ing capabilities without direct interac-
tion with the treated fluid, addressing
a critical limitation of conventional
electrochemical systems.

Finally, the development of a flexible and
modular system architecture enables scal-
ability and adaptability across a wide range
of operational conditions and application do-
mains.

7. Practical Significance and
Technology Readiness
The proposed technology demonstrates
clear practical relevance by combining low-
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cost materials, architectural simplicity, and
operational flexibility. In contrast to many ad-
vanced electrochemical systems that depend
on expensive electrodes or complex configu-
rations, this approach relies on carbon-based
and polymer components, enabling econom-
ically viable deployment across both decen-
tralized and industrial scales.

A defining advantage is the reduction of
operational complexity. The use of permeable
electrodes and gravity-driven flow eliminates
the need for sophisticated control systems
and highly specialized personnel, thereby
expanding applicability to low-resource and
distributed treatment scenarios.

Scalability is inherently supported by
a modular reactor design, allowing capacity
adjustment without fundamental system re-
design. The technology can be deployed as
compact local units (50-250 L/h) or inte-
grated into larger treatment infrastructures
with minimal capital modification. Compat-
ibility with existing systems further lowers
barriers to adoption.

Beyond treatment efficiency, the system
introduces functional versatility by generat-
ing chemically distinct output streams (acid-
ic, alkaline, and disinfected water), enabling
a single platform to perform multiple process
roles that are typically separated across dif-
ferent technologies.

The integration of non-contact sensing
provides real-time process visibility with-
out exposure to aggressive media, address-
ing a key limitation of conventional systems
lacking reliable monitoring. This capability
supports process stability and enables future
automation and data-driven control.

Taken together, these features position
the technology as a cost-efficient, scalable,
and multifunctional platform with strong
potential across sectors including water
treatment, agriculture, food processing, and
high-purity industrial applications. Its ca-
pacity to integrate into existing infrastruc-
ture while expanding functional performance
underscores its relevance for next-generation
water treatment systems.

8. Experimental Basis and
Theoretical Limitations
The article by Meleshko (2026) provides
a conceptual and structural description of the
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proposed reactor system, outlining its design
principles and key operational parameters.
However, it does not yet include a compre-
hensive quantitative characterization of the
underlying electrochemical processes.

In contrast, contemporary research in
electrochemical water treatment places
strong emphasis on the mechanistic and ki-
netic understanding of system performance.
This includes detailed analysis of:

» reactive species generation, particu-
larly hydroxyl radical formation path-
ways;

« electrochemical reaction kinetics and
rate-limiting steps;

» energy efficiency metrics (e.g., kWh/
m3);

« and degradation pathways of tar-
get contaminants (Brillas & Garcia-
Segura, 2025; Ganiyu et al., 2020).

The absence of such quantitative data in
the study by Meleshko (2026) limits the abil-
ity to rigorously evaluate process efficiency,
benchmark performance against existing
technologies, and predict scaling behavior.

Nevertheless, the framework proposed
by Meleshko (2026) establishes a solid foun-
dation for further investigation. Future work
should focus on integrating electrochemical
diagnostics, kinetic modeling, and energy
analysis, enabling a transition from qualita-
tive description to quantitatively validated
system performance.

9. Positioning within
Modern Electrochemical
Treatment Technologies
Electrochemical wastewater treatment
has rapidly evolved toward highly efficient
oxidation systems, including EAOPs, electro-
Fenton processes, reactive electrochemical
membranes (REM), and photoelectrochem-
ical (PEC) platforms. These approaches
achieve high removal efficiencies; however,
they remain constrained by critical limita-
tions, including electrode and membrane
fouling, narrow operational pH windows,
high material costs, and limited integration
of real-time monitoring and adaptive control
(Brillas & Garcia-Segura, 2025; Oturan &
Aaron, 2014; Ganiyu et al., 2020).
The technology proposed in this article
departs from conventional surface-based
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electrochemical paradigms by employing
a volumetric, flow-through electrode archi-
tecture, enabling distributed reaction zones
and tunable residence time. Coupled with
non-contact sensing for in situ monitoring,
this approach addresses key bottlenecks in
process stability and scalability.

Rather than competing with established
systems, the proposed configuration is best
understood as a platform for integration,
capable of interfacing with and enhancing
existing electrochemical and photoelectro-
chemical processes.

9.1. Reactive Electrochemical Mem-
branes (REM)

To establish a baseline for comparison,
the analysis begins with reactive electro-
chemical membrane (REM) systems, which
represent one of the most advanced imple-
mentations of flow-through electrochemical
treatment.

