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ABSTRACT Objective: The study investigates how the physicochemical characteristics of biodegrad-
able polymer-based green electrolytes influence electrochemical reinforcement efficiency, environmental
responsiveness, and substrate stabilization. The goal is to establish correlations between electrolyte
properties and system performance across soil, concrete, and metallic substrates. Methods: Green
electrolytes were synthesized using pectin, chitosan, and kappa-carrageenan matrices combined with ionic
salts and plasticizers. Electrochemical reinforcement experiments were conducted in laboratory-scale cells
under controlled temperature, humidity, and chemical exposure. Substrates were characterized before
and after treatment, and electrochemical behavior was monitored via cyclic voltammetry, electrochemical
impedance spectroscopy, chronoamperometry, and potential/current mapping. Ionic conductivity, viscosity,
pH stability, and biodegradability of electrolytes were systematically measured. Results: High-conductivity
electrolytes, such as Pectin-PVA with 30% glycerol, achieved uniform reinforcement fronts with peak
current densities of 2.1 mA/cm? and consistent potential distribution across substrates. Compressive
strength of concrete samples increased by 25%, while soil bulk density improved by 18%. Corrosion
current in metallic substrates decreased from 15 uA/cm? to 5 uA/cm?. Environmental simulations showed
stable performance under 10-50°C temperature range and 30-95% relative humidity, with pH variations
within 0.1 units. Conclusion: Electrolyte properties, including conductivity, viscosity, polymer matrix
structure, and plasticizer content, are critical determinants of electrochemical reinforcement efficiency and
environmental resilience. Optimized green electrolytes provide uniform substrate stabilization, corrosion
mitigation, and adaptability to environmental variations, offering a sustainable, efficient alternative to
conventional electrolytes for structural reinforcement applications.

INDEX TERMS Green electrolyte; Electrochemical reinforcement; Environmental response; System
performance; Sustainable materials

. INTRODUCTION

Electrochemical repair can improve the stability and load-
bearing capacity of various damaged structures, such as con-
crete, reinforced steel, and so on. The technology improves
corrosion resistance and structural reliability by controlling
ionic transport or electrochemically triggered changes in the
enhanced part. Efficiency and lifespan under the influence
of the composition, physicochemical properties of an elec-
trolyte that affect ion motion to a great extent Reaction
kinetics Interactions with the interface between substrate
and electrode. Traditional electrolytes are usually formed
by high-soluble salts or strong acidic/alkaline systems which
can be toxic, generate secondary pollution, and have a poor
environment-friendly property. Therefore, the development
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of environmentally-friendly electrolytes has become a vital
path towards the development of eco-electrochemical stabil-
isation technologies [1].

Green electrolyte includes a bio-based salt system,
biodegradable ionic liquid and deep eutectic solute sys-
tem with environmental friendly physicochemical properties
[2]. Key parameters in anion conductivity, protection film
building capability; Its effects on various influencing factors
across environmental variations, including relative humidity
(relative water content), temperature changes and chemical
pollutants. Stabilised electrolyte allows the required regula-
tion of electrochemical activity to achieve better reinforce-
ment without polluting the environment.

Sustainability, in addition to environmental issues, con-
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cerns energy-saving devices and materials; The system can
adapt flexibly across different areas. Tunable green elec-
trolyte systems are optimised for various substrates and
environments in different conditions, such as high humidity
soil, chloride-containing seawater, and temperature-sensitive
materials. Understanding the relationship between elec-
trolyte properties, electrochemical processes and environ-
mental factors in order to improve reinforcement efficiency,
durability and scalability. To support the development of
an environmentally friendly electrochemical reinforcement
technology based on interactions between reagents.

Il. LITERATURE REVIEW

The electrolyte composition directly impacts the perfor-
mance, environmental adaptation ability, and overall sta-
bility of the electrochemical reinforcing system. The ba-
sic mechanism is ion transport; Electrochemical Reac-
tion Kinetics, which are affected by the environment;
Substrate-Interaction under different conditions. Traditional
electrolytes have good performance for transmitting elec-
tricity, however, due to environmental or safety reasons,
they are not suitable for industrial applications at present.
Green electrolytes include polymer-based solid systems and
modified aqueous solutions with tunable properties for an
electrochemical process in which the environmental impact
is low.

The electrolysis system based on salt solutions provides
an illustrative example of how ionic composition and pH
control can regulate environmental response. Alkaline and
acidic electrolyzed water generated from sodium metabisul-
fite, potassium sorbate, potassium carbonate, and sodium
chloride exhibits antimicrobial activity together with stable
physicochemical properties [3]. These findings highlight
the importance of carefully controlling ion concentration
and pH variation to improve material durability, reduce
waste generation, and minimize environmental impact. Also,
according to a certain condition in an appropriate way for
enhancing the electrodeposition strength, or other means are
possible, such as electrolysis to adjust.

Green polymer-based electrolytes can also regulate ion
mobility and system performance by designing molecules.
Biocomposite membranes, for example, pectin-polyvinyl
alcohol (PVA) hybrids with sulfonated titanium dioxide
nanoparticles added, show that the micro-structural organ-
isation of hydrophobic and hydrophilic domains strongly
affects protons’ transport and electrochemical kinetics [4].
Cross-linking strategies and nanoparticles adjust the chain
mobility to alter anions’ pathways; hence increasing con-
ductance via the combined effects of polymer structure
on ion activity. Similarly, chitosan-dextran solid polymer
electrolytes plasticized with glycerol have increased ion
mobility, density, and diffusion coefficient compared to the
pure system; they do not introduce any additional Faradaic
side-reactions [5]. The results suggest that polymers may
simultaneously offer a mechanical scaffold and an optimised
electrolyte environment to improve the stiffness of porous
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substrates or active reactants (reactors).

Solvent Selection and Molecular Interactions Further
Modify Electrolyte Behaviour. Mixed solvent system based
Sulfolane electrolyte in lithium batteries is influenced by
the conductivity, viscosity and cycle performance during
use [6]. Conductivity maxima are associated with certain
solute concentrations; solvent composition, polarisation of
the system, and ionic-pair formation all influence charge
movement. This idea is expressed as green electrochemical
reactivation; that is, in a medium with a low dielectric
constant and small ionic current fluctuations caused by sur-
rounding media’s varying humidity, temperature and other
factors influence reactions.

