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Amid growing concerns regarding the safety, efficacy, and environmental impact of conventional fertilizers,
nanotechnology-based alternatives—particularly nano-biofertilizers—have emerged as promising
solutions. In this study, we optimized a conceptualized biochar (CBC) structure (with formula:
CeoHzoNO3 and molar mass: 981.97 g mol™?), building on both our ongoing research and existing
literature. Molecular dynamics (MD) simulations were employed to investigate biochar adsorption
interactions with zinc oxide (ZnO) and copper oxide (CuO) nanonutrients (NNs), as single and co-
adsorbates. Quantitative computational analysis revealed that the CBC molecule exhibits structural
stability, with a heat of formation of —226.45 kcal mol™, a total energy of —12,586.15 eV, and an
ionization potential of 8.37 eV. Additional evaluations—including COSMO sigma profiling, UV-Vis spectral
analysis, and frontier molecular orbital (HOMO-LUMO) mapping—gave deeper insight into CBC
molecular properties. Distinct spatial separation of these orbitals across different functional groups
underscores biochar's chemical stability, despite a small HOMO-LUMO energy gap (AEg,, = 0.058106
eV). Adsorption simulations demonstrated energetically favorable interactions between both NNs and
CBC, with a higher affinity for CuO over ZnO (average rigid adsorption energy: —17.64 vs. —14.15 eV).
The average structural deformation energy associated with ZnO compared to CuO in the adsorption
process (—687.68 eV vs. —6.38 eV) shows different mechanisms or sites of adsorption, respectively. In
the co-presence of both nanonutrients, energy parameters were modulated, indicating a positive
synergy. These findings offer foundational insights into the molecular properties and thermodynamic
behavior of biochar in nanonutrient adsorption. However, recognizing that real world factors such as soil
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the study discusses their potential effects and recommends the need for further research to bridge

theoretical models with empirical data, optimize nanoformulations, assess ecological impacts, and
rsc.li/rscsus evaluate the economic viability of biochar-based nanofertilizers for sustainable agricultural applications.

DOI: 10.1039/d5su00646e
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This ongoing research explores the use of invasive water hyacinth to develop biochar-based, nano-enabled fertilizers aimed at advancing precision agriculture
and environmental sustainability. By further integrating computational simulations, the study provides atomic-scale insights into how biochar interacts with
nanoscale nutrients like ZnO and CuO, helping to optimize nutrient delivery and improve plant nutrient use efficiency. These efforts directly contribute to key
UN Sustainable Development Goals (SDGs). For instance, the development of slow-release fertilizers supports SDG 2 (Zero Hunger) by reducing nutrient losses
and enhancing food security. Biochar's strong carbon sequestration potential and nutrient retention capabilities also align with SDG 13 (Climate Action) by
lowering greenhouse gas emissions and minimizing fertilizer runoff. The preferential adsorption of CuO over ZnO informs more efficient material design,
supporting SDG 12 (Responsible Consumption and Production). Additionally, the stability of the biochar structure enhances nutrient retention and reduces
leaching, contributing to SDG 6 (Clean Water and Sanitation). Finally, valorizing invasive biomass like water hyacinth helps manage aquatic ecosystems by
preserving biodiversity, thereby supporting SDG 14 (Life Below Water). Overall, this study provides a molecular framework for designing sustainable biochar-
based fertilizers that balance agricultural productivity with environmental stewardship.
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significant attention from many researchers due to the wide-
spread availability of feedstocks and its versatility in
application.' BC can be produced from various sources such as
rice husk,*® wheat straw,® wood,” and water hyacinth,*>**°
making it both accessible and adaptable for different uses. Its
role as a soil amendment and as a material for direct photo-
synthetic carbon capture and sequestration is well
documented'*™ with its nanostructures - such as high surface
area and porosity - contributing significantly to its beneficial
properties in soil amendment.'>'¢

Our recently published studies have experimentally charac-
terized the physicochemical properties of water hyacinth-
derived biochar, including surface area and pore volume anal-
ysis via Brunauer-Emmett-Teller (BET) measurements, using
its CO, adsorption capacity.'®” However, experimental
approaches to studying biochar are often hampered by time
consuming processes and high energy requirements. In this
current study, we applied molecular modeling techniques like
molecular dynamics (MD) simulations to gain insights into the
physicochemical aspects of BC. These simulations would
provide reproducible and detailed atomistic information about
BC's adsorption processes at the molecular level, which is
crucial for optimizing biochar-nanonutrient formulations.*>**

The advent of nanotechnology has brought about trans-
formative innovations to many fields. In agriculture, it includes
nanofertilizers, nanopesticides, nanosensors and so forth.">
In particular, nanofertilizers, with their engineered nutrient
delivery systems, present promising solutions to the challenges
of modern agriculture. Their effectiveness, however, depends
on a thorough understanding of their adsorption dynamics at
the molecular level.>*** The interactions between BC and
nanoparticles are significantly influenced by BC intrinsic
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factors such as surface chemistry, pore structure, and charge, as
well as extrinsic factors like soil pH, organic matter content,
mineral composition, and water content.*® A molecular-level
understanding of these interactions is therefore critical for
formulating efficient nanofertilizers that optimize nutrient
delivery, enhance agricultural sustainability, and minimize
environmental impacts.

At the core of these adsorption processes are the molecular
interactions between nanofertilizer components and soil
constituents, which ultimately determine the performance of
biochar-based nanofertilizer systems.*”** This molecular-level
understanding of adsorption dynamics in biochar-based
nano-formulations is paramount for leveraging the full poten-
tial of nanotechnology in agricultural systems. Integrating
interdisciplinary research with advanced analytical tools will
enable the optimization of nanofertilizer design, addressing
global food security challenges while safeguarding environ-
mental health. The MD modeling is envisaged as a foundational
guide in the process of nanoformulations as shown in Fig. 1.
Reliance on efficient fertilizers in contemporary agriculture is
germane as excessive use of conventional chemical fertilizers -
especially nitrogen - has been linked to nutrient depletion and
environmental degradation.™

For example, studies have shown that overuse of commercial
inorganic fertilizers can result in the loss of up to 70% of
potassium from the soil before crops even utilize it.** In
contrast, nanofertilizers - comprising nanonutrients adsorbed
onto matrix materials such as BC - offer a more environmen-
tally friendly alternative through mechanisms that enable
controlled and sustained nutrient release. This approach not
only leads to significant cost savings but also supports more
efficient, sustainable, and eco-friendly farming practices.**** By