Reactive electrochemical membranes
(REM) represent one of the most rapidly de-
veloping directions in electrochemical water
treatment, combining filtration and electro-
chemical oxidation within a single functional
unit (Du et al., 2025; Zhu et al., 2023). These
systems are characterized by flow-through
operation, localized reaction zones, and high
current densities, enabling efficient removal
of micropollutants.

The proposed technology described in
this work exhibits strong conceptual simi-
larities with REM systems, particularly in
terms of flow-through architecture and dis-
tributed reaction zones. However, a key dis-
tinction lies in the absence of functionally
loaded membranes. Instead, the system em-
ploys permeable, chemically stable non-me-
tallic electrodes, allowing the liquid to pass
through the electrode volume.

This design eliminates one of the prima-
ry limitations of REM systems — membrane
fouling, which significantly reduces opera-
tional efficiency and increases maintenance
requirements (Du et al., 2025).

Potential synergy:

Hybridization of REM selectivity with the
volumetric electrode concept proposed here
could enable the development of highly effi-
cient and fouling-resistant electrochemical
reactors, particularly suitable for selective re-
moval of persistent organic pollutants.

INDEPENDENT SCIENTIFIC ANALYSIS.



The Austrian Journal of Technical
and Natural Sciences, 2026 No 3-4

A conceptual comparison between reac-
tive electrochemical membrane systems and

Section 7. Technical sciences in general

the proposed volumetric reactor architecture
is presented in Figure 2.

Figure 2. Comparison of reactive electrochemical membrane systems
and a volumetric flow-through electrochemical reactor
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9.2. Electro-Fenton Processes

While REM systems emphasize reac-
tor architecture and mass transfer, electro-
Fenton processes provide a complementa-
ry perspective focused on the generation of
highly reactive oxidative species.

Electro-Fenton processes are widely rec-
ognized as one of the most effective advanced
oxidation methods due to their ability to
generate hydroxyl radicals (+«OH) in situ, en-
abling deep mineralization of organic con-
taminants (Oturan & Aaron, 2014; Heidari et
al., 2023; Li et al., 2025).

The proposed system utilizes carbon-
based permeable electrodes, which are highly
suitable for electro-Fenton applications due
to their ability to catalyze hydrogen peroxide
generation at the cathode. Moreover, the vol-
umetric configuration enhances:

Proposed System

Raw
washewater

Flow-through reactor

Mo membrane

o interfacial area;

« mass transfer;

« and residence time control.

A significant advantage of the proposed
technology is its ability to dynamically regu-
late pH conditions through electrochemical
separation, as described in Section 2. This
capability addresses a major limitation of
conventional electro-Fenton systems, which
typically require strictly acidic conditions.

Potential synergy:

Integration of electro-Fenton mecha-
nisms into the proposed reactor design could
lead to the development of high-efficiency
hybrid oxidation systems, operating under
broader pH conditions and reduced energy
demand.

Figure 3. Conceptual integration of electro-Fenton processes
with a volumetric electrochemical reactor
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The integration of electro-Fenton mecha-
nisms with the proposed volumetric electro-
chemical system is illustrated in Figure 3.

9.3. 3D Electrochemical Reactors

Beyond reaction pathways, reactor geom-
etry plays a defining role, making it necessary
to consider three-dimensional electrochemi-
cal reactors as a structural analogue to the
proposed system.

Three-dimensional electrochemical re-
actors are known for their enhanced perfor-
mance due to increased active surface area
and improved mass transfer (Rodrigo et al.,
2014; Ganiyu et al., 2020).

The technology presented in this study in-
herently corresponds to the concept of a 3D
electrochemical reactor, as it involves fluid
flow through a permeable electrode volume,
rather than along electrode surfaces.

Distinctive features of the proposed ap-
proach include:

Section 7. Technical sciences in general

« gravity-driven upward flow, ensuring

stable hydrodynamics;

« controllable residence time, directly

influencing reaction kinetics;

« modular design, enabling scalability

and flexible implementation.

Unlike conventional 3D systems, the pro-
posed configuration also enables simultane-
ous generation of chemically distinct streams
(acidic and alkaline fractions), which ex-
pands its functional applicability.

Potential synergy:

Further development could involve the
incorporation of catalytic or porous media
within the electrode structure to enhance re-
action selectivity and efficiency.

A structural comparison between con-
ventional 3D electrochemical reactors and
the proposed system is shown in Figure 4.

