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ABSTRACT

This study presents a comprehensive electrochemical investigation of cadmium removal from 54% phosphoric acid
solutions using Moringa oleifera-modified carbon paste electrodes (CPE) in sodium chloride medium. The research employed
advanced machine learning analytical techniques to optimize electrode performance and characterize the removal mechanisms.
Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and square wave voltammetry (SWV) were
utilized to evaluate the electrochemical behavior of cadmium in the presence of Moringa-modified electrodes. The machine
learning-optimized system demonstrated superior performance compared to traditional methods, achieving processing
speeds exceeding 10,000 units with enhanced sensitivity and detection capabilities. Principal component analysis revealed
three distinct mechanistic clusters: protonation, complex formation, and surface effects. The Moringa-modified electrodes
showed excellent correlation (R > 0.998) between experimental and machine learning-predicted values in Tafel analysis,
with cadmium detection accuracy reaching 98.8%. Feature importance analysis identified Moringa particle size, surface
roughness, and ionic strength as the most critical parameters influencing removal efficiency. The optimized frequency range
of 27.3 Hz provided maximum signal-to-noise ratio and sensitivity. These findings demonstrate the potential of machine
learning-enhanced, bio-modified electrodes for efficient heavy metal removal from industrial phosphoric acid solutions.
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1. Introduction

Heavy metal contamination in industrial processes, par-
ticularly in phosphoric acid production, poses significant
environmental and health challenges that have intensified
with the expansion of global industrial activities!!). Cad-
mium, a toxic metal commonly found in phosphate ores,
requires efficient removal techniques to meet increasingly
stringent industrial and environmental standards?]. The pres-
ence of cadmium in phosphoric acid not only compromises
product quality but also creates substantial environmental
risks when these materials are used in agricultural applica-
tions 3], Traditional methods for cadmium removal, includ-
ing precipitation, solvent extraction, and ion exchange, often
suffer from limitations in selectivity, efficiency, and cost-
effectiveness, particularly when dealing with the complex
matrix of concentrated phosphoric acid solutions 1.

The deployment of machine learning systems in indus-
trial electrochemical processes has shown remarkable suc-
cess in resource-limited settings globally. For instance, simi-
lar bio-electrochemical systems have been successfully im-
plemented in mining operations across Sub-Saharan Africa,
where limited infrastructure necessitated robust, adaptive
technologies. The scalability challenges faced in these im-
plementations, including unstable electricity supply, poor
internet connectivity, and lack of local technical expertise,
have been addressed through innovative solutions that ensure
system reliability under adverse conditions.

The urgency of developing improved cadmium removal
techniques is underscored by the growing global demand for
high-purity phosphoric acid in various applications, from
fertilizer production to food additives and electronic ma-
terials(®). Current industrial practices typically struggle to
achieve the low cadmium levels required for premium grade
products without significant economic penalties!”). Further-
more, the environmental impact of existing removal methods,
which often generate secondary waste streams and consume
substantial amounts of chemicals and energy, necessitates
the development of more sustainable alternatives!®).

The use of bio-modified electrodes has emerged as a

promising approach for heavy metal removal, combining

the advantages of biological materials with electrochemical
techniques[®). This hybrid approach leverages the natural
metal-binding capabilities of biological materials while uti-
lizing the selectivity and controllability of electrochemical
processes 9. Moringa oleifera, known for its exceptional
biosorption properties due to its high content of proteins,
polysaccharides, and functional groups, presents a particu-
larly attractive modifier for carbon paste electrodes!'!!. The
plant's seeds and leaves contain numerous active sites capable
of binding metal ions through various mechanisms, including
electrostatic attraction, complexation, and ion exchange[!?).
Recent developments in modified electrodes have signifi-
cantly advanced heavy metal detection capabilities. Tesfaye
et al. (2022) demonstrated a novel carbon paste electrode
modified with N1-hydroxy-N1, N2-diphenylbenzamidine,
achieving remarkable sensitivity for cadmium (II) determi-
nation in environmental samples!'3]. This work, along with
similar advances in electrode modification strategies over
the past five years, has established the foundation for bio-
modified electrochemical systems. These natural properties,
combined with the plant's abundance and low cost, make
Moringa an ideal candidate for sustainable metal removal
applications®7].

The cadmium biosorption capacity of Moringa!!'4l is
well established, but its integration into electrochemical sys-
tems represents a novel approach that could significantly
enhance removal efficiency and selectivity!'3]. The incor-
poration of Moringa components into electrode materials
creates a synergistic system where the biological material
provides initial metal capture while the electrochemical pro-
cess enables controlled release and recovery!'l. This dual
functionality addresses one of the main limitations of tra-
ditional biosorption methods: the difficulty in recovering
bound metals and regenerating the biosorbent material !,

Recent advances in machine learning have revolution-
ized analytical chemistry, enabling enhanced performance
in electrochemical systems through real-time optimization
and predictive modeling!'®]. The adaptability of machine
learning systems to local conditions is crucial for successful
deployment in diverse industrial settings. These systems

demonstrate remarkable robustness under varying opera-
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tional parameters, automatically adjusting to changes in feed
composition, temperature fluctuations, and power supply
irregularities. The human-machine learning collaboration
framework ensures that local expertise is integrated with
advanced analytical capabilities, enhancing African workers'
skills rather than replacing them. This collaborative approach
has proven particularly effective in industrial settings where
traditional automation might struggle with the variability
inherent in resource-limited environments.

The integration of machine learning algorithms with
electrochemical techniques provides unprecedented accu-
racy in predicting and controlling removal efficiency!!*].
Machine learning-driven optimization allows for real-time
parameter adjustment based on continuous feedback from
the electrochemical system, adapting to variations in feed
composition and operating conditions?°!. This adaptive ca-
pability is particularly valuable in industrial settings where
feed characteristics may vary significantly over time?!], The
application of deep learning techniques to electrochemical
data analysis has opened new possibilities for understanding
complex reaction mechanisms and identifying optimal op-
erating conditions that would be difficult or impossible to
determine through traditional experimental approaches (8101,

Machine learning algorithms excel at identifying sub-
tle patterns and correlations in multi-dimensional datasets,
making them particularly well-suited for optimizing com-
plex electrochemical systems!??]. In the context of cadmium
removal, machine learning can simultaneously consider mul-
tiple variables, including electrode composition, electrolyte
conditions, applied potential, and mass transfer effects, to

(231, Furthermore,

determine optimal operating parameters
predictive models developed through machine learning can
forecast system performance under untested conditions, re-
ducing the experimental effort required for process optimiza-
tion and scale-up %4,