Chemical modification of natural polymers can also im-
prove the properties of eco-friendly electrolytes. Benzoyla-
tion of kappa-carrageenan is an effective method to reduce
the water absorption rate without reducing its strength
significantly [7]. Reduced water absorption, regulated ionic
transport increase the adaptability of a system’s environment
to prove that Molecule-Driven Modulation of Polymers for
Electrochemical Systems does not only serve a function but
also environmental protection. These strategies also com-
bine with Plasticized Biopolymers (PBPs), which improve
transport through increasing flexibility and reducing crystal
structure and adding additives.

On a deeper level, the study of polymeric chains’ be-
haviour has revealed that their irregular structures and local
electronegativity effects influence the ionic distribution and
current in this environment [8]. Modeling of filaments’
roughness, finite size, etc., shows that the localised zones
caused by microstructure are strong factors affecting ion
transport. In the green polymer system, similar to other
materials, nanoscopic structure, pores’ arrangement and
polymorph chains align affect dispersion uniformity of
Reinforcement and environment responsiveness. Molecular
and microscopic studies on these interactions allow for the
design of electrolyte systems that balance efficiency and
substrate adaptability.

Practical applications of energy storage offer insights
for electrochemical enhancement. Plasticized biodegrad-
able methylcellulose-based solid polymer electrolytes have
achieved low crystallinity and high ionic conductivity by
using sodium thiocyanate and glycerol for plasticization,
which are confirmed by structural analysis [9]. Similarly,
glycerol-based aqueous electrolytes combined with high-
surface-area activated carbon electrodes show that the vis-
cosity, hydrophilicity of anion-accessibility of the elec-
trolyte directly impact electrochemical performance, two-
layer structure and capacity recovery [10]. These data show
that the choice should pay attention to the physicochemical
compatibility and stable performance in different surround-
ings when setting it up.

Collectively, the above results show that the green ions
depend on ionic composition, molecular architecture of
polycyclic compounds, polymer-solvent interactions, molec-
ular modification effects, and other aspects affecting prop-
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erties. Ion conduction capability, diffusivity, viscosity and
other parameters influence not only electrochemical perfor-
mance but also the adaptive response in an environment
of these systems. Biodegradable or chemically adjustable
components integrated into the system can be tailored to
achieve different ions’ transference rate in response to
changes in environmental conditions for a green electro-
chemical reinforcement mechanism. Strategic Design for
Green Electrolytes based on molecular-scale information
and performance indicators at the macro scale, aiming to
enhance energy density while reducing environmental risks.

lll. MATERIALS AND METHODS

A. ELECTROLYTE PREPARATION

1) POLYMER SELECTION AND PREPARATION

Green electrolyte matrices were created using biodegradable
polymers that have good environmental compatibility, chem-
ical stability, and ionic mobility. As they are nontoxic and
biodegradable, pectin, chitosan, and kappa-carrageenan are
good candidates for forming stable networks that support
ionic flow. Polymer powders were dispersed in distilled
water at specific concentrations, and then hydrated under
optimized conditions to achieve appropriate viscosity. Dis-
solution at a temperature range of 40 — 60°C was carried out
using a magnetic stirrer to achieve homogeneous dispersion
of the polymers and stirred continuously to ensure complete
dispersion of the polymer chains. Mild ultrasonication was
applied to eliminate polymer chains and prevent the for-
mation of zones of aggregates, which would create spatial
anomalies and degrade the local ion conductivity. The
polymer concentration was optimized to achieve a balance
between viscosity and mechanical stability of the system.
High polymer concentrations in the solutions increased the
stiffness of the films and reduced ionic conduction and
adhesion to the substrate. The polymer solutions formed a
reproducible and stable basis for the later incorporation of
ionic salts and plasticizers.

2) IONIC SALT INCORPORATION

Ionic salts, which are environmentally friendly, were com-
pletely dissolved into polymer matrices for the purpose of
enhancing ionic charge transport. For their solubility, low
environmental impact, and the ability to provide mobile
cations and anions, sodium sorbitol, sodium thiosulfate, and
ammonium tartrate salts were selected. In order to prevent
precipitation and the formation of local concentration gra-
dients, the salts were added gradually while stirring contin-
uously. The amount and type of salts were adjusted to all
the substrates. The porous soil columns required a sufficient
amount of ions to provide reinforcement uniformly, while
the more dense concrete sample required a a bit more
to provide charge distribution effectively. The viscosity of
the polymer and the ionic strength of the solution were
adjusted to an optimal degree to avoid crystallization and
precipitation, especially during the storage.
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3) PLASTICIZER ADDITION AND CROSS-LINKING

To increase flexibility of the polymer, improve control of
crystallinity, and improve ion transport, plasticizers like
glycerol or sorbitol were added. Optimal concentration
was also determined to sustain mechanical integrity and
electrochemical performance, facilitating the establishment
of continuous ionic pathways in the polymer network. Ad-
hesion of electrolyte films to substrates was also improved
by plasticizers, minimizing crack formation during drying
or in situ deposition. Some formulations contain polymer
stabilizing cross-linking agents such as sulfosuccinic acid
and glutaraldehyde. Cross-linking was shown to improve the
overall polymer network and provide reinforced mechanical
stability, control deformation in humid environments, and
provide sufficient porosity to be an efficient pathway for
ion transport. This ultimately enhanced the stability and
conductivity of the polymer.

4) ELECTROLYTE CHARACTERIZATION

Electrolytes were characterized for suitability in electro-
chemical enhancement. The evaluation included measure-
ment of ionic conductivity and assessment of shear-thinning
behavior of polymer films on substrate simulators at dif-
ferent strain rate levels. The pH was monitored to en-
sure neutralization and avoid damage to substrates by the
acid-base reaction. In the evaluation of controlled enzy-
matic hydrolysis to assess mass and molecular structure
changes over time, the electrolytes were also characterized
for biodegradability, density, surface tension, flow, wetting,
and substrate compatibility (both porous and dense). The
evaluations indicated that the electrolytes exhibited suitable
ion transport, environmental, and mechanical properties. The
combination of polymer, ionic salt, plasticizer, and cross-
linking, facilitated the development of a repeatable frame-
work for further studies on electrochemical enhancement
under different environmental and substrate conditions.

