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Abstract

Introduction: Nitrate contamination of water sources poses a
significant threat. This study investigates the efficacy of a novel bio-
adsorbent, walnut shell-modified zero-valent iron nanoparticle
(nZVI), for nitrate removal. Response Surface Methodology (RSM)
was employed to optimize the process.

Methods: Walnut shell-modified nZVI was synthesized and
characterized using SEM. Batch adsorption experiments were
conducted to assess the impact of pH, contact time, and adsorbent
dosage on nitrate removal efficiency. RSM, using a central composite
design, was applied to model and optimize the process. Adsorption
isotherms (Langmuir and Freundlich) and kinetic models (pseudo-
first-order and pseudo-second-order) were employed to analyze the
adsorption mechanism.

Findings: RSM analysis revealed the significant influence of all three
parameters on nitrate removal. Optimal conditions for maximum
nitrate removal were determined as pH 3.5, contact time 29.5
minutes, and adsorbent dosage 0.053 g. The Langmuir isotherm
model provided a better fit than the Freundlich model, suggesting
monolayer adsorption. The pseudo-second-order kinetic model best
described the adsorption process, indicating chemisorption. Walnut
shell-modified nZVI demonstrates significant potential for nitrate
removal from water. RSM effectively optimized the adsorption
process, revealing optimal conditions and providing insights into the
adsorption mechanism. The Langmuir isotherm and pseudo-second-
order kinetic models accurately represent the adsorption behavior.
This bio-based adsorbent presents a promising, cost-effective, and
environmentally friendly alternative for water purification.
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Extended abstract

Introduction

Nitrate contamination of drinking water
sources poses a significant threat to water
quality globally. While naturally occurring,
anthropogenic sources, primarily
agricultural runoff, sewage, and industrial
discharge, significantly contribute to
elevated nitrate levels. Nitrate itself is not
harmful, but its bacterial conversion in the
mouth and gut to nitrite presents a serious
health risk, particularly to infants and
pregnant women. Although naturally
present at low concentrations, increased
fertilizer and pesticide use, coupled with
inadequate wastewater management, has
led to widespread nitrate leaching into
groundwater, a primary drinking water
source in many regions. Various remediation
methods exist, including ion exchange,
reverse osmosis, and bioremediation. While
ion exchange and reverse osmosis are
effective, they generate secondary waste and
incur high operational costs.
Bioremediation, utilizing materials like
modified zero-valent iron with walnut shell,
offers a more environmentally friendly and
cost-effective alternative.

Methods and Methods

This  project investigated such a
bioremediation approach with a novel
walnut shell-modified zero-valent iron
(nZVI) adsorbent, optimizing parameters
like pH, adsorbent dosage, and contact time
using response surface methodology to
enhance nitrate removal efficiency,
alongside equilibrium isotherm and kinetic
studies. The nZVI was synthesized via a
reduction process using sodium
borohydride, with walnut shell acting as a
stabilizing agent to prevent agglomeration
and enhance its dispersion. The synthesis
involved dissolving ferric chloride in
deionized water, followed by the addition of
milled walnut shell and ethanol. A freshly
prepared sodium borohydride solution was
then slowly added, initiating the reduction of
Fe (III) to nZVI. The resulting nZVI particles
were separated magnetically, washed
repeatedly with ethanol, and dried at 80°C.
The morphology of the synthesized
adsorbent was characterized using SEM. A
response surface methodology, employing a

central composite design, was utilized to
optimize the nitrate removal process. This
design facilitated the investigation of three
key parameters: contact time, adsorbent
dosage, and pH, across five levels each.
Twenty experiments were conducted, and a
second-order polynomial model was
developed to predict nitrate removal
efficiency. Analysis of variance determined
the statistical significance of the model and
its components. The optimal conditions for
maximizing nitrate removal were identified
through regression analysis. Two and three-
dimensional response surface plots visually
represented the impact of operational
parameters on nitrate removal efficiency.
Batch adsorption experiments were
performed to evaluate the effectiveness of
the synthesized adsorbent. Different
adsorbent masses were added to varying
concentrations of nitrate solutions, and the
mixtures were agitated at a constant speed.
After separation via centrifugation, residual
nitrate concentrations were measured using
UV-Vis spectroscopy. Adsorption efficiency
and the amount of nitrate adsorbed were
calculated. The entire experimental process
was conducted under controlled
temperature conditions (25 * 2°C). The
study provides a comprehensive approach
to synthesizing an environmentally friendly
and potentially cost-effective adsorbent for
nitrate  remediation, optimizing its
application through RSM, and characterizing
its  performance  through  rigorous
experimental analysis.