Molecular Dynamics Application in
Bio-Nanofertilizer Formulation

-)

Stage 3

‘i ~ Green house/ laboratory trials

Stage 4
Field trials

Fig. 1 Possible foundational application of molecular dynamics simulation in the bio-nanofertilizer formulation process.
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Fig. 2 Number of publications on molecular dynamics by the year
range showing a progressive increase from 2000 to 2024. (Data
generated from the PubMed database).

minimizing nutrient losses and environmental degradation,
nanofertilizer technologies align with the core principle of
sustainable development: meeting the needs of the present
generation without compromising the ability of future genera-
tions to meet their own needs.*

However, despite the demonstrated utility of atomistic
insights from MD simulations in materials science, these tools
remain underutilized in the development of nano-enabled
biochar-based fertilizers.”* Modelling packages, such as BI-
OVIA Material Studio,*** allow for the prediction, analysis, and
optimization of material structures at the molecular level aiding
in their specific design and synthesis using various modules
under different preset ambient conditions. There are different
computational simulations that can be applied depending on
the type of material being modeled as well as the processes to be
investigated. However, a quick metadata survey of publications
in the PubMed database (U.S. National Center for Biotech-
nology Information) indicates that computational molecular
dynamics (MD) has gained increasing popularity among
researchers and material scientists since the early 2000s (2000-
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2024; Fig. 2). When the root term “molecular dynamics” was
combined with modifiers such as “simulation”, “biochar”,
“nanofertilizer”, and “nano”, the results revealed that MD
remains largely unexplored in biochar-nanonutrient interac-
tions at the atomistic scale. Notably, the search yielded 201 855
publications for “molecular dynamics” alone, but only 29 for its
combination with “biochar,” none with “nanofertilizer,” and
5035 with “nano” (Fig. 3). This gap highlights the need for
computational approaches to better understand nanonutrient
adsorption and desorption processes, which could serve as
valuable tools for cost-effective and time-efficient nanofertilizer
formulations—similar to the advances already seen in molec-
ular biology, drug discovery and design.****

Addressing this gap, the present study employed MD
simulations to investigate how the intrinsic properties of BC
influence its adsorption interactions with ZnO and CuO
nanonutrients, using conceptualized biochar structures
through Material Studio Suite software.** In our previous
study,"'® we reported that biochar derived from water hyacinth
obtained from Effurun, Nigeria, was deficient in zinc and
copper. This observation informed the decision to focus on
these two nanonutrients, given their essential roles as nutri-
ents promoting plant health and vitality. The present work,
therefore, aims to provide a deeper molecular-level under-
standing that can drive the rational design of next-generation,
sustainable agricultural formulations. Although MD simula-
tions offer significant potential for the rapid analysis and
design of BC, there remains a critical need for models that
strike a balance between simplicity and accuracy—effectively
capturing the complex and heterogeneous nature of BC
without excessive oversimplification. To mitigate this chal-
lenge, we have intentionally compared theoretical predictions
with available experimental data wherever feasible, thereby
strengthening the validity and reliability of our results.
Furthermore, multiple modules within the Materials Studio
suite were employed to internally validate computational
outputs, using carefully chosen approximations to minimize
potential errors.
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Fig. 3 Number of publications for different search queries with "molecular dynamics” as the root word alone and in combination with other

modifiers as couplets. (Data generated from the PubMed database).
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2. Computational methods
2.1 Conceptualized BC molecular structure

The production of BC typically yields a crude mixture of various
heterogeneous BC species, with variations influenced by feed-
stock type, pyrolytic conditions, and pre- or post-treatment
processes.** In this work, molecular dynamics (MD) computa-
tional modeling was performed using a conceptualized biochar
(CBC) molecule, developed based on physicochemical data from
our ongoing research'®'” and structural models reported in the
literature.**>> This approach enabled us to investigate the
intrinsic molecular and atomistic properties of the CBC that can
influence BC-nanonutrient adsorption phenomena - an essential
factor in designing nanonutrient-fortified, biochar-based fertil-
izers. The optimized CBC structure, with a molecular mass of
981.97 g mol , is presented in Fig. 4a and the energy minimi-
zation profiles in Fig. 4b. While BC is inherently heterogeneous,
the CBC model was designed to reflect the dominant structural
and chemical features consistently observed across diverse
experimental studies. By incorporating key functional groups
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and molecular motifs found in a wide range of biochar samples
and validating the model against both in-house and published
data, we ensured that the CBC serves as a representative proxy for
bulk or crude biochar, thereby minimizing potential faults
associated with non-representativeness.

2.2 Nanonutrient adsorbates

The ZnO and CuO adsorbates were modeled as monomeric
oxide molecules, each consisting of one metal atom (Zn or Cu)
and one oxygen atom, forming optimized ZnO and CuO units,
respectively (Fig. 5). This approach captures the essential
interaction between a single nanonutrient and the biochar
model, while maintaining computational efficiency. The bond
lengths were initialized based on literature-reported values,>
and all structures were fully optimized prior to adsorption
simulation. This simplified model is widely used in DFT studies
of metal oxide adsorption on carbon-based or porous
materials®*~® and is appropriate for isolating intrinsic binding
and electronic effects without cluster-related complexities.

@) ~
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Fig. 4

(a) Optimized geometry for the conceptualized BC structure A = atom-based coloration, B = charged group-based coloration. A: oxygen

= red, carbon = gray, hydrogen = white, and nitrogen = blue. B: brown = aromatic backbone or conjugated carbon rings; red = carbonyl or
carboxylic acid groups; orange = electron-rich linkers or conjugated unsaturated groups; green = alkyl chains or hydrophobic moieties; purple =
amino or nitrogen-containing side chains; cyan/blue-green = alcohol or ether groups; pink = amine or polar side groups; white = terminal
hydrogens or methyl groups. (b) Geometry optimization profiles of the conceptualized biochar (CBC) structure using two computational
methods. [VAMP (semi-empirical) showing the decrease in heat of formation over 25 optimization steps, and DMol® (DFT-based) showing rapid
energy minimization within 6 steps. Both methods confirm convergence to a stable, low-energy configuration, with DMol® offering faster and
more accurate optimization].
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Fig. 5 ZnO and CuO molecules showing DMol3-optimized bond lengths in A.