B. TEST MATERIALS

Reinforcement substrates were selected to mimic the most
commonly used engineering structures, including soil, con-
crete, and metals. Soil samples were taken from the silt loam
and sandy loam zones and presieved. The samples were then
brought to the field capacity before the commencement of
the tests. Concrete samples were prepared in accordance
with the design of the experiment, meaning they had a
determined and controlled water-to-cement ratio before the
samples were cast into cylinders or prisms. The samples
were then cured for 28 days or more to decrease the
specimens to the targeted mechanical properties. The metal-
lic substrates were made of carbon steel coupons of pre-
measured roughness and were mechanically polished and
degreased to facilitate the uniform contact of the electrolytic
solution to the surface of the metallic substrates. Before
the start of the electrochemistry testing, the substrates were
pre-conditioned to equilibrate water content, temperature,
and relative humidity. The soil columns were compacted to
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achieve a standard bulk density, and the concrete samples
were cured to ensure the stability of the structural properties.
The metallic coupons were subjected to surface passivation
and pretreatment oxidation. These processes guaranteed that
the relevant environmental factors did not contribute artifacts
to the current generation or electrochemistry measurements.

C. EXPERIMENTAL SETUP

1) ELECTROCHEMICAL CELL DESIGN

To carry out accurate electrochemical measurements, exper-
iments for electrochemical reinforcement were carried out
using a three-electrode set up. Different substrates were built
to mimic actual reinforcement targets including soil-packed
columns, concrete slabs and metal coupons. Because of the
chemically stable nature of platinum and its ability to carry
a constant current for long periods of time, platinum counter
electrodes were used. For the reference electrodes, Ag/AgCl
electrodes in standard glass and in agar-glucose solutions,
and SCEs were used to record local potential changes with
great accuracy. The geometry of the cells and the spacing
of the electrodes were engineered to mimic the practical
conditions of reinforcement while improving minimization
of the edge effects and uniform current distribution. The
positioning of the electrodes were also done in such a way
that uniform electric field distribution throughout the porous
substrates was achieved, and ease of operation was obtained
to adjust the electrode size, spacing and orientation to keep
the potential gradient uniform over porous substrates. This
modular configuration made it easy to adjust and conduct
replicable experiments in a variety of setups.

2) VOLTAGE AND CURRENT CONTROL

Experimental conditions were programmed using a comput-
erized potentiostat in one of three modes: constant potential,
constant current, or cyclic potential. Because of this level
of control, the kinetics of reinforcement could be studied
systematically as a function of operational conditions. To
replicate intermittent field scenarios or fluctuating field
supply conditions, pseudosteady state alternating current
(AC) potentiostat control with defined current limiting feed-
back enabled the potentiostat to adjust the voltage. The
potentiostat could be controlled through a computer, which
also provided real-time feedback regarding current density.
This feedback enabled the system to adjust voltage to avoid
localized over-reinforcement or degradation of the substrate.
Because of the design, a single set of environmental con-
ditions could be maintained to allow for the generation of
multiple, simultaneous, consistent, and comparable datasets.

3) SENSOR INTEGRATION AND ENVIRONMENTAL
MONITORING

An integrated network of sensors was used to monitor the
interaction of electrolytes, substrates, and the environment.
To study the effect of local temperature changes of elec-
trolytes and substrates on ion transport and electrochemical
processes, thermal sensors were used. Relative humidity
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sensors measured moisture content over time, which is
especially important for the ionic conductivity of the soil
and concrete substrates, which is porous. To study the soil
and the matrices of the roots of the plants (ph) sensors were
installed at various levels. Ion concentration gradients in the
substrates, which were important for evaluating the unifor-
mity of reinforcement in the concrete and other substrates,
were mapped by tunable conductivity probes. All sensors
were connected to a high-precision data pre-collection sys-
tem, which collected data on the time-dependent and steady-
state processes.

4) AUTOMATION AND CONTROL SYSTEMS

The integrated operation of potentiostats with real-time
sensor feedback enabled automated control systems to make
adjustments on the fly. Modulations of applied voltage or
current density were adjusted to reinforce substrates equally
across heterogenous substrates to ensure uniform response.
Protective backup features were implemented to keep the
system stable in the case of a malfunction while current
and voltage limits were implemented to protect substrates.
This modular configuration designed to accommodate quick
and easy revisions of substrates, electrodes, or electrolytes
enabled the evaluation of multiple variations and strategies
of selective reinforcement. All in all, the combination of
responsive and adjustable sensors, optimized electrochem-
ical cells, and fully integrated potentiostat systems created
the most environmentally controllable real-time conditions
to test the performance of green electrolytes and their
responsiveness to changes.

D. CHARACTERIZATION METHODS

Electrochemical characterization methods have been sys-
tematically used to understand the behavior of the developed
electrolytes and their interactions to different substrates.
Using electrochemical impedance spectroscopy (EIS), the
measurement of ionic conductivity, charge-transfer resis-
tance, and double-layer capacitance have been performed at
different frequencies from 0.01 Hz to 1 MHz. Nyquist and
Bode plots were used to identify the unresolved diffusion
and the phenomenon of interface polarization. In cyclic
voltammetry, the (CV) of charge responses, electrochemical
reversibility, the kinetics of the diffusion of ions, and
the stability of the potential window were examined, and
the voltammetry was done at different rates to prove the
linearity of the responses of the current and to find the
presence of Faradaic. Chronoamperometric measurements
were performed to evaluate the charge that was transferred
completely and to determine the rates of movement of ions.
During the experiments, the local pH and conductivity were
constantly monitored at several points of the substrates. A
recalibrated sensor was used to ensure the measurements
were reproducible. The data of the electrochemical reac-
tions, along with the data of the environment were used
to describe the interactions of the electrolytes with the
substrates.

VOL. 15, NO. 3, AUGUST 2026



X. Yan, Z. Li

JOURNAL
¢ ORG

AE

E. ENVIRONMENTAL SIMULATIONS

The green electrolytes’ performance and stability were
gauged with the aid of controlled environmental simula-
tions under true-to-life conditions. Relative humidity range
impacted the electrochemical enhancements moisture depen-
dent effects. For the humidity simulation, this was controlled
between 30% and 95% using either humidity controllers
or saturated salt solutions. For the aggressive exposure
environments, soil and cement matrices were used, and
to perform chemical stress testing chloride, sulfate, and
carbonate solutions were used. To assess the anti-corrosive
properties of metallic substrates, industrial pollution ana-
logues and dissolved oxygen were incorporated. The pro-
gressive touch of these various environments was observed
with continuous time-resolved monitoring which illustrated
dynamic adaptation, patterns of ion migration, and stability
of the electrolyte over the varying environmental conditions.