Carbon paste electrodes (CPE) modified with biolog-
ical materials offer several advantages, including low cost,
ease of preparation, renewable nature, and excellent elec-
trochemical properties'?®!. The versatility of carbon paste
electrodes allows for easy incorporation of various modi-
fiers, enabling tailored selectivity for specific metal ions 2%,
The incorporation of Moringa oleifera into the carbon paste
matrix introduces additional binding sites and enhances the

electrode's affinity for cadmium ions through various interac-

tion mechanisms, including coordination bonds with amino
and carboxyl groups, electrostatic interactions with charged
functional groups, and physical adsorption onto the increased
surface area provided by the biological material*7l. The soft
nature of carbon paste also facilitates the uniform distribution
of Moringa particles throughout the electrode matrix, ensur-
ing consistent performance and maximizing the utilization
of active sites[!'=1%],

The electrochemical behavior of metal ions at bio-
modified electrodes is influenced by numerous factors, in-
cluding the nature and concentration of functional groups,
the physical structure of the biological material, and the elec-
trochemical parameters applied during operation (2%}, Under-
standing these interactions requires sophisticated analytical
techniques capable of probing both the electrode surface
and the bulk solution?®]. The combination of multiple elec-
trochemical techniques provides complementary informa-
tion about different aspects of the removal process, from
thermodynamics and kinetics to mass transfer and surface
phenomena.

This study aims to investigate the electrochemical be-
havior of cadmium in 54% phosphoric acid using Moringa-
modified carbon paste electrodes, employing machine
learning-enhanced analytical techniques to optimize removal
efficiency and understand the underlying mechanisms. The
research combines experimental electrochemical measure-
ments with advanced machine learning algorithms to de-
velop a comprehensive understanding of the cadmium re-
moval process. By integrating biological materials, elec-
trochemical techniques, and machine learning, this work
represents a significant advancement in sustainable metal
removal technology. The findings are expected to contribute
to the development of more efficient and environmentally
friendly processes for treating metal-contaminated industrial

streams 20231,

1.1. Research Objectives

The specific objectives of this study are:

- To characterize the electrochemical performance of
Moringa-modified carbon paste electrodes for cadmium
removal

- To implement machine learning algorithms for real-time
optimization and predictive modelling

- To identify critical operational parameters through sys-
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tematic feature importance analysis

- To develop a mechanistic understanding through multi-
technique electrochemical characterization

- To demonstrate the scalability and industrial applicabil-

ity of the integrated system

1.2. Statement of Contributions

This research makes several novel contributions to the
field: (1) First integration of bio-modified electrodes with
machine learning optimization for heavy metal removal, (2)
Development of adaptive algorithms that maintain perfor-
mance under varying industrial conditions, (3) Comprehen-
sive mechanistic understanding enabling rational process
design, (4) Demonstration of superior performance metrics
compared to conventional approaches, and (5) Validation of
scalability and economic viability for industrial implementa-
tion.

This study represents a comprehensive experimental
and computational investigation combining electrochemical
measurements with machine learning analysis to develop and
optimize a novel bio-electrochemical system for cadmium

removal.

2. Experimental Section
2.1. Materials and Reagents

High-purity cadmium chloride (CdCl,-H,0, 99.99%),
phosphoric acid (85%, analytical grade), sodium chloride
(NaCl, 99.5%), and graphite powder (<20 um, 99.9% purity)
were obtained from Merck KGaA, Germany. The selection
of high-purity reagents was critical to minimize interference
from trace metal impurities that could affect the electrochem-
ical measurements. Moringa oleifera leaves were collected
from mature trees (minimum 3 years old) in the Beni Mellal
region of Morocco during the dry season to ensure maximum
concentration of active compounds. The leaves were authen-
ticated by a botanist and voucher specimens were deposited
at the university herbarium. After collection, the leaves were
washed thoroughly with distilled water to remove dust and
contaminants, then dried in a forced-air oven at 60 °C for
48 h until constant weight was achieved. The dried leaves
were ground using a stainless steel grinder to obtain a fine
powder with a particle size less than 100 um, confirmed by

sieve analysis. Paraffin oil (density 0.86 g/cm?) served as
the binder for carbon paste preparation. All chemicals were
of analytical grade and used without further purification. Ul-
trapure water (resistivity > 18.2 MQ-cm) obtained from a

Millipore system was used throughout the experiments.

2.2. Electrode Preparation

Carbon paste electrodes were prepared using a sys-
tematic approach to ensure reproducibility and optimal per-
formance. The base carbon paste was prepared by mixing
spectroscopic-grade graphite powder with paraffin oil in a
precisely controlled 70:30 (w/w) ratio. This ratio was deter-
mined through preliminary optimization studies to provide
the best compromise between electrical conductivity and
mechanical stability. The mixing process was carried out
in a mortar and pestle for 30 min to ensure complete ho-
mogenization, with periodic scraping of the mortar walls to
incorporate all material. For Moringa-modified electrodes,
the biological material was incorporated at 20% (w/w) rela-
tive to the graphite powder weight. This concentration was
selected based on preliminary screening experiments that
showed optimal enhancement of cadmium binding without
compromising electrode conductivity. The Moringa powder
was first mixed with the graphite powder for 10 min to en-
sure uniform distribution before adding the paraffin oil. The
resulting paste was further homogenized for an additional

20 min until a uniform consistency was achieved.

2.3. Real Sample Analysis

Real phosphoric acid samples (54% H3PO,4) were ob-
tained directly from phosphoric acid, without any pretreat-
ment. The samples represent industrial-grade phosphoric
acid as produced in the industry facilities. The initial cad-
mium content was determined using ICP-MS (Inductively
Coupled Plasma Mass Spectrometry) as the reference method
at the industry analytical laboratory.

The developed Moringa-modified electrode method
was applied to these samples following the optimized

protocol described above. Recovery studies were per-
formed by spiking the samples with known concentrations
of cadmium (5, 10, and 20 mg/L) to validate the accuracy of
the method. Each measurement was performed in triplicate

to ensure reproducibility. The results were compared with

70



Real-World AI Systems | Volume 01 | Issue 01 | June 2025

ICP-MS measurements to assess the method's accuracy and
precision.

The prepared paste was packed into specially designed
electrode cavities (3 mm diameter, 2 mm depth) in Teflon
holders, ensuring consistent packing density through the ap-
plication of controlled pressure (5 MPa for 30 seconds). The
electrode surface was polished to a mirror finish using suc-
cessive grades of alumina powder (1.0, 0.3, and 0.05 um) on
a polishing cloth, followed by sonication in ultrapure water
for 5 min to remove any adhering particles. Electrical contact
was established through a copper wire inserted into the back
of the carbon paste. A silver/silver chloride (Ag/AgClL, 3 M
KCl) electrode served as the reference electrode, providing
a stable potential of +0.210 V versus the standard hydrogen
electrode. A platinum wire (99.95% purity, 0.5 mm diameter)
was used as the counter electrode, with a surface area at least
10 times larger than the working electrode to ensure it did not
limit the electrochemical reactions. All electrodes were con-
ditioned in the test solution for 30 min before measurements

to achieve steady-state conditions.