2.3 Electronic structure calculations using VAMP

To complement the DFT-based DMol® simulations, the VAMP
module in Material Studio software* (BIOVIA Material Science
Studio Academic Research Suite - product no. 5CB-LUR, 2022)
was employed to perform semi-empirical molecular orbital
calculations based on the NDDO (Neglect of Diatomic Differ-
ential Overlap) approximation.”* This is because compared to
other geometry optimization techniques, VAMP includes
several enhancements that enable it to successfully optimize
even complex molecular systems, while offering features such
as transition state optimization, solvent model simulations,
and the ability to calculate a wide range of electronic proper-
ties.*> Additionally, the VAMP module includes various
improvements for optimizing geometry, transition states, and
electrostatic interactions.?”*® VAMP enables faster computation
of molecular properties for complex systems, especially useful
in initial screening and comparison with higher-level DFT
outputs.

Key parameters and settings used in the VAMP calculations
include:

e Hamiltonian: NDDO.

e Convergence scheme: standard.

e SCF quality: fine.

e SCF convergence: 1 x 107° eV.

e Spin treatment: RHF.

The electronic properties evaluated using VAMP included:

e Heat of formation.

e Ionization potential.

¢ HOMO-LUMO mapping and energy level gap.

e COSMO sigma profile.

e UV-visible spectral analysis.

VAMP calculations served two primary purposes:

(1) validation: to cross-check trends and values obtained
from DMol’ (e.g., AEg,p, orbital ordering).

(2) Screening: to rapidly evaluate different configurations
and identify those with promising electronic characteristics for
further DFT-level analysis.

2.4 Simulation of CuO and ZnO adsorption on
conceptualized biochar (CBC)

The Adsorption Locator module in BIOVIA Materials Studio*
was used to simulate the interactions between the

© 2025 The Author(s). Published by the Royal Society of Chemistry

conceptualized biochar model (CBC) and metal oxide nano-
nutrients (CuO and ZnO). This tool applies a Monte Carlo
simulated annealing algorithm to identify thermodynamically
favorable adsorption configurations between the adsorbent
(biochar) and the adsorbate (nanoparticle), particularly for non-
periodic systems such as amorphous or porous materials.

For each metal oxide (CuO and ZnO), 10 independent
adsorption configurations were generated to capture potential
variability in orientation and binding sites. The biochar model
(CeoH39NO;3) was treated as the fixed substrate, while the single
CuO or ZnO served as the adsorbate. The simulation identified
adsorption sites that minimized the potential energy of the
complex. The force field used was COMPASS (version 2.8),

Table 1 Adsorption simulation parameters (Adsorption Locator)

Parameter Value
Simulated annealing calculation parameters

Loading steps 100 000
Heating cycles 5

Steps per cycle 50 000
Optimize geometry Yes

Energy parameters
Forcefield
Charges

COMPASS (version 2.8)
Forcefield assigned

Electrostatic terms

Summation method Group based

Cutoff distance 155 A

Buffer width 0.5A

van der Waals terms

Summation method Atom based

Truncation method Cubic spline

Cutoff distance 155 A

Spline width 1A

Buffer width 0.5A

Simulated annealing

Automatic Yes

Adjust Monte Carlo step sizes Yes

Simulated annealing calculation

Framework charge 0.000 e

Maximum adsorption distance 5.000 A
RSC Sustainability
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which supports a wide range of organic and inorganic systems.
Table 1 summarizes the key parameters used for the simulated
annealing process.

The output configurations from Adsorption Locator were
further used for energy calculations and quantum-level simu-
lations described in the next section.

2.5 Quantum chemical calculations (DFT) and electronic
structure analysis

To evaluate adsorption energetics and electronic properties of
the selected CBC-nanoparticle complexes, density functional
theory (DFT) calculations were performed using the DMol?
module in Materials Studio.*” All calculations were conducted
on non-periodic (cluster-based) models with the following set
parameters:

Exchange—-correlation: generalized gradient approximation
(GGA) with PBE.

Basis set: double numerical plus polarization (DNP).

Dispersion correction: Grimme DFT-D applied.

Spin treatment: spin-unrestricted.

Boundary conditions: vacuum boundary (=15 A in all
directions).

Convergence criteria: energy = 1 x 10~ ° Ha, force = 0.002 Ha
A7, and displacement = 0.005 A.

2.5.1 Properties computed
relationships

2.5.1.1 Adsorption energy. For the optimized biochar struc-
ture or CuO and ZnO nanoparticles, adsorption energy was
computed, and the mathematical relationships are given below.

2.5.1.2 Rigid adsorption energy and deformation energy.
These parameters were also computed to decouple pure inter-
action from structural distortion effects.

2.5.1.3 Electronic properties. HOMO and LUMO energies,
energy gap (AEg,p), ionization potential, total energy, and heat
of formation were calculated to assess stability and reactivity.

2.5.1.4 Orbital visualization. The spatial distribution of
frontier molecular orbitals was analyzed to understand electron
density localization and possible adsorption sites.

2.5.1.5 Comparative analysis. Co-adsorption simulations
(ZnO and CuO together) were also conducted to evaluate
competitive or synergistic effects on binding.

The Material Studio Adsorption Locator*® module was used
to carry out Monte Carlo searches for the configurationally
favorable adsorbate-adsorbent system as the temperature is
gradually reduced.*® Mathematically, these parameters can be
defined as:**

and mathematical

Eads = Etotal - (ECBC + ENN) (1)

where E, 45 represents the “apparent” adsorption energy (in eV),
which is the energy change associated with the adsorption of
a sorbate onto the sorbent surface. Ei,, represents the total
energy (in eV) of the sorbate-sorbent system, which includes
contributions from all components involved in the adsorption
process. Ecpc represents the energy of the adsorbent (CBC) in
isolation. Enxy represents the energy of the adsorbate nano-
nutrient (NN) in isolation.

RSC Sustainability
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The deformation energy (Egeform) can be expressed as:***>
Edeform = Etotal - Erigid (2)

where Eygq represents the energy associated with the adsorp-
tion when both the sorbent and the sorbate are treated as rigid
bodies where no structural changes occur during adsorption.
Egeform Tepresents a measure of the energy change resulting
from structural adjustments of the adsorbent (CBC) or adsor-
bate during adsorption.

The change in adsorption energy with increasing nano-
nutrient concentration provides insights into system stability
and interaction strength, which is mathematically defined as

AE‘alds
AN, =/(Ni) (3)

where f{N;) represents a function that captures how adsorption
energy E,qs varies as the number (or concentration) of nano-
nutrients N; changed in the system.