Results and Discussion

The adsorbent surface exhibits significant
morphological changes before and after the
removal of nitrate ions. Initially, the
adsorbent surface was characterized by
heterogeneity, irregularity, and numerous
micropores, which can serve as effective
sites for nitrate ion removal. The
nanoporous structure of the adsorbent
facilitates the establishment of chemical
bonds, thus enhancing the adsorption of
nitrate ions. The presence of aggregates on
the adsorbent nanoparticles resembles
walnut shells, which are chemically adhered
to the nanoadsorbent. Through the
adsorption process, the adsorbent surface
becomes  congested, indicating the
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accommodation of nitrate ions. The primary
objective of this study was to ascertain
optimal conditions for nitrate adsorption
from aqueous solute ions using the
nanoadsorbent, focusing on key factors such
as pH, contact time, and adsorbent dosage. A
quadratic model was proposed to optimize
nitrate removal, allowing for the derivation
of optimal values for each variable to
maximize nitrate ion removal efficiency. The
regression coefficients were assessed for
significance via a t-test, yielding an R? value
of 0.9765, suggesting a strong correlation
between experimental and predicted results.
The model’s validity was further confirmed
through ANOVA analysis, with an F-value of
46.20 indicating its statistical significance.
The study also detailed the interactions
among the aforementioned variables,
demonstrating that the contact time had the
most substantial impact on nitrate removal,
followed by pH and adsorbent dosage. The
model's predictive capability was validated
with a signal-to-noise ratio exceeding the
threshold of 4, indicating excellent
performance. The pH of the aqueous solution
was identified as a critical parameter
affecting nitrate adsorption, influencing the
dissociation of functional groups on the
adsorbent and, consequently, the adsorption
dynamics. Two distinct phases were
observed in the adsorption process: a rapid
phase associated with the initial contact of
nitrate ions with active binding sites on the
nanoadsorbent, and a slower phase related
to the internal diffusion of nitrate molecules.
An increase in contact time led to enhanced
nitrate removal efficiency, with interactions
between pH and both contact time and
adsorbent dosage significantly influencing
the overall adsorption process. Isotherm
models, including Freundlich and Langmuir,
were employed to elucidate the adsorption
behavior. The experimental data aligned
more closely with the Langmuir isotherm
model, indicating monolayer adsorption and
a homogeneous distribution of active sites.
The Kkinetics of nitrate adsorption was
analyzed, revealing that the process
followed a pseudo-second-order model,
suggesting a chemisorption mechanism.
Overall, the findings underscore the efficacy
of the modified zero-valentiron adsorbentin
nitrate removal from aqueous solutions,

highlighting the importance of
understanding the underlying mechanisms
governing the adsorption process for
practical applications in water treatment.

Conclusion

This study investigated nitrate adsorption
from aqueous solutions using walnut shell-
modified zero-valent iron nanoparticles as a
cost-effective and environmentally benign
remediation strategy. Response Surface
Methodology, employing a quadratic model,
effectively predicted nitrate removal,
revealing a strong dependence on contact
time and a pH optimum near 3.5. Increasing
adsorbent dosage to 0.053 g enhanced
removal efficiency by maximizing surface
area interaction. Adsorption isotherm data
conformed to the Langmuir model,
suggesting monolayer adsorption.
Furthermore, the pseudo-second-order
kinetic model accurately described the
adsorption process, indicating
chemisorption as the rate-limiting step. The
findings highlight the efficacy of walnut
shell-modified nZVI as a selective adsorbent
for nitrate removal from contaminated
water, offering a promising alternative for
water purification applications. The study's
comprehensive approach, encompassing
RSM optimization, isotherm and kinetic
modeling, provides robust evidence for the
potential scalability  and practical
implementation of this bio-based adsorbent.
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