2.4. Electrochemical Measurements

Electrochemical measurements were performed us-
ing a state-of-the-art potentiostat/galvanostat (Model PG-
STAT302N, Metrohm Autolab) equipped with machine
learning-enhanced data acquisition systems and impedance
spectroscopy capabilities. The instrument was interfaced
with custom-developed software incorporating machine
learning algorithms for real-time data analysis and parameter
optimization. All experiments were conducted in a ther-
mostated electrochemical cell maintained at 25.0 + 0.1 °C
using a circulating water bath. The cell design incorporated
provisions for nitrogen purging to remove dissolved oxygen
when required, although most experiments were conducted
under ambient conditions to simulate industrial applications.

Cyclic voltammetry experiments were conducted in
the potential range of —1.5 to +1.5 V versus Ag/AgCl at
scan rates varying from 10 to 500 mV/s. Multiple cycles
were recorded to ensure reproducibility, with the fifth cycle
typically selected for analysis after achieving steady-state
conditions. The wide potential window was chosen to cap-
ture all possible redox processes involving cadmium species
in the phosphoric acid medium. Electrochemical impedance
spectroscopy measurements were carried out at the open
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circuit potential and at various applied potentials relevant
to cadmium reduction. The frequency range extended from
0.1 Hz to 100 kHz with an AC amplitude of 10 mV (rms).
The selection of this amplitude ensured a linear response
while maintaining an adequate signal-to-noise ratio. At least
10 points per frequency decade were collected to ensure
accurate characterization of the impedance response.
Square wave voltammetry parameters were system-
atically optimized using machine learning algorithms that
tested over 50,000 parameter combinations through a design
of experiments approach. The optimization considered pulse
amplitude (5-50 mV), frequency (1-100 Hz), and step po-
tential (1-10 mV), with the objective function designed to
maximize sensitivity while minimizing detection limit and
analysis time. The machine learning system employed a
genetic algorithm coupled with a neural network predictor to
efficiently explore the parameter space and identify global
optima. Validation experiments were conducted at the opti-

mized conditions to verify the machine learning predictions.

2.5. Al-Enhanced Analysis

The implementation of machine learning algorithms
for data analysis and parameter optimization represented an
important component of this research. The machine learning
system was developed using Python 3.9 with specialized
libraries including TensorFlow 2.0 for deep learning, scikit-
learn for classical machine learning algorithms, and custom
modules for electrochemical data processing. The system ar-
chitecture consisted of multiple interconnected components,
including data preprocessing modules, feature extraction
algorithms, predictive models, and optimization routines.

Principal component analysis (PCA) was employed
to reduce the dimensionality of the complex electrochem-
ical datasets and identify key mechanisms governing the
removal process. The PCA algorithm processed normal-
ized data matrices containing thousands of data points from
multiple experimental techniques. Prior to PCA, data pre-
processing included outlier removal using the Mahalanobis
distance criterion, normalization to unit variance, and mean
centering. The number of principal components retained
was determined using the Kaiser criterion (eigenvalues > 1)
and scree plot analysis. The resulting principal components
were interpreted through examination of loading plots and

correlation with known electrochemical parameters.
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Feature importance analysis was conducted using a
Random Forest algorithm with 1000 decision trees to deter-
mine critical parameters affecting removal efficiency. The
algorithm was trained on a dataset containing over 5000
experimental observations with 23 input features, includ-
ing electrode composition parameters, solution conditions,
and operational variables. Cross-validation with 10 folds
was employed to ensure robust feature ranking and prevent
overfitting. The Gini importance metric was used to quan-
tify feature contributions, with bootstrap sampling providing
confidence intervals for the importance scores.

Deep neural networks were developed for predicting
electrochemical behavior and optimizing operational param-
eters. The network architecture consisted of an input layer
corresponding to experimental parameters, four hidden lay-
ers with 256, 128, 64, and 32 neurons, respectively, and
an output layer predicting electrochemical response metrics.
Rectified linear unit (ReLU) activation functions were used
in hidden layers with dropout regularization (rate = 0.2) to
prevent overfitting. The networks were trained using the
Adam optimizer with a learning rate of 0.001 and a batch
size of 32. Training continued for 500 epochs with early
stopping based on validation loss to prevent overtraining.

Tafel analysis was enhanced through machine learn-
ing prediction models that incorporated non-linear effects
and coupled reactions often overlooked in traditional linear
analysis. The machine learning system analyzed complete
polarization curves rather than limited linear regions, ex-
tracting kinetic parameters through global fitting procedures.
This approach provided a more accurate determination of
exchange current densities and transfer coefficients, partic-
ularly in complex systems where multiple reactions occur

simultaneously.

3. Results and Discussion

3.1. Opportunities in Machine Learning-
Enhanced Electrochemistry

The deployment of machine learning-enhanced elec-
trochemical systems in industrial settings demonstrates re-
markable parallels to successful technology implementations
across diverse global contexts. Similar adaptive analytical
systems have been successfully deployed in challenging en-

vironments, including mining operations in Sub-Saharan

Africa, where infrastructure limitations necessitated robust,
self-optimizing technologies. These implementations have
shown that machine learning systems can maintain high per-
formance despite power fluctuations, limited technical sup-
port, and variable operating conditions.

The implementation of machine learning-enhanced
electrochemical systems demonstrated remarkable improve-
ments over traditional methods, as comprehensively illus-
trated in Figure 1. The performance metrics revealed that
the machine learning-optimized system achieved processing
speeds exceeding 10,000 units per hour while maintaining
superior sensitivity and detection capabilities compared to
conventional approaches!!l. This dramatic enhancement in
processing speed was achieved through intelligent optimiza-
tion of measurement parameters, reducing unnecessary data
collection while focusing on information-rich regions of the
electrochemical response 2!, The traditional method, operat-
ing without machine learning assistance, showed minimal
response across all evaluated parameters, with processing
speeds limited to approximately 100 units per hour and sen-
sitivity constrained by human-selected measurement param-

eters?.

Performance Metrics C ison: Tr vs Al

B Traditional Method

10000 | 1 Al-Enhanced

g

4

4000

Performance Value (arbitrary units)

2000

o

Sensitivity Detection Limit RCt Reduction

Metrics

Processing Speed Accuracy

Figure 1. Machine learning enhanced Performance Overview.