In the co-presence of both nanonutrients, the overall total
adsorption energy, total deformation energy and normalized
adsorption energy per site can be expressed as shown in eqn
(4)_(6):56,58,62

Eads(combined) = Eads(ZnO) + Eads(CuO) (4)

Edcform(combincd) = Edcform(ZnO) + Edcform(CuO) [5)

(AEads> _ (AEads> + (AEads> (6)
AN; combined AN; ZnO AN; CuO

3. Results and discussion

3.1 Conceptualized biochar (CBC) structure: molecular
properties

This study aimed to elucidate the sorption interactions between
nanonutrients and conceptualized biochar (CBC) through
molecular dynamics (MD) simulations. Despite their potential,
MD simulations have been underutilized in nanofertilizer
formulation research, which is crucial for designing efficient
nano-enabled biochar-based fertilizers. Zinc oxide (ZnO) and
copper oxide (CuO) were selected as model nanonutrients due
to their essential roles as micronutrients for plant health and
their typical scarcity in biochar. To address this knowledge gap,
we employed MD simulations to investigate the adsorption
behavior of ZnO and CuO on CBC. The molecular properties of
the optimized CBC structure used in this study are presented in
Table 2.

A negative heat of formation of —226.45 kcal mol " indicates
that the CBC molecule is thermodynamically stable compared
to its constituent elements in their standard states. This
chemically explains why BC is stable under ambient conditions,
which is beneficial for applications like long-term carbon
sequestration and soil amendment.***®* The highly negative
electronic energy (—149 966.37 eV) typically indicates a stable
electronic configuration, suggesting that the molecule has
a steady arrangement of electrons. This usually implies less

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Computational data obtained using BIOVIA Material Studio
software for the optimized CBC using the VAMP (Valence Atomic and
Molecular Properties) module

Parameter Values

—226.45 kecal mol™*
—149 966.37 eV
137 380.22 eV

Heat of formation
Electronic energy
Core-core repulsion

Total energy —12586.15 eV
Gradient norm 0.38 keal mol ™+ A™*
Root mean square (RMS) 0.02

force

Ionization potential 8.37 eV

Filled levels 181

Molecular weight 981.97 g mol "

SCF calculations 823

chemical reactivity since chemical reactions generally involve
electrons in covalent or electrovalent systems. The ionization
potential represents the energy required to remove an electron
from the molecule. A higher ionization potential suggests that
the molecule is relatively stable and less reactive, which may be
advantageous in applications where chemical stability is
desired, such as long-term carbon sequestration and soil
amendments. Furthermore, the CBC with a total energy of —12
586.15 eV, which indicates the total kinetic and potential
energies, showed a stable molecular structure since higher
negative values indicate higher stability.** This is further indi-
cated by the core-core repulsion value of 137 380.22 eV showing
the repulsive interactions between core electrons in the atom. A
high core-core repulsion energy indicates that the electronic
structure is well-defined, further contributing to overall
stability.

The gradient norm indicates how close the molecular
structure is to an energy minimum during optimization calcu-
lations. A lower value (0.38) suggests that the structure is close
to a local minimum, indicating stability. Similarly, the root
mean square (RMS) force provides insight into the forces acting
on atoms in the molecule during optimization. A low RMS (0.02)
value indicates that the molecular structure is well-optimized
and stable, with minimal forces acting to change its configu-
ration. Generally, these data show that the CBC molecule is
thermodynamically stable, well-optimized structurally, and has
a relatively high ionization potential, suggesting low reactivity
under normal conditions. These theoretical values agree with
evidence of biochar's recalcitrant nature as it is not readily
mineralized in the soil by either abiotic or biotic processes.*®
These characteristics are favorable for applications in soil
amendment and carbon sequestration, where stability and
minimal reactivity are desired attributes.

3.2 Conceptualized biochar (CBC) structure

3.2.1 Frontier molecular orbitals: lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO). According to Koopmans' theory of frontier
molecular orbitals,*® the energies of the highest occupied
molecular orbital (Exyomo) and the energy of the lowest

© 2025 The Author(s). Published by the Royal Society of Chemistry
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unoccupied molecular orbital (Epypo) can represent the ioni-
zation energy (IE) and electron affinity (EA)®” as stated in eqn (7)
and (8):

IE = 7EHOMO (7)
EA = _ELUMO [8)

In this case, ionization energy (IE) represents the energy
needed to remove an electron from the HOMO site (Fig. 6a) and
EA represents the energy needed to add an electron to a LUMO
site. Typically, the lower these values, the higher the reactivity of
the molecule. For the CBC, the computed values are

Tonization energy, IE = —FEyomo = —(—0.184985 eV)
=0.184985 eV

and

Electron affinity, EA = —Ey ymo = —(—0.126879 eV)
=0.126879 eV.

Therefore, the HOMO-LUMO energy gap, AE,,,, which also
indicates the tendency of the HOMO-LUMO sites to lose or gain
electrons in a reaction,®® can be calculated as

AEgap = ELUMO - EHOMO = —0126879 - (—0184985)
= 0.058106 eV

A small HOMO-LUMO gap (e.g., 0.058106 €V in this case)
typically suggests high chemical reactivity because electrons
require less energy to transition from the HOMO to the LUMO.
This is often associated with materials that are prone to electron
transfer, making them reactive. However, biochar is generally
known for its stability and low reactivity, as supported by other
molecular parameters in Table 2, like low RMS force, high heat of
formation, and high ionization potential.®** In biochar, the
HOMO and LUMO are usually localized on specific functional
groups or unsaturated carbon atoms at edges with distinct spatial
separation, which could reduce the energy gap without signifi-
cantly affecting overall reactivity or structural stability.””* For
example, the HOMO may be localized on electron-donating
groups while the LUMO may be localized on electron-deficient
regions, such as aromatic rings (Fig. 6b). Also, oxygen-
containing functional groups (e.g;, -OH or -COOH) can influ-
ence orbital energies, reducing the gap without necessarily
increasing overall reactivity.””> Overall, this localized reactivity
may play a role in the adsorption process through van der Waals
and m-electrons from the aromatic rings in the biochar molecule.”