F. DATA ANALYSIS

In the context of system performance evaluation, quan-
titative analysis integrated various statistical methodolo-
gies with specific electrochemical measures, such as ionic
conductivity, charge transfer resistance, the uniformity of
reinforcements, and the stabilization of substrates. To un-
derstand how the properties of the electrolyte (in terms
of viscosity and the ratio of active ions) correlate with
the performance of the system in different environmental
conditions, correlation analysis was performed. For time-
dependent parameters (such as ion diffusion coefficient,
equilibrium potential, and reinforcement rate), multivari-
ate statistical methods (e.g., principal component analysis
(PCA) and multiple linear regression) were used to identify
time-dependent patterns. To normalize performance metrics
relative to substrates, geometry, and surface area, metrics
were adjusted for each experimental run. A differential
approach to error propagation, the calculation of confidence
intervals, and sensitivity analyses help to provide evidence
for the identified trends and to quantify the environmental
conditions or the electrolyte properties that have the greatest
impact on the system response. Collectively, these methods
offer insight into the relationship between the properties of
green electrolytes and the electrochemical reinforcement and
environmental adaptability of the systems.

IV. RESULTS

A. ELECTROLYTE CHARACTERIZATION

Green electrolytes based on Biopolymers-Salt combinations
have a variety of physicochemical characteristics suitable
for electrochemical strengthening. The ionic conductivity
measurement results under room temperature conditions
showed that the range of values was from 1.2x10-3 S/cm
to 5.6x10-3 S/cm in terms of polymers and plasticizers
contents. The pectin-PVA blend containing 30 per cent
glycerol showed a high conductivity of 5.6x10-3 S-cm;
The chitosan-dextran combination lacking plasticizer still
remained in an extremely low range (1.2x10-3 S-cm). The
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Fig. 1. Polarization Curves of Selected Green Electrolytes on Concrete
Substrates at 25°C

viscosity tests showed a significant trend of increased dif-
ferences in Film-Flowability and ionic migration inhibition
as the polymeric content rose among various viscous forms;
The pH of the electrolyte was relatively constant at around
7 to 8 for four weeks after storage, and it showed only slight
fluctuations (40.1).

Degradation tests in the presence of enzymes and acids
showed that the quality loss of the biopolymer-based elec-
trolyte was approximately between 15% to 35%, after 30
days, showing good stability. Summary of key electrolytes
is listed in Table 1.

These data show that the concentration of plasticizers,
polymer chemistry, significantly affects conductivity and
viscosity; These two factors determine electrochemical be-
haviour and adhesive penetration ability.

B. ELECTROCHEMICAL RESPONSE

An electrochemical reinforcement test was conducted on a
soil-concrete-metal structure. The distribution of potential
showed a uniform voltage field in the electrodes under
high-ion-conductivity electrolyte conditions. For example,
the potential difference generated in a soil column by
Pectin-PVA + 30% glycerol was as high as 1.2 V under
constant current at 10 mA. On the other hand, the low-
conductivity electrolyte containing unplasticized chitosan-
Dextran exhibited a decline in potential of about 0.7 V
at equivalent conditions, indicating poorer charge transport
efficiency.

Determine the current-time-amperometric method for
measuring the anode-cathode interface at present. High-
conductivity electrolyte produced a peak current density
of 2.1 mA/cm? and maintained it for two hours; a low-
conductivity system only achieved 0.9 mA/cm? under sim-
ilar conditions. By using the polarisation curve of cyclic
voltammetry, a broad non-Faradaic profile was observed
in each green electrolyte; there were no obvious Faradaic
effects at this time point. Fig. 1 shows the typical polar-
isation curves of pectin-PVA and Kappa-Carrageenan-Bz
electrolytes.

11014



JOURNAL
¢ ORG

AE

X. Yan, Z. Li

TABLE 1. Physicochemical Properties of Representative Green Electrolytes

Electrolyte

Ionic Conductivity (S/cm)

Viscosity (Pa-s) pH Mass Loss (%)

Pectin-PVA + 30% Glycerol 5.6 x 1073 0.85 6.8 18
Chitosan-Dextran + 20% Glycerol 3.1x 1073 1.12 6.9 22
Kappa-Carrageenan-Bz + 25% Sorbitol 4.2 x 1073 0.95 7 20
Chitosan-Dextran (no plasticizer) 1.2 x 1078 1.35 6.7 35
Pectin-PVA+ 30% Glycerol Chitosan-Dextran _ 10 [
E 901  >80% Efficiency
g 80 : "
2 4 K] High-Conductivity
. . * & 704 Electrolytes
Uniform b st | Heterogeneous £ N 4,(102,5 -
lon Front “ ‘ lon Migration E 601 4
-~ - a
3 = 50
[
= 601

Fig. 2. Ion Migration Patterns in 10-cm Soil Columns Under Controlled
Moisture and Temperature

C. ENVIRONMENTAL INTERACTIONS

Environmental Simulations showed how electrolytes and
reinforced substrates responded to moisture, temperature
changes or chemicals. A higher degree of humidity (90%)
accelerated the ion’s movement and, therefore, conductivity
increased by about 15%; some water-saturated soil types
are mentioned here. Increased from about 8 uS-cm-1 at a
certain temperature, then to about twice as much; It was
found that the fluid’s viscoelasticity improved by over half
and dropped to around nm Pa.

Chloride and sulfate solution exposure test results showed
that the green electrolyte offered adequate ion buffering
for chemical corrosion protection of substrates. The ion-
migration pattern was represented by an embedded con-
ductive sensor; it showed a uniform reinforcement zone in
the soil and concrete for high-conductivity electrolyte but
distributed heterogeneity with localised under-irreparability
of low-conducting ones. Fig. 2 Schematic illustration of
the movement of ions in soil columns under contrasted
electrolyte conditions.

D. SYSTEM PERFORMANCE METRICS
Reinforcement Efficiency, Stabilization of the substrate,
Corrosion Inhibition were used to evaluate System Perfor-
mance. Reinforcement efficiency, calculated as the percent-
age of substrate exhibiting targeted mechanical property im-
provement post-electrochemical treatment, reached 85% for
Pectin-PVA + 30% glycerol in concrete prisms, compared to
60% for low-conductivity chitosan-dextran. Soil compaction
tests showed improved bulk density by 12-18% for high-
performance electrolytes.