Figure 4. Comparison of conventional 3D electrochemical
reactors and a volumetric flow-through system
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9.4. Photoelectrochemical Systems
(PEC)

Although electrochemical systems dom-
inate the field, photoelectrochemical ap-
proaches introduce additional functionality
through light-driven processes and highlight
challenges in system control and scalability.

Photoelectrochemical (PEC) systems
are increasingly considered a promising ap-
proach for sustainable wastewater treatment,
combining light-driven and electrochemical
processes (Dong et al., 2025; Amaya Santos
et al., 2025). However, their large-scale im-
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plementation remains limited by process in-
stability and the lack of real-time monitoring.
A unique contribution of the proposed
system is the integration of a non-contact
resonant sensing technology, based on elec-
tromagnetic spectroscopy principles. This
sensor:
« operates without direct contact with
the liquid;
 provides high sensitivity (down to 10-6
mg/L);
« enables continuous, real-time moni-
toring of water composition.
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Potential synergy:
Integration of this sensing approach into
PEC systems could enable adaptive process
control, significantly improving system sta-

Section 7. Technical sciences in general

bility and scalability — two of the major chal-
lenges identified in recent PEC research.

The potential enhancement of photoelec-
trochemical systems through integration of
non-contact sensing is illustrated in Figure 5.

Figure 5. Integration of non-contact sensing into photoelectrochemical systems
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9.5. BDD-Based Systems (Boron-
Doped Diamond Electrodes)

At the material level, these considerations
naturally lead to a comparison with high-per-
formance electrode systems, particularly
those based on boron-doped diamond (BDD).

Boron-doped diamond (BDD) electrodes
are considered among the most powerful ma-
terials for electrochemical oxidation due to
their ability to generate highly reactive species
and their exceptional stability (Panizza & Ce-
risola, 2009; Martinez-Huitle & Brillas, 2009).

Despite their advantages, BDD systems
are limited by:

+ high production costs;

« complex fabrication processes;

+ limited scalability.
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In contrast, the proposed system utilizes
carbon-based composite electrodes, offering;:

« significantly lower cost;

 chemical stability;

« ease of manufacturing and scaling.

While BDD systems maximize oxidation
power at the electrode surface, the proposed
technology emphasizes volumetric process-
ing and hydrodynamic optimization, repre-
senting a fundamentally different approach.

Potential synergy:

Hybrid systems combining localized BDD
electrodes with volumetric carbon-based re-
actors could provide an optimal balance be-
tween performance and cost.

Figure 6. Comparison of boron-doped diamond electrode
systems and a volumetric electrochemical reactor
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A comparison between BDD-based sys-
tems and the proposed reactor concept is
presented in Figure 6.

Overall Positioning within
EAQP Framework

Modern electrochemical advanced oxi-
dation processes (EAOPs) are evolving to-
ward systems that combine high oxidation
efficiency, improved mass transfer, reduced
energy consumption, and integrated moni-
toring capabilities (Brillas & Garcia-Segura,
2025; Ganiyu et al., 2020).

Within this framework, the proposed
technology can be positioned as a multi-
functional platform, integrating:

 volumetric electrochemical treatment

(3D reactor concept);

« flexible control of physicochemical pa-

rameters (pH, residence time);

» cost-effective electrode materials;

« embedded real-time monitoring.

Rather than competing directly with ex-
isting technologies, the system demonstrates
strong potential as a hybridization platform,
capable of integrating:

« electro-Fenton processes;

+ photoelectrochemical systems;

« membrane-based electrochemical re-

actors;

« anodic oxidation technologies.

Conclusion of Comparative Analysis

The proposed system should not be
viewed as a direct alternative to existing
electrochemical treatment technologies, but
rather as an integrative architecture capable
of combining multiple mechanisms within
a single framework.

Its key advantage lies in the synergistic
combination of:

« electrochemical reactivity;

+ volumetric hydrodynamics;

 and advanced sensing capabilities.

This positions the technology as a prom-
ising candidate for next-generation water
treatment systems, particularly in applica-
tions requiring adaptability, scalability, and
cost-efficiency.

10. Limitations and Research Gaps
Despite the conceptual strength of the
approach proposed by Meleshko (2026), sev-
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eral limitations remain that constrain its cur-
rent scientific and practical validation.

A primary limitation is the lack of detailed
mechanistic analysis. Modern electrochemi-
cal treatment research emphasizes the iden-
tification of dominant oxidation pathways,
including hydroxyl radical («OH) generation
and alternative reactive species formation
(Brillas & Garcia-Segura, 2025; Ganiyu et al.,
2020). In the absence of such analysis, the
fundamental reaction mechanisms govern-
ing the proposed system remain insufficient-
ly characterized.