The robustness and dependability of machine learning
technologies in regional settings with limited resources have
been demonstrated through extensive testing under adverse
conditions. The system maintains scalability through a mod-
ular design that allows for incremental expansion based on
available resources. Human-machine learning collaboration
ensures that the technology enhances local capabilities rather
than creating dependency, with African workers trained to
operate, maintain, and optimize the system using their ex-
isting knowledge combined with advanced analytical tools.

The machine learning system's ability to adapt measurement
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protocols in real-time based on incoming data quality repre-
sented a paradigm shift in electrochemical analysis. During
initial system characterization, the machine learning algo-
rithms identified optimal sampling strategies that reduced
measurement time by 85% while improving signal-to-noise
ratio by a factor of 12. This was achieved through dynamic
adjustment of potential step duration, intelligent selection of
measurement points, and predictive interpolation of response
curves. The system also demonstrated remarkable stability
over extended operation periods, with drift compensation
algorithms maintaining calibration accuracy within 2% over

72 hours of continuous operation.

The fundamental electrochemical behavior governing

the cadmium removal process can be described by the Butler-

Volmer equation, which relates current density to overpoten-
tial:

i = io[exp(anFn/RT) — exp(—(1—a)nFn/RT)] )
3.2. Application to Real Industrial Samples

To validate the practical applicability of the developed
method, real phosphoric acid samples from Real Industrial
samples were analyzed using both the proposed Moringa-
modified electrode method and ICP-MS as the reference
technique. The samples, received directly from production
facilities without any pretreatment, contained cadmium con-
centrations ranging from 12.3 to 45.7 mg/L, which are typical
levels found in phosphoric acid produced from sedimentary
phosphate rocks (Table 1).

Table 1. Comparative analysis of cadmium determination in industrial phosphoric acid samples.

Sample Proposed Method mg/L ICP-MS mg/L Recovery % RSD %
Batch A 123+0.4 12.1+£0.2 101 32
Batch B 28.6+0.9 29.2+0.3 97.9 3.1
Batch C 457+ 1.8 449+0.5 101.8 39

The spiked recovery experiments yielded excellent re-
sults: 98.5 + 2.3% (5 mg/L spike), 99.2 £ 1.8% (10 mg/L
spike), and 97.8 &+ 3.1% (20 mg/L spike). These recovery
rates, combined with the low relative standard deviations
(all below 4.5%), confirm the accuracy and precision of the
Moringa-modified electrode method for cadmium determi-
nation in industrial phosphoric acid matrices. The machine
learning optimization proved particularly effective in han-
dling the complex matrix effects present in these industrial
samples.
where io is the exchange current density (A/cm?), a is
the transfer coefficient (dimensionless), n is the num-
ber of electrons transferred, F is Faraday's constant (96,485
C/mol), n is the overpotential (V), R is the gas constant (8.314
J/mol-K), and T is the absolute temperature (K). The machine
learning system's analysis revealed that the exchange current
density for cadmium reduction on Moringa-modified elec-
trodes (io = 3.4 x 107 A/cm?) was significantly higher than
on unmodified electrodes (io = 8.7 x 1078 A/cm?), indicating
enhanced kinetics facilitated by the biological modifier. The
transfer coefficient determined through machine learning-
enhanced fitting (o = 0.42) suggested a slightly asymmetric

energy barrier for the reduction process.

3.3. Challenges in Technology Implementation

The deployment of machine learning-enhanced electro-
chemical systems faces several infrastructure and technical
challenges when implemented in settings with limited re-
sources. Power supply instability, which is common in many
industrial regions, can significantly impact system perfor-
mance and data quality. The current system addresses these
challenges through robust power management protocols and
battery backup systems that ensure continuous operation
during power interruptions. Limited internet connectivity
affects real-time data transmission and remote monitoring
capabilities, requiring the development of offline operational
modes and periodic data synchronization protocols.

The scalability issues are particularly pronounced in
regions with unstable electricity grids and poor internet in-
frastructure. Machine learning algorithms trained on datasets
from developed industrial facilities may exhibit bias when
applied to local conditions with different ore compositions,
processing parameters, and operational constraints. To ad-
dress these biases, the system incorporates extensive local
calibration protocols and adaptive learning algorithms that

continuously adjust model parameters based on regional op-
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erating conditions and performance feedback. The adaptabil-
ity of the technology to local conditions is ensured through
modular design principles that allow for incremental imple-
mentation based on available infrastructure and technical
capabilities. Human-machine learning collaboration proto-
cols ensure that local operators can effectively interface with
the system, with training programs designed to enhance exist-
ing skills rather than require completely new expertise. The
system demonstrates excellent scalability through distributed
processing capabilities that can operate effectively even with

limited computational resources.

3.4. Cyclic Voltammetry Analysis

Cyclic voltammetry studies revealed distinct and sig-
nificant differences between standard CPE and Moringa-
modified electrodes, as shown in Figure 2. The machine
learning-enhanced analysis of CV data demonstrated that
Moringa modification substantially improved the electro-
chemical response across all measured parameters. The peak
current for cadmium reduction increased from 0.8 mA for
unmodified CPE to 2.6 mA for Moringa-modified electrodes
at 0.5 V versus Ag/AgCl, representing a 225% enhancement
in electrochemical activity. This improvement was accompa-
nied by a negative shift in peak potential of approximately
120 mV, indicating reduced overpotential requirements for

cadmium reduction on the bio-modified surface!'%.

rrent density (mA/Cm2)

cu

Potential (V)

Figure 2. Deep Learning Cyclic Voltammograms Enhancement.

The voltammetric response exhibited characteristic fea-
tures of a quasi-reversible electron transfer process coupled
with adsorption phenomena'!l. The peak separation (AEp)
between anodic and cathodic peaks was 180 mV ata 50 mV/s
scan rate, larger than the theoretical 59/n mV expected for
reversible systems but indicating reasonable electrochem-

ical reversibility['?]. The machine learning analysis iden-

tified multiple contributing processes, including diffusion-
controlled reduction, surface-confined redox reactions of
adsorbed species, and capacitive charging of the electrical
double layer!!¥]. Deconvolution algorithms separated these
overlapping contributions, revealing that approximately 65%
of the total current arose from faradaic processes while 35%
was attributable to non-faradaic charging[*°1.

The cyclic voltammetry data demonstrate that the
Moringa-enhanced electrode shows superior performance
compared to the CPE electrode. The current response reaches
approximately 2.6 mA at 0.5 V potential, representing a sig-
nificant improvement over the standard CPE electrode. This
enhancement can be attributed to the increased surface area
and additional binding sites provided by Moringa particles.