Galvanic corrosion-inhibitory experiments showed excel-
lent corrosion prevention effects for the metal coupons in
chloride-containing solutions. Green electrolytes reduced
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Fig. 3. Relationship Between Ionic Conductivity and Reinforcement
Efficiency in Concrete Substrates

average corrosion current density from 15 pgA/cm? (control)
to 5 pA/cm? after 72 hours of reinforcement under 1.0 V
applied potential. Stabilisation of the substrates was ver-
ified using compressive strength tests; concrete containing
optimised green electrolytes showed an enhancement by 20-
25%.

E. COMPARATIVE ANALYSIS

The Eco-organic Green Electrolyte System significantly
improved over a standard NaCl solution in environmental
friendliness and electrochemical properties. Conventional
NaCl or KCI electrolyte systems showed a higher initial
conductivity but experienced localised corrosion and other
issues in the environment owing to leaching. Biopolymer-
based green electrolytes maintained a stable potential distri-
bution; improved ion transmission in fluctuating environ-
ments; and decreased substrate damage was achieved. A
little more than normal viscosity due to the use of poly-
mer electrolyte; To compensate, optimise the ratio between
polymers.

Overall, considering the overall impact of the three factors
in wide conditions, to obtain an optimal synergy between
electrochemical reinforcement and the environment and the
substrate stability. Figures 3 shows that there is an evident
relationship between ionisation conductance and the strength
of enhancement among all electrolytes: There is a definite
connection.

V. DISCUSSION

A. MECHANISTIC INSIGHTS

1) INFLUENCE OF IONIC CONDUCTIVITY

Anions can be considered a small, homogeneous system for
ionic conductivity measurements due to the low degree of
ion concentration fluctuations. High-conductivity electrolyte
materials with optimised glycerol contents in blends of
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TABLE 2. System Performance Metrics of Reinforced Substrates with Representative Electrolytes

Electrolyte Reinforcement Efficiency (%) Bulk Density Increase (%) Corrosion Current (pA/ch) Compressive Strength Increase (%)
Pectin-PVA + 30% Glycerol 85 18 5 25
Chitosan-Dextran + 20% Glycerol 72 14 8 18
Kappa-Carrageenan-Bz + 25% Sorbitol 78 16 6 22
Chitosan-Dextran (no plasticizer) 60 10 12 12

pectin-PVA can promote fast electron transport within the
reinforced network and ensure stable voltage distributions
along the fibre length. The structure is uniform; otherwise,
it may be lacking in places where local electric field
strengthening leads to instability throughout the following
working steps of this part. Polarisation curves show that the
high conductivity electrolyte maintains stable current output
over a broad voltage range; hence, sufficient ions are present
in solution with good mobility for ongoing electrochemical
reaction. Low conductivity electrolyte shows a significant
potential drop and irregular current response; therefore,
it forms uneven reinforcing zones and ineffective regions
on the substrate. Additionally, a high ionic conductivity
can form distinct electrochemical reaction zones; therefore,
different parts or porosities of the substrate at various depths
will be reinforced accordingly. Correlation analysis among
conductivity and spatially homogeneous electrochemical
characterizations shows that improvements need to be made
to the design in response to variations caused by different
factors such as pore concentration, water content or material
property differences under varying conditions.

2) ROLE OF VISCOSITY AND PLASTICIZER CONTENT
Viscosity performs multiple functions of adjustment on the
electrolyte. High viscosity helps to reduce leakage; Surface
run-off or longitudinal diffusion of solution; This prob-
lem occurs more frequently in irregular surface substrates
and highly porous ones, including soil columns (Soils) or
cemented concrete. An excessively high viscosity of the
electrolyte hinders its mobility; thus, there will be unbal-
anced deposition at two points. This phenomenon can be
observed in chitosan-dextran-formulated systems; areas with
low ionic mobility exhibit relatively slow electrochemical
strengthening kinetics and incomplete substrate anchoring.
Glycerol and Sorbitol are used to add plasticizers that
help reduce viscosity without compromising the physical
structure of the polymer network [13]. Receiving lower
viscosity will increase diffusion and promote ions for dis-
tribution to extend treatment throughout the whole area.
optimised plasticizer concentrations are to achieve this,
providing enough flowability while maintaining an elec-
trolyte film’s structure: not too sticky but still flexible
during use. Moreover, plastics increase the flexibility of
the polymeric network and alter the microstructures of
reinforcing elements that participate in bonding processes
through plasticizers. Combining the viscosity and plasticizer
concentration to provide an unobstructed ionic pathway;
The continuous depositing front moved uniformly over all
positions on both metallic substrates or porous matrices.
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3) STRUCTURAL ROLE OF THE POLYMER MATRIX

The polymer matrix is the support structure of ionic trans-
mission and maintains the electrochemical process on the
substrate surface. A clearly defined cross-linked biologi-
cal polymeric network channel to inhibit ion aggregation
and diffusion imbalance, promoting uniform enhancement.
Metallic substrates: These networks provide a full coverage
of the electrode’s surface to reduce micro-corrosion spots;
maintain a uniform protection film. Spatial distribution and
density of polymers affect ion transport; solvents-polymers
modify the local environment in which charges are carried
through these factors. The interactions among them will
impact diffusivity and local ionic movement to influence
the time course of strengthening.

The matrix can have substrate-mechanical or -physical
properties characteristics. Adjust wetting and dry shrinkage
of the concrete or soil matrix through a soft polymer net-
work, ensuring its reinforcement function remains constant.
In heterogeneous substrates, owing to the uniform polymer
network structure that distributes ions uniformly at any pore
scale or different water contents and minerals across re-
gions. Overall, the structural features of the polymer matrix;
combined with solvation-contraction interactions determine
the efficacy and spatial homogeneity of ion migration and
electrochemical reaction propagation. Thus, it becomes an
essential factor that influences the expected reinforcement
effects.

4) INTEGRATED MECHANISTIC IMPLICATIONS

In general, the mechanistic information indicates that the
electrochemical reinforcement effect relies on ion conduc-
tivity, viscosity, polymer matrix structure, and plasticiser-
enhanced elasticity to some extent. A high-conductivity sub-
stance generates rapidly and uniformly ion flows; regulates
cellular distribution homogenously in space by adjusting the
state of fluidity; A three-dimensional polypeptide scaffold
guides ion transportation on preset channels to attract the
motility of cells. Plasticizer content further enhances matrix
flexibility, allowing reinforcement to adapt to environmental
and substrate-specific variations.