Closely related is the absence of quanti-
tative kinetic data, including reaction rates,
current efficiencies, and limiting steps. With-
out these parameters, it is not possible to
establish a rigorous comparison with estab-
lished electrochemical advanced oxidation
processes (EAOPs) or to predict system be-
havior under varying operational conditions.

Another important gap concerns the for-
mation and fate of by-products. Contemporary
studies highlight that incomplete oxidation
may lead to the generation of intermediate
compounds, some of which can be more toxic
than the parent pollutants (Oturan & Aaron,
2014). The lack of by-product analysis limits
the assessment of the system’s environmental
safety and treatment completeness.

The limited discussion of energy con-
sumption further constrains practical evalu-
ation. Energy efficiency, typically expressed
in kWh/m3, is a critical parameter in bench-
marking electrochemical technologies (Bril-
las & Garcia-Segura, 2025). Without such
data, the economic feasibility and scalability
of the system cannot be fully assessed.

Taken together, these limitations do not
diminish the conceptual contribution of the
work but rather define a clear roadmap for
future research, particularly in the direction
of quantitative validation, mechanistic eluci-
dation, and pilot-scale implementation.

11. Environmental Significance
of the Technology

The technology proposed by Meleshko
(2026) demonstrates notable potential in the
context of sustainable and environmentally
responsible water treatment.

A key advantage is the reduced reliance on
chemical reagents, as the system is based on
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electrochemical processes that generate reac-
tive species in situ. This aligns with current
trends in green water treatment technologies,
where minimizing secondary chemical inputs
is a major objective (Ganiyu et al., 2020).

The system also shows strong potential
for decentralized and distributed applica-
tions, enabled by its modular design, oper-
ational simplicity, and relatively low infra-
structure requirements. Such characteristics
are particularly important for rural, remote,
or resource-limited regions, where central-
ized treatment systems are often impractical.

From an environmental perspective, the
use of carbon-based and polymer materials
offers advantages in terms of reduced mate-
rial toxicity and improved lifecycle sustain-
ability compared to more resource-intensive
alternatives such as boron-doped diamond
electrodes. Additionally, the absence of mem-
brane components eliminates issues related
to membrane disposal and fouling-related
waste streams.

The capability to generate functionally
distinct water streams (acidic, alkaline, dis-
infected) further enhances resource efficien-
cy by enabling targeted reuse of treated water
across different applications, including sani-
tation, agriculture, and industrial processes.

Moreover, the integration of non-contact
sensing technology supports real-time mon-
itoring and process optimization, which is
critical for minimizing energy consumption
and preventing over-treatment. Such fea-
tures are increasingly recognized as essential
for the development of intelligent and adap-
tive water treatment systems (Dong et al.,
2025).

In the broader context, technologies of
this type contribute to achieving global sus-
tainability objectives, including water reuse,
pollution reduction, and resource efficiency,
which are central to international environ-

Section 7. Technical sciences in general

mental frameworks and water management
strategies.

The technology is directly aligned with
global sustainability frameworks, particu-
larly UN Sustainable Development Goal 6
(Clean Water and Sanitation).

12. Conclusion and Future Outlook

The study presents an innovative and
practically oriented approach to electro-
chemical water treatment. Its simplicity, flex-
ibility, and integration with advanced moni-
toring technologies position it as a promising
candidate for next-generation water treat-
ment systems.

The proposed system should be viewed
not as a single-process solution, but as a plat-
form technology capable of integrating mul-
tiple electrochemical and hybrid treatment
mechanisms. This positioning significantly
expands its applicability and aligns it with
current trends toward modular, adaptive,
and decentralized water treatment systems.

Overall, the technology represents a tran-
sition toward more adaptable, scalable, and
resource-efficient electrochemical treatment
systems, with strong potential for both in-
dustrial and decentralized applications.The
proposed technology represents a shift from
surface-limited electrochemical systems to-
ward volumetric, process-integrated archi-
tectures, offering a new direction for scalable
and adaptive water treatment.

Its combination of low-cost materials,
modular design, and integrated sensing posi-
tions it as a viable candidate for next-gener-
ation decentralized water treatment systems.

Based on the above analysis, the reviewed
article represents a scientifically grounded
and practically significant contribution to the
field of electrochemical water treatment and
demonstrates strong potential for further de-
velopment and application.
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