The relationship between peak current and concentra-
tion follows the Randles-Sevcik equation:

ip=2.69 x 10° n (3/2) AD? C v(12 2)

Scan rate studies provided crucial insights into the con-

trolling mechanisms. The peak current showed a mixed de-

0-68 intermediate between

pendence on scan rate, with ip oc v
the theoretical values for diffusion control (ip o v%°) and
adsorption control (ip o< v). This suggested a complex mech-
anism involving both solution-phase and surface-confined
processes. The machine system developed a hybrid model
incorporating both contributions:

ip,total = ip,diff + ip,ads = k;v*> + kv (3)
where k; and k;, are rate constants for diffusion and adsorp-
tion processes respectively. Fitting this model to experimen-
tal data yielded k; = 4.2 x 107* A-s%°/V%3 and k, = 1.8 x
1073 A-s/V, confirming the predominance of diffusion at low
scan rates transitioning to increased adsorption contribution
at higher rates.

The relationship between peak current and concentra-
tion followed the modified Randles-Sevcik equation account-
ing for adsorption effects:

ip=2.69 x 10° n¥2 AD'2 C v'? + nFATV/ART  (4)
where I represents surface coverage of adsorbed species.
The linear relationship observed at low concentrations (R? =
0.9987) validated the method's applicability for quantitative
analysis, while deviation at higher concentrations indicated

saturation of surface binding sites.
3.5. Ethical Considerations and Bias Mitigation

The implementation of machine learning algorithms in

electrochemical analysis raises important ethical considera-
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tions regarding algorithmic bias and data governance. Ma-
chine learning models trained on datasets from developed
industrial facilities may not accurately represent local operat-
ing conditions, ore compositions, and processing parameters
typical of African industrial settings. This bias can lead to
suboptimal performance and inappropriate parameter recom-
mendations when the system is deployed in different regional
contexts. To address these biases, this study incorporates
extensive local calibration data and develops region-specific
optimization protocols. The system includes bias detection
algorithms that continuously monitor model performance
and flag potential issues when operating conditions deviate
significantly from training data distributions. Regulatory
gaps in data governance and algorithmic transparency are
addressed through comprehensive documentation of model
training procedures, validation protocols, and performance
metrics. Equity and access issues are particularly relevant
in industrial electrochemical applications, where urban fa-
cilities may have advantages over rural operations in terms
of technical infrastructure and expertise. The system design
addresses these disparities through modular implementation
strategies that can be scaled based on available resources and
technical capabilities. Gender disparities in technical train-
ing and system operation are addressed through inclusive
training programs that specifically target underrepresented
groups in technical fields.

3.6. Electrochemical Impedance Spectroscopy

EIS analysis provided detailed insights into the elec-
trode kinetics, mass transfer processes, and interfacial
phenomena governing cadmium removal, as illustrated in
Figure 3. The Nyquist plots revealed distinctly differ-
ent impedance characteristics for standard and Moringa-
modified electrodes across the entire frequency spectrum 4],
The high-frequency region, dominated by solution resistance
and double-layer capacitance, showed similar behavior for
both electrode types with Rs = 12 Q, confirming that bulk
solution properties were unaffected by electrode modifica-
tion!'3). However, significant differences emerged in the
mid-to-low frequency regions where charge transfer and
mass transfer processes dominate (!¢,

The Moringa-modified electrode exhibited a substan-
tially reduced charge transfer resistance (Rct = 340 Q) com-

pared to unmodified CPE (Rct = 1250 Q), indicating en-
hanced electron transfer kinetics at the electrode-solution in-
terface. This improvement was attributed to the presence of
electron-rich functional groups in Moringa components that
facilitate electron exchange with cadmium species. The con-
stant phase element (CPE) parameters, determined through
complex nonlinear least squares fitting, revealed increased
surface heterogeneity for bio-modified electrodes (n = 0.78)
compared to standard CPE (n = 0.91), consistent with the in-
troduction of varied binding sites by the biological material.
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Figure 3. Automated EIS Circuit Analysis.

The equivalent circuit model accurately representing
the electrochemical system incorporates multiple circuit ele-
ments:

Z=Rs+ (Rct|| CPE) + Zw 5)

where the Warburg impedance (Zw) accounts for semi-
infinite linear diffusion. At low frequencies, the Warburg
coefficient (c = 450 Q-s7°°) indicated moderate mass trans-
fer limitations. The Al system extended this basic model
to include adsorption impedance and finite-length diffusion
effects, improving fitting accuracy from R? = 0.982 to R? =
0.997.

Bode plot analysis revealed three distinct time con-
stants corresponding to different physical processes. The
high-frequency time constant (t: = 107> s) was associated
with double-layer charging, the intermediate frequency re-
sponse (T2~ 1073 s) corresponded to charge transfer, and the
low-frequency behavior (13 ~ 107! s) reflected diffusion and
adsorption processes. The phase angle maximum of —68° at
intermediate frequencies for Moringa-modified electrodes,
compared to —75° for standard CPE, indicated more complex

interfacial behavior involving multiple parallel processes.
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3.7. Principal Component Analysis

PCA analysis of the comprehensive electrochemical
dataset revealed three distinct mechanistic clusters govern-
ing the cadmium removal process, as visualized in the three-
dimensional projection shown in Figure 4. The first three
principal components accounted for 87.3% of the total vari-
ance (PC1: 48.2%, PC2: 24.7%, PC3: 14.4%), indicating
that the complex multi-dimensional data could be effectively
represented in reduced-dimensional space without significant
information loss. The clustering analysis, performed using
the k-means algorithm with silhouette coefficient optimiza-
tion, identified three well-separated groups corresponding to
different dominant mechanisms.

Principal Component Analysis: HiPOs4 Mechanisms

Ciuster A (Frotonstion) Cluster B (Complex Formation Cluster C {Surface Effects)

Principal Componeant2

-1.0 -0.8 0.8 04 02 o 02 04 oe 0.8 1.0

Frincipal Component 1

Figure 4. Multi-Dimensional H3; POy analysis.

Cluster A, accounting for 42% of observations, repre-
sented protonation-dominated mechanisms occurring primar-
ily at lower pH values and higher phosphoric acid concen-
trations. The loading analysis revealed strong correlations
with H" concentration, phosphate speciation, and surface
protonation degree. The primary reaction pathway in this

regime involved:

Cd* + H,PO,~ = CdHPO4 + H™ (K, = 10*%)  (6)

Cluster B (35% of observations) corresponded to com-
plex formation processes, particularly prevalent at moderate
chloride concentrations. The formation of chloro-complexes
significantly influenced cadmium speciation and electro-
chemical behavior:

Cd*" +nCI” = CdC1 @™ (B, =108, B, = 10?°, B3
= 10>, B4 =10"7) (7

Cluster C (23% of observations) indicated surface ef-
fects including specific adsorption, surface precipitation, and
electrode fouling. These phenomena became significant

at high cadmium concentrations and extended electrolysis

times. The Al system identified critical threshold conditions
(CCd > 0.01 M, t > 30 min) beyond which surface effects
dominated the electrochemical response.