Taking into account various factors will ultimately de-
termine the space inhomogeneity and time-constancy of
electrochemical reaction sites as well as the reliability and
longevity of strengthening on multiple surfaces and under
different atmospheres. Through the matching of electrolyte
properties: optimising conductivity, regulating viscosity;
forming polymer network structures; adding plasticisers etc.,
it can be controlled precisely for electrochemical reactions.
By ensuring consistent reinforcement effects, avoiding iso-
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lated failure phenomena; And providing the basis to con-
struct a green electrolyte system that can realize sustainable,
even and long-lasting electrochemical reinforcement.

B. ENVIRONMENTAL RESPONSE CORRELATION

1) PH STABILITY AND BUFFERING CAPACITY

The pH stability of the electrolyte is an essential factor af-
fecting the long-term effect of electrochemical enhancement
and material protection continuously [14]. High-buffering
green electrolytes can maintain an essentially neutral or
slightly basic microenvironment during electrode reactions
to avoid the formation of high-acidic or high-alkaline re-
gions. Microenvironmental control is essential because pH
fluctuations can impact polymer structure, degrade rate-of-
release for corrosion inhibitors on metals, as well as form
localized corrosive environments. Steady-pH helps to main-
tain stable ionisation and facilitates sustained enhancement
on both porous and solid substrates.

In environments with high humidity or ionic contamina-
tion, green electrolyte buffers can maintain the stability of
the local potential; therefore, it hinders the formation of
specific reaction paths. To prevent structural heterogeneity,
reduce the localised weakness of the substrate, and maintain
an even distribution of reinforcing materials. In addition,
pH Stability helps maintain the electrochemical stability
of the electrolytes to avoid early breakdowns of polymers
and crystallite precipitation that affects conductivity paths.
Through continuously regulating the acidity level to be
moderately stable in use, green electrolytes can maintain
spatial uniformity and temporal stability of electrochemical
reactions for substrate reinforcement.

2) TEMPERATURE SENSITIVITY AND IONIC
CONDUCTIVITY

Temperature changes will affect the ion transmission effect
as well as distribution stability. High-temperature-stable
electrolytes exhibit stable conductivity baselines at various
temperatures from 10°C to 50°C, ensuring continuous ion
motion in multi-component lithium secondary cells without
generating rebarrier areas or hot spots. Conversely, elec-
trolytes that have high conductivity tend to be unstable at
temperatures; therefore, the reinforcement distribution may
show unevenness or failure regions.

Temperature- and viscosity-dependent modulation of the
ion transport mechanism. Temperature elevation reduces
electrolyte viscosity to improve ion mobility and accelerate
substrate wetting speed. In comparison, low temperature
increases viscosity; slow ion motion and thereby fail to
achieve full reinforcement in densely packed or microp-
orous substrates. Both the conductance and temperature
characteristics indicate that we need to determine how many
components meet the criteria in all kinds of environments.
optimisation often tunes parameters associated with ion
movement, e.g., cross-linking degree of polymers and con-
centrations of Polyacrylamide (PAm) plastics; its physical
strength is maintained constant during this process.

11017

3) MOISTURE CONTENT AND SUBSTRATE
INTERACTIONS

Mortality rate is related to moisture in a system, such as
the growth of plants and curing mortar temperature and
humidity levels. Due to the increasing moisture caused by a
higher ambient humidity rate and facilitating an increase in
ion transport leading to structural stabilization faster. Water
molecules enhance the dissociation of ionic substances to
increase conductivity, promote continuous charge transfer
at the substrate-electrolyte interface, etc.

Excessive moisture is not uniformly distributed, which
leads to oversaturation and lateral diffusion or a locally
unstable substrate. Such environments can decrease the effi-
ciency of reinforcements and form uneven mechanical prop-
erties. Therefore, a balance between hydration and maintain-
ing high-ion-mobility capacity should be achieved. Monitor-
ing Moisture to Ensure Unobstructed Electric-charge Trans-
fer and Maintain Stabilized Substrate Toughness across Ap-
plications; Repair Processes. In practical application fields
such as the environment with natural humidity changes and
fluctuations of the electrolyte, it needs to be able to change
dynamically.

4) CHEMICAL EXPOSURE AND IONIC BUFFERING
Exposed to an environment with a strong corrosive agent
such as Cl- and SO42- can cause greater localised deterio-
ration of the structure than under normal conditions. Green
polymer-based electrolytes alleviate such issues through
their own buffer stabilization effects. A polymer network has
distributed charge-carrier states uniformly to prevent local
aggregation of active agents and avoid micro-corrosion or
destabilisation in the reinforcing part.

Anion transport mode during chemical stress displays a
strong correlation with the combined effect of electrochem-
ical strengthening on physiochemical properties in elec-
trolytes. Based on the adaptation of conductivity, viscosity
and polymer matrix composition to respond flexibly under
the continuous variation of environment-induced changes
in ion flow rates across fibre reinforcement. Adaptive be-
haviours help avoid purely depending on the application of
voltage and current in reinforcing; Instead, they are affected
by changes in electrolytes under varying environments. The
design of green electrolytes must consider their adequate
chemical resilience and environmental adaptation in differ-
ent working conditions to meet the needs.

C. PERFORMANCE OPTIMIZATION

1) BALANCING IONIC MOBILITY AND ELECTROLYTE
VISCOSITY

The long-term effectiveness and performance of an
electrochemical-reinforcement system are tightly connected
with changes in electrolyte viscosity as a result of ion
diffusion processes. A high-ionic-mobility property helps
facilitate fast, homogeneous electron diffusion and thereby
achieves good interconnected properties of the desired ma-
terials. Uniform ion drift will be used to eliminate a weak
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point; maintaining stability along the interface and enhanc-
ing mechanical properties. Contrarily, low-ionic-mobility
electrolytes can trigger heterogeneous reinforcing fronts that
hinder the entire system’s performance; it may have defects
at these points.