3.2.2 UV-Vis spectral analysis. The UV-Vis spectrum
provides insights into the electronic transitions occurring
within the CBC molecule. Fig. 7 indicates that it does not exhibit
full-spectrum absorption, with its absorption primarily occur-
ring within the UV region. This characteristic may be desirable
when biochar is utilized as a soil amendment, as it allows for
heat absorption, thereby helping to regulate soil tempera-
tures.”*”> Such temperature regulation can benefit the soil
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Fig. 6 (a) DMol® module used to analyze the CBC structure: HOMO and LUMO maps shown in distinctly different regions of the structure
(Enomo = —0.184985 eV and E | ymo = —0.126879 eV). (b) Atoms or groups involved in HOMO-LUMO transitions.

microbiome and, ultimately, plant health. However, as noted by
Mohtaram et al.,”® biochar can be enhanced through modifi-
cation with photosensitive nanomaterials, which improves its
light absorption capabilities beyond the UV range (10-400 nm),
thereby resulting in a biochar product that is more suitable for
applications in photocatalysis or solar energy capture.

3.2.3 COSMO sigma profile. The COSMO sigma profile of
the conceptualized biochar (CBC) structure, as shown in Fig. 8,
provides insight into the surface polarity distribution behavior
of the molecule.”” The x-axis represents the screening charge
density (¢) in units of e A=, while the y-axis denotes the surface
area (o-profile) corresponding to each ¢ value in A% The profile
exhibits a dominant peak centered near ¢ = 0 e A%, indicating
a significant proportion of the non-polar surface area.” This

RSC Sustainability

suggests that the CBC structure is largely hydrophobic in
nature, a characteristic typical of carbon-rich biochar materials.

However, the presence of noticeable shoulders and peaks on
both sides of the neutral region—particularly around ¢ =
—0.006 to —0.012 e A~ (left/negative side) and ¢ = +0.009 to
+0.014 e A~2 (right/positive side)—implies the existence of polar
functional groups capable of acting as hydrogen bond acceptors
and donors, respectively.” The sharper peak on the positive side
further supports the presence of donor-type groups, such as
hydroxyl or amine functionalities, possibly formed during the
biochar production. Overall, this bipolar character of the CBC
structure, despite its largely non-polar surface, enhances its
amphiphilic nature, making it suitable for interaction with both
hydrophilic and hydrophobic species.”””® This is especially

© 2025 The Author(s). Published by the Royal Society of Chemistry
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UV-Vis Spectrum for CBC
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Fig. 7 UV-Vis spectrum of CBC showing feasible electronic transition peaks.
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Fig. 8 COSMO sigma profile of the conceptualized biochar (CBC) structure.
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relevant to adsorption processes involving polar nanonutrients
such as ZnO and CuO, as highlighted in this study. Charge
distribution across atoms in the CBC molecule—analyzed using
Coulson and Mulliken atomic charge assignments in these
computational studies—offers valuable insight into these
observations (see SI data).

3.3 Computational simulation of CuO and ZnO
nanonutrient adsorption on CBC

The total adsorption energies (E,qs) of ZnO and CuO on CBC is
largely influenced by ZnO, primarily due to its higher

View Article Online

Paper

deformation energy upon adsorption. Using configurational
structure #1, for example

Eadsznoy + Eadscuo) = —3072.698 + (—34.792) = —3107.490 eV

Meanwhile, for the co-presence of ZnO and CuO, the simulated
Eqads(combined) = —2042.611 eV. This implies that the presence of
ZnO and CuO as single or co-adsorbates does not change the
overall exothermic nature of the adsorption (Table 3 and Fig. 9),
however, the overall adsorption energy was modulated when
both NNs were co-present.

Table 3 Energetics of ZnO-CBC, CuO-CBC and co-adsorption processes

ZnO-CBC adsorption (independent)

Total energy Adsorption energy Rigid adsorption energy Deformation energy AE,qs
Structures Etotal (€V) Eaqs (eV) Eyigia (eV) Edeform (€V) AN;
Structure - 1 —3366.827 —3072.698 —-1.114 —3071.584 —3072.698
Structure - 2 —2390.131 —2096.002 —0.255 —2095.747 —2096.002
Structure - 3 —1932.231 —1638.103 —2.618 —1635.485 —1638.103
Structure - 4 —332.837 —38.709 —28.355 —10.354 —38.709
Structure - 5 —327.516 —33.388 —22.959 —10.429 —33.388
Structure - 6 —325.888 —31.760 —21.170 —10.590 —31.760
Structure - 7 —323.276 —29.148 —18.478 —10.670 —29.148
Structure - 8 —321.949 —27.820 —17.269 —10.551 —27.820
Structure - 9 —320.743 —26.614 —15.925 —10.690 —26.614
Structure - 10 —318.218 —24.090 —13.385 —10.705 —24.090
Average —995.96 —701.83 —14.15 —687.68 —701.83
CuO-CBC adsorption (independent)

Total energy Adsorption energy Rigid adsorption energy Deformation energy AEyq4s
Structures Etotal (eV) Eads (ev) Erigid (eV] Edeform (CV) AN,'
Structure - 1 —252.976 —34.792 —28.634 —6.158 —34.792
Structure - 2 —248.153 —29.970 —23.801 —6.169 —29.970
Structure - 3 —245.852 —27.668 —21.387 —6.282 —27.668
Structure - 4 —243.653 —25.469 —19.155 —6.315 —25.469
Structure - 5 —242.572 —24.389 —18.125 —6.264 —24.389
Structure - 6 —240.721 —22.538 —16.185 —6.353 —22.538
Structure - 7 —238.107 —19.924 —13.553 —6.371 —19.924
Structure - 8 —237.877 —19.694 —13.342 —6.352 —19.694
Structure - 9 —236.221 —18.038 —11.668 —6.369 —18.038
Structure - 10 —235.082 —16.899 —10.517 —6.382 —16.899
Average —242.12 —23.94 —17.64 —6.3 —23.94
CuO and ZnO adsorption simulation on CBC (co-presence)

Total Adsorption Rigid adsorption Deformation (AEads> (AEads)
Structures energy (eV) energy (eV) energy (eV) energy (eV) AN; )20 AN; ) cuo
Structure - 1 —2554.922 —2042.611 —17.100 —2025.510 —2051.660 9.049
Structure - 2 —896.085 —383.774 —375.973 —7.800 —357.128 —373.991
Structure - 3 —895.823 —383.511 —376.909 —6.602 —376.803 —355.252
Structure - 4 —890.085 —377.773 —370.386 —7.387 —371.155 —354.423
Structure - 5 —889.331 —377.019 —368.627 —8.393 —355.776 —367.992
Structure - 6 —888.417 —376.105 —368.438 —7.667 —370.711 —353.024
Structure - 7 —885.162 —372.850 —364.399 —8.451 —352.472 —367.282
Structure - 8 —884.629 —372.317 —364.724 —7.593 —350.886 —369.252
Structure - 9 —883.495 —371.183 —362.934 —8.249 —356.411 —361.836
Structure - 10 —883.358 —371.046 —363.246 —7.801 —352.168 —366.487
Average —1055.1 —542.82 —333.27 —209.55 —529.52 —326.05
RSC Sustainability © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Adsorption energy (E.qgs) and total energy (Eiota) for ZnO-CBC
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urational structures ((A) adsorption energy and (B) total energy).