The PCA biplots revealed interesting correlations be-
tween experimental variables and mechanistic pathways.
Temperature showed positive correlation with Clusters A
and B but negative correlation with Cluster C, suggesting
that elevated temperatures favor solution-phase reactions
over surface processes. Electrode rotation rate strongly influ-
enced Cluster B, confirming the importance of mass transfer
in complex formation kinetics. The Moringa content showed
the strongest correlation with Cluster C, indicating that the

biological modifier primarily influenced surface phenomena.

3.8. Square Wave Voltammetry Optimization

Al-driven optimization of SWV parameters through
exhaustive testing of over 50,000 parameter combinations
resulted in the identification of optimal conditions providing
maximum analytical performance. The optimization process,
illustrated in Figure 5, revealed a sharp maximum in the ob-
jective function at 27.3 Hz frequency, corresponding to the
optimal balance between sensitivity, resolution, and measure-
ment time. This frequency provided a signal-to-noise ratio
of 485:1, a limit of detection of 0.8 ng/L, and an analysis

time of 45 seconds per measurement.

SWV Parameter Optimization by Al {50,000+ combinations tested)

Signal-to-Noise Rato Sensitivity [ Al Optimization Score
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Figure 5. AI-Optimized Square Wave Voltammograms Parameters.

The square wave voltammetry response can be de-

scribed by:
iy, = (MFADY2C)/(nV2t 12) x f(E,,, AE, f)  (8)

where the dimensionless current function ¥ incorporates the
effects of square wave potential (Ew), pulse amplitude (AE),
and frequency (f). The Al system developed an empirical
model for ¥ through neural network training on experimental
data:
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¥ = tanh(a; Ew + a,AE) x exp(—as/f) x (1 + a4f'?) (9)
with fitted parameters a1 = 2.3 Vfl, =154 Vfl, az=8.2
Hz, and as = 0.13 Hz 2. This model accurately predicted
SWYV response across the entire parameter space with a mean
absolute error of less than 2%.

The optimization algorithm employed a sophisticated
multi-objective approach considering not only peak height
but also peak width, baseline stability, and reproducibility.
The Pareto frontier analysis identified multiple optimal solu-
tions depending on the prioritization of different performance
metrics. For maximum sensitivity, the optimal parameters
were f=27.3 Hz, AE = 25 mV, and Estep =4 mV. For the
fastest analysis, slightly different conditions (f =42 Hz, AE
=35 mV, Estep = 6 mV) were preferred, reducing analysis

time to 28 s with only 8% reduction in sensitivity.

3.9. Kinetic Analysis and Al Prediction

Tafel analysis enhanced by AI prediction models
demonstrated exceptional correlation between experimen-
tal data and theoretical predictions, as shown in Figure 6.
The Al models, trained on extensive datasets encompassing
various experimental conditions, accurately predicted elec-
trochemical behavior for both CPE and Moringa-modified
electrodes across the entire potential range with correlation
coefficients exceeding R? = 0.998. This remarkable agree-
ment validated both the experimental methodology and the

Al modeling approach.

Tafel Analysis: Al vs Experimental (R® > 0.998)

xperimential Morings Experimentsl [ ] Al Prediction CPE Al Prediction Morings

)

Fatential (W

Figure 6. Deep Learning Kinetic Analysis.

The Tafel equation describes the relationship between
overpotential and current density:

n=a+ b log(i) (10)

yielded Tafel constants a = —0.42 V and slopes b = 118

mV/decade for Moringa-modified electrodes, compared to a

=-0.51 V and b = 142 mV/decade for standard CPE. The

reduced Tafel slope for bio-modified electrodes indicated im-
proved kinetics, consistent with the enhanced exchange cur-
rent densities observed. The Al system identified deviations
from linear Tafel behavior at high overpotentials, attributed
to mixed kinetic-diffusion control and potential-dependent
surface coverage.

Advanced kinetic modeling incorporating potential-
dependent transfer coefficients and multi-step reaction mech-
anisms provided deeper insights:

a(E) = a0 + v (E — Eo) (11)
where y = 0.15 V™! represents the potential dependence of
the transfer coefficient. This refinement improved model
accuracy, particularly in regions of high overpotential where
traditional Butler-Volmer kinetics showed systematic devia-
tions.

The Al system also identified previously unrecognized
kinetic phenomena, including potential-induced surface re-
construction and time-dependent activation processes. Ma-
chine learning algorithms detected subtle changes in kinetic
parameters during extended electrolysis, revealing electrode
conditioning effects that stabilized after approximately 20
min of operation. These insights enabled the development
of pre-treatment protocols that reduced equilibration time by

60% while improving reproducibility.

3.10. Cadmium Detection and Calibration

Machine learning algorithms achieved a remarkable
98.8% accuracy in cadmium detection and quantification
across a wide concentration range, as demonstrated in Fig-
ure 7. The calibration curve showed excellent linearity from
1 pg/L to 50 g/L Cd**, spanning six orders of magnitude.
This exceptional dynamic range, rarely achieved with single
analytical techniques, resulted from the Al system's ability
to automatically adjust measurement parameters based on
approximate concentration estimates from preliminary scans.

The calibration relationship exhibited segmented lin-
earity better described by a piecewise function:

Peak Current = {a;[Cd*"] + by, for [Cd*"] < 0.001 g/L (12)
a,[Cd**] + by, for 0.001 < [Cd*]<0.01 g/L

a3[Cd*"] + bs, for [Cd*]>0.01 g/L

where the segment-specific calibration constants were:
(a1 =523 pAL/g,b; =0.2 pA), (a =31.7 pA-L/g, by =18.5
pA), and (a3 = 12.4 pA-L/g, by = 245 pA). The changing
slopes reflected transitions between different rate-limiting
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processes: kinetic control at low concentrations, mixed con-
trol at intermediate levels, and mass transfer limitations at
high concentrations.

Cadmium Calibration: ML Prediction vs Experimental

Experiments| Dats Al Prediciion (02.0% scouracy)

-

Peak Cunent(ma)

C*+ Cancentration (g)

Figure 7. Machine Learning Cadmium Detection.

The Al system employed ensemble learning, combin-
ing predictions from multiple algorithms (Random Forest,
Support Vector Regression, and Neural Networks) to achieve
the reported 98.8% accuracy. Cross-validation studies con-
firmed robust performance with a mean absolute percentage
error (MAPE) of 1.2% for unknown samples. The system
also provided uncertainty estimates for each prediction, flag-
ging measurements requiring additional verification when

confidence intervals exceeded +5%.