Viscosity has both primary and secondary functions.
High-viscosity material can improve conductivity stability
and reduce contact resistance in electronic seals to enhance
their performance of pressure detection; High-viscosity elec-
trolytes lower the conductivity below this threshold due to
reduced resistance of material contacts and inhibition of
recombination rate in materials. A very clear phenomenon
appears with porous materials such as low- and medium-
porosity soils; additionally, cured cement blocks serve sim-
ilarly [15]. By precisely regulating the concentrations of
polymers and plasticisers in electrolytes to ensure adequate
flowability into substrate surfaces yet sustaining mechanical
bonds with substrates for long-term operation stability. By
optimising these parameters, we can realize a highly sen-
sitive electroactive polymer within a specific volume that
demonstrates consistently high electroactivity.

2) POLYMER MATRIX AND SUBSTRATE ADAPTATION
The polymer matrix functions to form a Structure-Function
framework for ions and increase substrate-specific Strength-
Efficiency through it. Cross-linkable biopolymer network
channels can adjust flexibly when the microstructure
changes, such as expand and contract substrate; do not
produce cracks or rough strengthening areas. An electrolyte
that balances optimal cross-link density to maintain flexible
flexibility and mechanical stability without detachment.

Specified for each species. Porous materials, such as
soils and concretes, need a medium that has good long-
range transportability in order for the reinforcement zone
to be well-distributed. Also, due to the low conductivity
and large specific surface area of metal-based materials,
they are vulnerable to localized electrochemical corrosion
in use. Real-time collection of electrochemical parameters
such as charging/discharging current and electrode potential;
Based on the above data, choose a suitable Power State
material with varied properties in different situations. In
this way, while maintaining the responsive characteristic
of electrochemical reaction across different substrates with
high performance in various environments.

3) THERMAL AND MOISTURE STABILITY

Electrolyte Performance Under Variability in Environments
Is Directly Influenced By Conductivity, Crystal Structure
And Polymer Elasticity. Electrolytes with good conduc-
tivity and small crystallinity consistently display excellent
retention properties after thermal and humid cycles. Highly
crystalline electrolytes hinder the movement of ions at low
temperatures; therefore, insufficient connection is formed,
and too liquid forms tend to leak, lose adhesion or distribute
unevenly on a vertical or porous substrate.
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Plasticiser addition reduces the risk of fire through en-
hanced plasticity enhancement effect, reduced crystal struc-
ture, maintained ions’ flow in electrolytic fluid to prevent
detachment problem. The choice of polymers and plasticis-
ers at various temperatures, humidities for keeping stability
under environmental changes. Stability ensures a steady
supply of reinforcing areas, maintains electrolysis efficiency;
To avoid damage to supports due to environmental changes.
Thermal and moisture resistance are necessary in practical
application environments that have unknown changes out-
side the range.

4) INTEGRATED OPTIMIZATION STRATEGY

Optimising Durability and Efficiency Calls for a Combina-
tion of Integrating Physicochemical Alterations to the Elec-
trolyte, Substrate-Specific Adaptations, And Environmen-
tal Responsiveness. Polymers’ Composition, cross-linking
Density, Plasticiser Content should vary based on Substrate
Porosity, Structural Constraints, Desired Environmental Ex-
posure levels respectively. Electrolyte formulations should
maintain a balance between fluidity, ion movement speed,
structure elasticity and the stability of stress conditions, in-
cluding temperature changes and humidity variation. Chem-
ical reactions.

By optimisation, combined together to realize a smooth
and precise process; Avoid defects at point form during hard
operation in harsh environmental conditions, improves all-
around properties. The overall optimisation scheme guaran-
tees a high-efficiency operation of green electrolytes, main-
taining both mechanical and chemical substrate integrity.
There is also an outline set up for the reason-Practical
Design scheme of subsequent generations’ electrolytes that
can keep stable reactivity under environmental changes, etc.

D. SUSTAINABILITY PERSPECTIVE
1) ENVIRONMENTAL COMPATIBILITY AND
BIODEGRADABILITY
A green electrode that incorporates degradable polymer
materials may reduce an electrochemical-aided strengthen-
ing system’s environmental impact more efficiently. Unlike
traditional salt-based electrolytes that are prone to secondary
pollution and accumulate toxic substances over a long
period, polymeric green electrolyte can be degraded safely
without releasing harmful substances into the surrounding
environment. Mass loss and degradation tests have predicted
consistent decay rates to ensure a relatively low-risk residue
even during long-term operation. The purpose is to limit
damage or risks associated with this environment during
activities by limiting the area around it (e.g., near high-
voltage power lines, underground pipelines).
Biodegradable materials with good degradation ability to
degrade weakly toxic intrinsically toxic components may
have safe application environments near natural resources
and soil areas, which could harm life during breakdown.
Through a controlled-breakdown process that provides ef-
fective reagents during operation times but leaves none
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behind after some time has passed, reduce pollution to the
environment. The integration of expected ageing, relatively
low toxic effects, compatibility with the environment makes
green electrolytes suitable for all kinds of responsible and
sustainable electrochemical improvements in various sub-
strates and application scenarios.

2) RESOURCE EFFICIENCY AND ENERGY SAVINGS
Green electrolyte enhances resource utilisation, minimises
power losses in electrochemical reinforcing processes, etc.
High ionic mobility, stable electrochemical properties, and
suitable for being strengthened by relatively weak elec-
tric fields to reduce overall power consumption and op-
erating costs. Efficiency will be more pronounced in the
construction of large-scale infrastructures with high-power-
consuming reinforcement processes that were previously
constrained by power.

Polymers in the matrix provide structure for objects while
using less than usual binders or fillers and thus reducing
overall raw material consumption. Additionally, because
there is less frequent maintenance owing to reduced con-
sumption of the green electrolyte and improved protection
against substrate damage under different environmental con-
ditions; reduction in dependence on harmful additives and
restrictions on replacement will effectively reduce the life
cycle resource requirements for the reinforcing system [16].
Collectively, these factors decrease the ecological impact to
support stable implementation with consistent results and
protective substrates through prolonged operation.

3) ADAPTABILITY TO SITE-SPECIFIC CONDITIONS
Adjustable physicochemical properties of the green elec-
trolyte can be used to adjust reinforcement ways in different
environmental conditions. Polymer type, crosslinking den-
sity and plasticizer content can all be modified to improve
ionic mobility, mechanical flexibility and environmental
robustness. For instance, improving the cross-link density
to enhance its stability in a higher humidity environment or
chemical corrosion is stable; adjusting the plasticizer content
to ensure sufficient ion transport at low temperatures.