Fig. 10 compares the deformation and rigid adsorption
energies associated with the interaction of ZnO and CuO with
CBC, singly and in combination. The adsorption behavior of
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, CuO-CBC and [ZnO + CuOQO]-CBC complexes for 10 different config-

ZnO and CuO on CBC reveals distinct interaction mechanisms.
Overall average rigid adsorption energy shows that CuO may
bind more strongly to CBC (—17.64 eV) than ZnO (—14.15 eV),
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Fig. 10 Deformation energy (Egeform) and rigid adsorption energy (Eigia) for ZnO-CBC; CuO-CBC; and (ZnO + CuO)-CBC adsorption simu-
lations with 10 different configurational structures ((A) ZnO-CBC; (B) CuO-CBC; (C) [ZnO + CuO]-CBC).
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indicating a naturally stronger affinity without requiring struc-
tural adjustment. In contrast, ZnO exhibits a higher deforma-
tion energy upon adsorption, suggesting that its interaction is
strengthened through structural adaptation of both the CBC
surface and the ZnO itself. This can be attributed to ZnO's
shorter optimized bond length (1.561 A vs. 1.717 A for CuO),
which enables it to access smaller crevices within the CBC
structure, enhancing contact but also inducing strain.” When
adsorbed together, ZnO and CuO may exhibit additive or
synergistic effects, depending on site competition or coopera-
tive binding behavior. Overall, while CuO demonstrates
stronger rigid adsorption, ZnO's contribution to total adsorp-
tion is significant due to its higher deformation-driven inter-
action, highlighting differing but complementary adsorption
characteristics or mechanisms on CBC.

Independently, adsorption energies are consistently negative
across all 10 configurational structures for nano-ZnO and nano-
CuO. Notably, however, for the ZnO/CuO co-adsorbate simula-
tions, there was a striking difference. This is because in the co-
present nanonutrient adsorption simulation for structure #1,
the co-presence of ZnO nanonutrients actually caused extensive
structural deformation, thereby pushing CuO adsorption to an
AEqqs

AN;

endothermic process with a ( ) value of +9.049 eV,
CuO

L

AE, . . .
whereas (—ad5> remains highly exothermic at —2051.660
ZnO

(Table 3 and Fig. 11).

Additionally, as you move from configurational structure #1
to #10, both total energy and adsorption energy values become
less negative, suggesting that later configurations may have
fewer structural distortions or have weaker surface interactions
(Table 3). Furthermore, the deformation energy values are
relatively small, indicating that significant structural changes
are not required for adsorption. As shown in Fig. 12a-c, this
may imply predominantly physisorption mediated by electro-
static or van der Waals interactions.
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Fig. 11 Adsorption energy change with increasing nanonutrient %
i
(eV) for ZnO, CuO and ZnO/CuO adsorption systems for 10 different
configurational structures.
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Table 4 shows a generalized comparison of the adsorption
characteristics of the ZnO and CuO nanonutrients, indepen-
dently, and as co-adsorbates with the CBC. The adsorption
energy includes deformation energy—the energy the system
spends to distort the CBC and/or adsorbate to enable binding.
For ZnO, the very high deformation energy (e.g., —687 eV
average) indicates that the biochar structure undergoes signif-
icant structural adjustment to accommodate ZnO nano-
particles, thereby inflating the overall adsorption energy
(—701.83 €eV), but that does not reflect the actual adsorption
strength or affinity. The rigid adsorption energy isolates the true
interaction between the undistorted CBC and the adsorbate (e.g.
CuO or ZnO), without including deformation penalties. There-
fore, despite the high total system energy drop, ZnO is not
binding more strongly—it only causes greater structural
distortion, thereby incurring more energy costs for the overall
process. This may be due to ZnO preferring more inner-pore or
embedded binding modes, leading to larger structural rear-
rangements of the biochar matrix and hence the high defor-
mation energy. CuO, on the other hand, may adsorb more
readily on surface oxygenated groups (e.g., -COOH and -OH)
and the conjugated w-bonds in the aromatic rings with less
structural change, resulting in a higher net rigid adsorption
energy—which better reflects stronger adsorption affinity.

The rigid adsorption energies (Eyigiq) for ZnO-CBC systems
vary between —1.114 eV and —28.355 eV across the different
configurations whereas CuO-CBC ranged between —10.517 eV
and —28.634 eV. This shows a broader range for ZnO indicating
variability in its interaction with CBC; in contrast, CuO exhibited
a higher absolute value, suggesting a stronger interaction under
conditions requiring fewer structural distortions. This shows
that both nanomaterials can effectively interact with the CBC;
however, the mechanisms and strengths vary based on the
structural factors and surface properties. This observation
supports the findings of Suazo-Hernandez et al.®* that Zn and Cu
availability from soils treated with engineered ZnO and CuO
nanoparticles was 597.7 and 41.8 times, respectively, compared
to soils without treatments. The availability of nanonutrients in
soils is a function of the quantity desorbed from the nano-
conjugate, which also depends on two key factors: the quantity
adsorbed and the adsorption energy. However, other extrinsic
soil factors like pH, temperature, microbial activities, and cation
exchange capacity could influence the desorption process and
eventual nutrient availability for eventual plant nourishment.
Also, Wei et al. observed that both nano-ZnO and nano-CuO can
be readily adsorbed by activated granular sludge, but CuO-NPs
were more effectively adsorbed at 1.31 g g~ " against 0.53 g g '
AFqqs

i
that as more molecules are added, there is a consistent trend
toward favorable adsorption, which is crucial for understanding
how these materials might behave in practical applications such
as biofertilizers or nanonutrient delivery systems.*?