3.11. Feature Importance Analysis

Comprehensive feature importance analysis using Ran-
dom Forest algorithms identified and quantified the critical
parameters affecting cadmium removal efficiency, as illus-
trated in Figure 8. The analysis, based on over 10,000 ex-
perimental observations, revealed a hierarchical structure of
parameter influences that guided subsequent optimization
efforts.

Al Feature Importance Ranking (12 Critical Parameters)

lonic Strength |

Temperature

pH Buffer

Parameters

Stiring Rate

Preconditioning

Figure 8. Al Feature Importance Analysis.

The feature importance ranking reveals that physical
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parameters (Moringa particle size, surface roughness) have
the highest impact on removal efficiency, with importance
scores exceeding 0.9. Chemical parameters (ionic strength,
temperature, pH buffer) show moderate importance (0.7-0.8),
while operational parameters (stirring rate, preconditioning)
have lower but still significant importance (0.6—0.7).

Moringa particle size emerged as the paramount factor
with an importance score of 0.95, demonstrating that physical
characteristics of the biological modifier dominated system
performance. Systematic investigation revealed an optimal
particle size range of 20—40 um, balancing surface area avail-
ability with mass transfer limitations. Smaller particles (<20
um) caused electrode instability and increased background
current, while larger particles (>40 um) reduced active sur-
face area and created heterogeneous current distribution.

Surface roughness, with an importance score of 0.92,
represented the second most critical parameter. Atomic force
microscopy measurements correlated roughness factor (Rf =
12.3 for Moringa-modified vs. 2.1 for standard

CPE) with electrochemical performance. The enhanced
roughness not only increased the electroactive surface area
but also created microenvironments with locally enhanced

electric fields that facilitated cadmium reduction.

Tonic strength (importance score 0.88) significantly
influenced both cadmium speciation and double-layer struc-
ture. Optimal performance occurred at ionic strength 0.5-1.0
M, where competing effects of increased conductivity and
compressed double layer reached a favorable balance. The
Al system identified complex interactions between ionic
strength and other parameters, developing a response sur-
face model that accurately predicted performance across the

entire parameter space.

Temperature effects (importance score 0.78) were more
complex than simple Arrhenius behavior would suggest.
While increased temperature generally enhanced reaction
kinetics, it also affected Moringa stability, with degradation
of active sites observed above 45°C. The Al model incorpo-
rated temperature-dependent degradation kinetics, enabling
the prediction of long-term electrode stability under various
operating conditions. The optimal temperature range was
identified as 25-35 °C, providing good kinetics while main-
taining electrode integrity over extended operation periods
exceeding 100 hours.

pH buffering capacity (importance score 0.75) proved
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critical for maintaining consistent performance in the highly
acidic phosphoric acid medium. The presence of phosphate
species provided inherent buffering, but local pH variations
at the electrode surface during electrolysis affected both cad-
mium speciation and Moringa functional group protonation.
The Al system developed strategies for pH management,
including optimized buffer compositions and controlled elec-
trolysis protocols that minimized pH drift.

Stirring rate (importance score 0.68) and precondition-
ing time (importance score 0.62) represented operational
parameters that could be easily adjusted for performance
optimization. The analysis revealed a non-monotonic depen-
dence on stirring rate, with optimal performance at 400-600
rpm. Lower rates caused mass transfer limitations while
excessive stirring induced turbulence that disrupted the diffu-
sion layer and decreased measurement reproducibility. Pre-
conditioning protocols developed through Al optimization
reduced activation time from 30 to 12 min while improving

initial measurement reproducibility by 40%.

3.12. Mechanistic Insights and Reaction Path-
ways

The comprehensive data analysis enabled by Al tech-
niques revealed multiple interconnected reaction pathways
governing cadmium removall'l. The primary mechanism
involved direct electrochemical reduction:

Cd*" +2¢~ — Cd° (E°=-0.403 V vs. SHE)

However, the presence of Moringa components intro-
duced additional complexity through chemical and electro-
chemical interactions?. Spectroscopic evidence confirmed
coordination of cadmium ions with carboxyl and amino
groups present in Moringa proteins [*:

Cd*" + 2(R-COO") — Cd(R-CO0), Cd*" + n(R-NH>)
— [Cd(R-NH,)]*>*

These surface-bound complexes exhibited different re-
duction potentials than free cadmium ions, contributing to the
broadened voltammetric peaks observed experimentally[4].
The Al system deconvoluted overlapping signals to iden-
tify at least four distinct cadmium species with reduction
potentials ranging from —0.38 to —0.52 V vs. Ag/AgCI1B].

In situ spectroelectrochemical measurements revealed
dynamic changes in surface composition during electrol-
ysisl. Initial cadmium accumulation occurred primarily

through adsorption and complexation with Moringa func-

tional groups!’l. Upon application of reducing potential,
these surface-bound species underwent reduction to metallic
cadmium, which either deposited on the electrode surface or
dissolved back into solution depending on applied potential
and local pH conditions®. The Al model predicted condi-
tions favoring each pathway, enabling selective operation for

either cadmium recovery or solution purification.

3.13. Long-Term Stability and Regeneration

Extended operation studies assessed electrode stability
and developed regeneration protocols for sustainable indus-
trial application. Moringa-modified electrodes maintained
92% of initial activity after 100 consecutive measurement
cycles, compared to only 78% retention for unmodified CPE.
The superior stability was attributed to the protective effect
of biological components that prevented electrode fouling
and maintained active surface area.

Degradation mechanisms identified through Al analysis
included: (1) gradual loss of Moringa components through
dissolution, (2) accumulation of reduction products block-
ing active sites, (3) structural changes in the carbon paste
matrix, and (4) poisoning by trace impurities. The relative
importance of each mechanism depended on operating con-
ditions, with the Al system developing predictive models for
electrode lifetime under various scenarios.

Regeneration protocols optimized through machine
learning restored electrode performance to 96% of initial
values. The optimal regeneration sequence involved: (1) an-
odic stripping at +0.8 V for 60 seconds to remove deposited
metals, (2) potential cycling between —0.5 and +0.5 V to
reactivate surface sites, (3) equilibration in fresh electrolyte
for 5 min, and (4) reconditioning at operating potential. This
regeneration could be performed up to 20 times before elec-
trode replacement was necessary, significantly improving

process economics.

3.14. Scale-Up Considerations and Industrial
Implementation

Translation of laboratory findings to an industrial scale
required addressing several challenges identified through
Al-assisted analysis. Mass transfer limitations became in-
creasingly significant at larger scales, necessitating careful

electrode design and reactor configuration. The Al system
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developed scaling correlations that predicted performance
degradation with increasing electrode size and provided de-
sign guidelines for maintaining efficiency.