Adjustment will reduce the phenomenon of excessive loss
by providing various types of subgrade materials, such as
dense sandshepes, hardened concrete slabs and steel pipes.
By precisely regulating the behaviour of an electrolyte
in different environmental conditions to achieve a stable
performance without generating much waste. This kind of
flexibility enables electrochemical reinforcing measures to
be applied reliably in various site conditions without af-
fecting the environment’s integrity, thereby promoting green
infrastructure construction development.

4) INTEGRATED SUSTAINABILITY BENEFITS

Green electrolytes as a whole have established an all-
encompassing foundation for sustainable electrochemical
reinforcement through environmental, resource, and op-
erational benefits. Controlled biodegradation, low-toxicity,
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high energy efficiency, reduced materials used, versatility
in adapting to different environments can work together to
achieve safety, reliability, and economic feasibility of the
reinforcement.

An all-encompassing method can ensure the performance-
enhancing role and eco-friendly function of green elec-
trolytes in maintaining the sustainable development of re-
inforced materials throughout their service lives. The joint
effect of electrochemical efficiency, substrate protection and
environmental friendliness in this system is relatively good,
making it suitable for environmentally sensitive environ-
ments and large-scale infrastructural engineering projects
aimed at reducing ecological impact. Overall, the green
electrolyte provides a practicable adaptability and an en-
vironmental responsibility of adopting the advanced elec-
trochemical reinforcement approach in practice.

E. LIMITATIONS AND FUTURE WORK

1) LABORATORY-SCALE LIMITATIONS

Although laboratory experiments showed that the green
electrolytes have a good effect on electrochemical strength-
ening; there are still some defects in their controlled re-
search conditions. Laboratory-scale tests cannot fully re-
flect the actual complex environment at the field scale,
such as non-homogeneous substrates with varying pores
and different compositions and mechanical properties of
large-volume structures. Variations among soils caused by
different sources of minerals; differences between concretes
due to varying curing environments; Differences in metallic
surface roughnesses lead to deviations from precise con-
ditions in laboratory columns or small-sized specimens.
Environmentally, Changes in Temperature and Humidity;
Exposure to harmful ions - Factors that were not taken
into account during laboratory testing but require attention
under real conditions. In addition, the duration of laboratory
experiments is shorter than that needed in outdoor operation
for a long time, so it affects the observation of uniformity,
electrochemical characteristics and resistance endurance. As
a result, the lab tests cannot provide an accurate prediction
for their durability and adaptability to multiple environments
based solely on short-term test outcomes.

2) SCALE-UP CHALLENGES

The translation of green electrolyte-based reinforcement sys-
tems from laboratory scale to large-scale field applications
presents several practical challenges. Uniform distribution of
the electrolyte across large structural volumes is essential to
achieve consistent reinforcement performance and to avoid
localized instability caused by insufficient electrolyte con-
centration. Variations in substrate geometry, surface rough-
ness, and pore structure can create heterogeneous ion trans-
port pathways, irregular potential distributions, and non-
uniform reinforcement fronts. Maintaining stable ionic con-
ductivity under fluctuating environmental conditions, such
as cyclic temperature changes and varying humidity, further
complicates scale-up because these factors directly influence
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both ion mobility and reaction kinetics. Addressing these
challenges requires optimized deployment strategies, includ-
ing controlled injection methods, well-defined application
sequences, and distribution management protocols to ensure
consistent electrolyte delivery. In addition, the integration of
intelligent monitoring and feedback systems with adjustable
power supplies could improve the uniformity of reinforce-
ment across large structural components and support more
reliable field-scale implementation.

3) MATERIAL AND ENVIRONMENTAL CONSTRAINTS
Material restrictions will limit the enhancement of long-
term serviceability and durability, etc. High-conductivity
polymer blends have insufficient resistance at high tem-
peratures when subjected to prolonged exposure to water
or corrosive acids and bases; they may lose effectiveness
and their reinforcing ability will be diminished due to this
reason. After long-term operation, polymers in the battery
will be gradually decomposed through water absorption or
oxidation at an accelerated rate due to prolonged use. Con-
sidering the above restrictions, explore polymer additives,
hybrid composite materials, or multi-component electrolyte
systems that can improve structural integrity, resist envi-
ronmental stressors, and maintain uniform ionic transport
properties. Careful optimisation of the polymer’s cross-link
density, plasticizer concentration, and in general, chemistry
needs to be balanced well between conductivity, mechanical
strength, and environmental adaptability for good reliability
and performance of the reinforcing system.

4) DIRECTIONS FOR FUTURE WORK

In the future, larger-scale field experiments are recom-
mended to confirm laboratory results and evaluate rein-
forcement uniformity, substrate stabilisation and ecology
in practical operating environments. Integrate a real-time
monitoring system that includes embedded pH sensor, ionic
flux probe and structure stress gauge to realize the adaptive
regulation of electrochemical parameters for dynamic opti-
misation of reinforced process based on local performance
information. At the same time, the prediction model based
on these parameters could offer appropriate construction
guidance for green electrochemical reinforcing technologies.
Such models can help guide the preparation of electrolytes,
polymers in compositions, and deploy ways on different
substrates with various shapes and environments. In addi-
tion, the development of long-term durability tests, accel-
erated aging protocols, and stress-response simulations will
provide important data on the resilience, sustainability, and
operational lifespan of green electrolytes. Together, these
initiatives can help promote extensive use across various
sectors of a new generation of environmentally friendly,
energy-efficient, and dependable reinforcement systems for
Civil Engineering infrastructures and industries.
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VI. CONCLUSIONS

This study demonstrates that the physicochemical proper-
ties of green electrolytes significantly influence the effi-
ciency, uniformity, and environmental adaptability of elec-
trochemical reinforcement systems. Ionic conductivity, vis-
cosity, polymer composition, and plasticizer content were
found to regulate ion transport, potential distribution, and
reinforcement uniformity across substrates such as soil,
concrete, and metals. High-conductivity electrolytes, par-
ticularly optimized pectin-PVA systems, produced stable
electrochemical responses and more uniform reinforcement,
whereas low-conductivity formulations led to heterogeneous
ion migration. Electrolytes with stable pH, adequate buffer-
ing capacity, and moderate viscosity maintained consistent
performance under varying environmental conditions. The
use of biodegradable polymers further reduced environ-
mental impact while sustaining reinforcement efficiency.
Overall, optimized green electrolytes provide a promising,
environmentally responsible alternative for electrochemical
reinforcement, with future work focusing on field-scale
validation and improved electrolyte formulations.
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