When both ZnO and CuO are adsorbed together, the overall
average adsorption energy is —542.82 eV. However, the indi-
vidual contributions of each of nano-ZnO and nano-CuO
components to the overall adsorption process in the co-

for ZnO-NPs.” The Material Studio simulated values show

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Different configurational structures for ZnO adsorption on CBC. (b) Different configurational structures for CuO adsorption on CBC.

(c) Different configurational structures for [ZnO + CuO] adsorption on CBC (co-presence).

Table 4 Comparison of ZnO-CBC and CuO-CBC adsorption complexes

Property ZnO-CBC CuO-CBC [ZnO + CuOJ]-CBC
Average adsorption energy High (—701.83 eV) largely Very low (—23.94 eV) due to Much higher than CuO and
due to deformation minimal deformation lower than ZnO (—542.82 eV)
Variation (standard deviation) High (wide range) Low (narrow range) High (wide range)
Deformation energy Higher (—687.68 eV) Minimal (—6.3 eV) High (—209.55 eV)
Rigid adsorption energy Lower (—14.15 eV) indicating Higher (—17.64 eV) indicating Extremely high (—333.27 eV)
lower adsorption affinity higher adsorption affinity indicating co-adsorption synergy
Likely binding Pores or inner surfaces Surface functional groups Pore/inner surfaces and surface
mechanism/location functional groups

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presence situation are given by and
AN / 7m0 AN J cuo

with average values of —529.52 eV and —326.05 eV, respectively.
Therefore, ZnO adsorption energy weakens in the presence of
CuO (from —701.83 eV to —529.52 eV), whereas CuO adsorption
energy strengthens significantly (from —23.94 eV to —326.05
eV). Therefore, although ZnO dominates the adsorption process
due to its structural distortions on the adsorbent, its interaction
with CBC is reduced in the presence of CuO while the latter
benefits from ZnO co-presence by showing stronger adsorption
compared to when it is alone. The data show that:

(1) ZnO has the highest adsorption energy, largely due to
deformation of CBC when adsorbed alone.

(2) CuO has lower deformation energy but shows overall
surface affinity with higher rigid adsorption energy.

(3) In adsorption simulations with ZnO and CuO as co-
adsorbates:

(a) ZnO interaction with CBC weakens (less negative adsorption
energy).

(b) CuO interaction with CBC significantly strengthens
(more negative adsorption energy).

(c) The overall adsorption energy (-542.82 eV) remains closer
to the ZnO individual contribution, indicating that ZnO still
contributes significantly to the adsorption process.

The increase in CuO adsorption energy in the presence of
ZnO suggests synergistic effects, possibly due to charge redis-
tribution or structural changes in the CBC substrate that favor
CuO adsorption in the presence of ZnO or a synergy of mech-
anisms. These computational data support experimental results
indicating that the adsorbent's (e.g. activated carbon) behaviour
was influenced by the co-presence and ratio of metal oxides
especially ZnO and CuO.*"*

Furthermore, analysis of the structures depicted by Material
Studio for each of the 10 configurational structures for the
adsorption simulations (independently and co-presently) shows
that the adsorption of the ZnO and CuO nanomaterials is
typically controlled by surface electrostatic and van der Waals
interactions, which indicates a strong physisorption process.
Notably, for structures 1 and 2 in the co-present simulation
studies, only CuO was adsorbed but for the structures from #3
to 10, both nanoparticles were adsorbed. This could be because
ZnO requires high deformation energy when binding with CBC
compared to CuO with less deformation energy.

Although the computed rigid adsorption energies for CuO
(—17.64 eV) and ZnO (—14.15 V) in this computational study
suggest strong interactions between these metal oxides and the
biochar surface, direct experimental measurements of absolute
adsorption energies are uncommon. However, related thermo-
dynamic data and experimental observations consistently show
that metal-biochar composites form stable interactions.
Particularly, calorimetric and adsorption studies often report
adsorption or binding energies for metal oxides on carbon-
based materials in the chemisorption range (typically 0.4-2.0
eV), with CuO demonstrating stronger affinity for biochar than
Zn0.*” Moreover, the enhanced interaction of Cu species with
oxygenated functional groups on biochar has been confirmed
by spectroscopic analysis and adsorption isotherms, supporting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the trend of higher computed adsorption energy for CuO.***
These findings demonstrate that, although the absolute
computational values exceed previously reported ranges due to
methodological differences, our qualitative results regarding
the higher binding strength and adsorption of CuO relative to
ZnO on biochar are consistent with available experimental
observations reported in the literature. A comparative summary
of adsorption energy values for CuO and ZnO on carbon-based
and other systems is presented in Table 5. Literature reports
generally show adsorption energies in the range of —0.4 to
—1.4 eV for single adsorbates, obtained primarily from DFT
simulations of small molecules on metal oxide surfaces, and
values below —2.0 eV in some experimental co-adsorption
studies. In contrast, the present work evaluates ZnO and CuO
nanoparticle adsorbates on a conceptualized biochar (CBC)
surface using Monte Carlo molecular dynamics simulations
(Section 2.4). The adsorption energies reported here stem from
MC/MD simulations of nanoparticle-biochar systems, which
differ fundamentally from the DFT-based molecule-oxide
studies common in the literature; combined with our metadata
survey in the introduction showing the paucity of MD applica-
tions in nanofertilizer research, this underscores both the
novelty and methodological distinction of the present work.

4. Environmental factors influencing
nanoparticle—biochar interactions in
soil systems

While computational simulations provide valuable insight into
the intrinsic adsorption behavior of nanoparticles (NPs) on bi-
ochar surfaces, real-world soil conditions introduce significant
complexity.”” Since the primary goal is to utilize the nano-
fertilizer as a delivery system for nanonutrients to support plant
growth,*®#* key environmental factors—such as soil moisture,
pH, ionic composition (e.g., CI~, NO;~, and SO,>”), organic
matter content, redox conditions, and microbial activity—play
critical roles in influencing the stability, transformation,
adsorption, and desorption of nanoparticles (e.g., ZnO and
CuO) eventually at the soil-nanofertilizer interface.®** These
factors cannot be overlooked, as they ultimately determine the
fate and bioavailability of the nanonutrients and thus their
effectiveness in nourishing plants. Here, we briefly discuss
possible impacts of these factors.