Computational fluid dynamics simulations, validated
against experimental data, optimized flow patterns in scaled-
up reactors [?71. The analysis revealed that traditional parallel-
plate configurations suffered from flow channeling and dead
zones that reduced effective electrode utilization to less than
60%281. Novel electrode geometries, including mesh elec-
trodes, packed bed reactors, and rotating cylinder electrodes,
were evaluated through combined experimental and model-
ing approaches!?’1. A rotating cylinder configuration with
Moringa-modified carbon coating achieved 85% electrode
utilization while maintaining mass transfer coefficients com-
parable to laboratory scale.

Economic analysis incorporating capital costs, oper-
ating expenses, and product value demonstrated favorable
economics for the Al-enhanced system. The break-even
point occurred at phosphoric acid production rates exceeding
100 tons/day, with payback periods of 2-3 years depend-
ing on local electricity costs and environmental regulations.
Sensitivity analysis identified electricity price and electrode
lifetime as the most critical economic parameters, motivating
ongoing research into energy-efficient operation modes and

extended-life electrode materials.

3.15. Environmental Impact and Sustainability
Assessment

Life cycle assessment of the Moringa-modified elec-
trode system revealed significant environmental advantages
over conventional cadmium removal methods. The use of
renewable biological materials reduced the carbon footprint
by 45% compared to synthetic ion exchange resins. Addi-
tionally, the electrochemical approach eliminated the need
for chemical regenerants required in traditional processes,
preventing the generation of secondary waste streams.

The sustainability of Moringa cultivation for electrode
production was evaluated considering water requirements,
land use, and agricultural inputs. Moringa's drought toler-
ance and ability to grow on marginal lands made it an attrac-
tive feedstock that didn't compete with food production. Eco-
nomic modeling suggested that electrode production could
provide additional income streams for farmers in developing

regions where Moringa is traditionally cultivated.

Disposal and end-of-life considerations were addressed
through the development of recycling protocols. Spent elec-
trodes could be processed to recover deposited metals and
reuse carbon components. Moringa residues, after metal
recovery, were suitable for composting or energy recovery
through combustion. The Al system optimized integrated
waste management strategies that minimized environmental

impact while maximizing resource recovery.

3.16. Comparative Performance Analysis

Benchmarking against existing technologies positioned
the Al-enhanced Moringa electrode system favorably across
multiple performance metrics. Compared to chemical precip-
itation, the electrochemical approach achieved lower residual
cadmium concentrations (0.5 mg/L vs. 5 mg/L) without gen-
erating metal hydroxide sludge. Versus ion exchange, the
system offered comparable removal efficiency with lower
operating costs and elimination of resin regeneration chemi-
cals.

The Al enhancement provided decisive advantages over
conventional electrochemical systems. Processing speed im-
provements of 100-fold reduced treatment time from hours
to minutes. Detection sensitivity enhanced by three orders of
magnitude enabled monitoring of trace contamination levels
previously requiring expensive analytical instrumentation.
Perhaps most significantly, the adaptive optimization capabil-
ity allowed the system to maintain peak performance despite
variations in feed composition that would compromise fixed-
parameter systems.

The selectivity of the Moringa-modified carbon paste
electrode was evaluated by examining the interference ef-
fects of common ions present in phosphoric acid solutions.
The study investigated the influence of potential interfering
species, including Fe’*, Cu?*, Zn?*, Pb%*, Ca’?*, Mg?*, and
phosphate ions at concentrations typically encountered in
industrial phosphoric acid.

Square wave voltammetry measurements were per-
formed with 10 mg/L Cd" in the presence of varying concen-
trations of interfering ions. The tolerance limit was defined
as the concentration of interfering ion causing a £5% change
in the cadmium peak current. Results showed excellent selec-
tivity with tolerance ratios of 1:50 for Fe3" and Cu?*, 1:100
for Zn?*" and Pb**, and 1:500 for Ca?* and Mg?*. The high
phosphate concentration (54% H3;PO,4) showed minimal in-
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terference due to the optimized electrode composition and

measurement parameters.

4. Conclusions

This study successfully demonstrated the integration
of Al-enhanced electrochemical techniques with solutions.
Moringa oleifera-modified carbon paste electrodes for effi-
cient cadmium removal from industrial phosphoric acid.

Key achievements include: (1) 100-fold improvement
in processing speed exceeding 10,000 units/hour through
Al optimization, (2) Superior electrochemical performance
with 73% reduction in charge transfer resistance compared to
unmodified electrodes, (3) Exceptional analytical accuracy
of 98.8% across six orders of magnitude in cadmium con-
centration, (4) Identification of critical parameters (Moringa
particle size 20—40 pm, surface roughness Rf = 12.3, ionic
strength 0.5-1.0 M) through feature importance analysis, and
(5) Excellent selectivity against common interfering ions
with favorable tolerance ratios.

The successful application of the method to real indus-
trial phosphoric acid samples from OCP Morocco confirms
its practical utility for routine analysis and quality control in
phosphoric acid production facilities. The excellent agree-
ment with ICP-MS reference measurements (recovery rates
97.9-101.8%) and low RSD values (below 4.5% for all sam-
ples) demonstrate the method's reliability for real-world ap-
plications. This validation with actual industrial samples
addresses a critical requirement for the method's adoption
in industrial settings, particularly in the phosphate industry,
where cadmium monitoring is essential for product quality
and environmental compliance.

The optimized system achieved signal-to-noise ratios
exceeding 485:1 at 27.3 Hz operating frequency, with detec-
tion limits of 0.8 pg/L. Principal component analysis revealed
three distinct mechanistic clusters (protonation, complex for-
mation, and surface effects) operating synergistically. Eco-
nomic analysis confirmed industrial viability with payback
periods of 2-3 years and a 45% reduction in environmental
impact compared to conventional methods.

This work demonstrates that combining biological ma-
terials, electrochemical techniques, and artificial intelligence
creates synergistic systems capable of addressing complex

environmental challenges while advancing sustainable in-
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dustrial practices. The platform technology developed here
applies to diverse heavy metal contamination scenarios be-

yond cadmium removal from phosphoric acid.

5. Patents

Patent applications related to this work are currently
under preparation and will be filed for:

1. “Al-Enhanced Bio-Modified Electrode System for
Heavy Metal Removal”—covering the integrated system
design and optimization algorithms

2. “Method for Real-Time Optimization of Electro-
chemical Metal Extraction Using Machine Learning” - de-
scribing the adaptive control strategies

3. “Moringa-Based Composite Materials for Selective
Metal Recovery from Industrial Waste” - detailing the elec-

trode preparation and modification procedures
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