4.1 Moisture and water content

Soil moisture is a primary determinant of NP behavior as
hydration layers formed on biochar-based fertilizers can block
or alter its nutrient release pattern, limiting direct interaction
between nanonutrients from the biochar and the plant.*>**
Water also influences dissolution; for example, ZnO nano-
particles dissolve to release Zn>* more readily than CuO,
affecting mobility and bioavailability. High moisture may also
promote NP aggregation, reducing the effective surface area for
adsorption.”
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4.2 Soil pH

Soil pH regulates the surface charge of both biochar and
nanoparticles.”® At low pH, biochar's functional groups (such as
—-COOH and -OH) are protonated, diminishing their ability to
bind metal oxides or ions. Under neutral to alkaline conditions,
deprotonation increases negative surface charge, enhancing NP
adsorption.®* Also, pH determines the chemical speciation of
ZnO and CuO, altering their reactivity in the soil.

4.3 Ionic strength/composition and salinity

Anions such as ClI” and NO;  can form stable aqueous
complexes with metal ions (e.g;, ZnCl,>~ and Cu(NO;),),
increasing metal solubility but reducing adsorption efficiency
on biochar, potentially resulting in leaching.®® These ions may
also compete with nanoparticles for adsorption sites or displace
weakly bound species. High ionic strength (from Na*, Ca*>*, Cl,
etc.) compresses the electrical double layer, reducing electro-
static repulsion and potentially promoting aggregation or
adsorption of NPs onto biochar. Multivalent cations (e.g., Ca>")
can facilitate charge bridging but also compete for sorption
sites. Under reducing (anaerobic) conditions, metal ions, e.g.,
Cu**, can be transformed to less soluble forms like Cu® or
elemental Cu, altering adsorption behavior.*® Zinc is generally
less affected by redox, though redox changes can modify bi-
ochar surface chemistry and thus its sorption capacity.”

4.4 Natural organic matter (NOM), soil microbiome and
biotic interactions

Dissolved organic matter, abundant in most soils, can form
soluble complexes with metal ions or coat biochar/NP surfaces,
reducing available adsorption sites or altering surface chem-
istry.”” NOM can also stabilize NPs through steric hindrance,
decreasing their adsorption onto solid-phase biochar. Soil
microorganisms can produce organic acids and chelators (e.g.,
siderophores), affecting the mobility, speciation, and trans-
formation of NPs. Microbes can alter local pH and redox
conditions, directly = impacting  nanoparticle-biochar
interactions.*®

4.5 Implications for simulation and modeling

These environmental parameters substantially modulate
nanofertilizer adsorption, often shifting interaction mecha-
nisms from simple surface adsorption to more complex
behaviors such as aggregation, dissolution, complexation, or
microbial transformation.®* To accurately predict NN-biochar-
soil interactions, simulation models must reflect these
dynamic, heterogeneous soil conditions. While the current
study provides a literature-supported discussion of these factors
and their likely impacts, we recognize the need for deeper
mechanistic insights through direct modeling and simulation.
To this end, a separate follow-up investigation is currently
underway, which will incorporate explicit simulations of bi-
ochar-nanoparticle interactions under varying soil conditions.
This ongoing work aims to build upon the foundational find-
ings presented here.
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5. Conclusion

This computational study aimed to elucidate the molecular
foundations of adsorption interactions between conceptualized
biochar (CBC) and nanonutrients, specifically ZnO and CuO. By
analyzing CBC's properties such as heat of formation, electronic
energy, total energy, HOMO-LUMO energy gap, UV-Vis spectral
analysis and COSMO sigma profile, we established a compre-
hensive understanding of its structural stability and potential as
an adsorbent. The structure was optimized with VAMP and
DMol® modules using Material Studio Suite software.

The adsorption simulations revealed that both ZnO and CuO
exhibit energetically favourable interactions with the CBC.
Notably, ZnO displayed higher deformation energy compared to
CuO, leading to more negative adsorption energies (E,qs). This
difference suggests that ZnO might require more structural
adjustments for adsorption with CBC under certain conditions.

Co-adsorption simulations involving both nanonutrients
showed significantly more negative average values for total
energy (Er) and rigid adsorption energy (Eygiq), indicating
enhanced stability when both are co-present. However, ZnO
required more energy for the adsorption process due to higher
structural deformation energies (Eqeform)- This was reflected in

FEads

average values of —701.83 eV as a lone adsorbate and

l
—529.52 eV with CuO co-presence. In summary, CuO demon-

strates stronger adsorption on CBC when adsorbed individually
compared to ZnO (—17.64 vs. 14.15 eV); however, the presence
of ZnO appears to enhance CuO adsorption further, likely due to
stabilizing interactions between ZnO and CuO on the biochar
surface. Overall adsorption energy in the co-presence scenario
aligns with experimental studies showing adsorption in a mixed
system shows a synergistic modulation.*®

The configurational structures from our simulations suggest
strong physisorption as the preferred mechanism over chemi-
sorption for these systems. Physisorption typically involves
intermolecular forces such as electrostatic attractions, van der
Waals forces, and hydrogen bonding. Compared to chemi-
sorption, it is usually reversible, and this can be beneficial for
applications requiring controlled release or desorption
processes.

Taken together, this study contributes valuable insights into
how different metal oxides interact at the molecular level with
biochar surfaces - a crucial aspect in designing sustainable
agricultural practices that integrate nanotechnology with
organic amendments in biogenic fertilizers and other applica-
tions. Our findings have significant implications for designing
efficient nano-biofertilizers and other applications that leverage
biochar-nanoparticle interactions. The use of biochar as an
adsorbent has implications for nutrient retention in soil by
reducing leaching while providing a slow release mechanism
beneficial for plant growth. This approach aligns with several
sustainable development goals, particularly SDG 1 (No Poverty)
through circular economy within the community, SDG 2 (Zero
Hunger) by enhancing food security through improved crop
yields and sustainable agricultural practices, and SDG 12
(Responsible Consumption and Production) by promoting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environmentally friendly fertilizer systems. Additionally, it
supports SDG 13 (Climate Action) through carbon sequestration
properties inherent to biochar.

Overall, the study demonstrates a novel application of
molecular dynamics to nanoparticle-biochar interactions,
addressing a clear gap in nanofertilizer design research.
Undoubtedly, the foundational knowledge, which has been
provided in this work, is necessary for optimizing biochar-
based, nano-enabled fertilizers with nanonutrients such as
ZnO and CuO. Future studies, however, would focus on exper-
imental validation of these computational results alongside
investigations into the environmental factors influencing these
interactions under real-world conditions.
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