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A novel nanocomposite, diethylenetriamine functionalised zinc oxide-apricot stone shell (ZnO@Ap/DETA),
has been synthesised for the efficient sequestration of 2,4-dichlorophenoxyacetic acid (2,4-D). The
capacity and removal efficiency were evaluated using an artificial neural network (ANN). The
characterisation of ZnO@Ap/DETA was performed to determine its physicochemical properties through
various instrumental techniques. The nanocomposite displayed a more uniform mesoporous structure,
having pores with an average size of 34.065 nm and a significantly enhanced surface area of 26.56 m?
g~ approximately 13 times greater than that of the pristine apricot stone (AP) shells (2.076 m? g™?).
ZnO@Ap/DETA was utilised to adsorb 2,4-D from synthetic wastewater at pH 3, 50 mg adsorbent dose
and 30 mg L7 initial 2,4-D concentration, and a real wastewater sample at 18.5 mg L' 2,4-D
concentration and 50 mg adsorbent dose, achieving performance efficiencies of 98.6% and 85.41%,
respectively, after a 90-minute agitation period at 25 °C. The data on adsorption were consistent with
the pseudo-second-order kinetic model and Langmuir isotherm, and thermodynamic investigations
suggested that the process was spontaneous, favourable, and exothermic, as evidenced by a AH® value
of —92.85 KJ mol™. To optimise the adsorption process, an ANN model was developed, comprising five
input parameters, two hidden layers, and two output parameters. The developed model successfully
predicted 2,4-D removal efficiency with a mean absolute error (MAE) of 0.2952, a mean squared error
(MSE) of 0.4227, and a high R®> of 0.9991. These results highlight the potential of ZnO@ApP/DETA for
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1 Introduction

The escalating utilisation of pesticides presents a huge danger
to water quality because of the potential contamination from
these substances. Such compounds can lead to detrimental
environmental effects. 2,4-Dichlorophenoxyacetic acid (2,4-D)
represents one among the most popularly utilised herbicides
globally, employed for the management of both terrestrial and
aquatic weed species.! Its extensive distribution has led to the
detection of 2,4-D in significant waterways across urban areas in
the United States® and, for the first time, Horn and colleagues?®
determined levels of 2,4-D in bodies of water in South Africa in
amounts that even surpassed the drinking water standards in
Europe. The prevalence of this chemical was widespread; 74%
of examined soil samples in South Africa attested to the pres-
ence of the chemical.* Its application in both water and land
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environmental remediation and for wastewater treatment.

farming procedures causes concern about whether 2,4-D
pollutes water bodies or not, putting the already existing species
and communities that depend on the source of water to sustain
their survival at risk. The primary pathways through which this
herbicide contaminates surface water include the disposal of
wastewater from manufacturing facilities, accidental spills
during transport, runoff, and leaching from agricultural and
grassland regions. Notably, the concentration of 2,4-D in water
bodies tends to peak during the crop cultivation season,
a period characterised by heightened application rates.> Re-
ported concentrations of 2,4-D in aquatic environments have
reached levels between 359 pg L™ " and 636 ug L™ ", significantly
exceeding the lethal dose thresholds established for various
aquatic organisms.*” In proximity to agricultural fields,
concentrations can soar to as high as 4 mg L™, far surpassing
the WHO's permissible limit of 0.02 mg L ™" for drinking water.?
As a toxic pollutant, 2,4-D exhibits poor biodegradability.® The
contamination of groundwater has emerged as a significant
concern, adversely affecting the quality of drinking water
worldwide. When living organisms are exposed to 2,4-D, it can
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cause significant ecological repercussions, including mortality
rates among both plant and fish populations, contamination of
potable water sources, and bioaccumulation within various
ecosystems. The presence of 2,4-D in aquatic environments
presents substantial health hazards for both people and
animals because of its poisonous and mutagenic qualities. This
exposure correlates with a range of health complications,
including congenital anomalies, respiratory disorders, renal
diseases, and disturbances in urinary and endocrine func-
tioning.” This issue poses a substantial challenge to achieving
the sixth sustainable development target, which aspires to
ensure that everyone has access to clean water and sanitary
facilities by 2030. As a result, it is important to implement
effective wastewater treatment processes to comply with estab-
lished safety regulations prior to discharge into aquatic
ecosystems.

Methods that include nanofiltration, photocatalysis,
electrocoagulation, photo-Fenton processes, biological treat-
ments, ultrasound application, sedimentation, and adsorption
have been extensively acknowledged for their efficacy in the
remediation of contaminated water containing pesticides."*’
Among these methods of water treatment, adsorption stands
out because of its significant advantages such as minimal
energy usage, selectivity, and accessibility to a wide array of
adsorbents, which enables effective treatment while minimis-
ing harmful by-products.™ It is a budget-friendly technique.
Activated carbon (AC), which is widely available, has been
successful in eliminating numerous contaminants from water,
thanks to its adsorption capabilities.'> Nevertheless, the high
expense associated with AC limits its feasibility for large-scale
industrial use, prompting the investigation of more econom-
ical, renewable, and efficient alternative adsorbents for water
and wastewater treatment.”® This leads to an ongoing effort
which exists to identify more affordable adsorbents.

The removal of 2,4-D from water-based solutions has been
successfully accomplished by utilising a range of agricultural
by-products and natural substances, including Balanites aegyp-
tiaca seed shell," fly ash zeolites,” chest nutshell,* rice husk,*
orange peel, millet waste, apple shell, banana peel,'® wheat
straw,” raw peach and apricot shell," coffee wastes,” cotton
plant ash, corncob biochar,* watermelon peel hydrochar®* and
groundnut shell.*?

Apricot, classified within the Rosaceae family, is predomi-
nantly cultivated across the regions of Africa, Asia, and Europe.
During the processing of apricot seeds, a significant quantity of
shells is generated, which are typically discarded as agricultural
waste or utilised as a supplement to enhance soil fertility.>* The
by-products of apricot have been recognised as a cost-effective
adsorbents for sequestering dyes, pesticides, and heavy
metals.'®**** However, the potential of apricot stone shells for
sequestering 2,4-D herbicide remains inadequately investi-
gated. The application of unmodified adsorbents frequently
results in below-average performance, attributed to restrictions
in the capacity and efficiency of adsorption. This limitation is
corroborated by findings in prior research.™

Apricot shell alone tends to adsorb a broad spectrum of
contaminants non-specifically, and repeated usage may lead to
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structural degradation.”**” In contrast, ZnO nanoparticles alone
demonstrate considerable adsorption capabilities, but their
tendency to agglomerate reduces their effective surface area.
The recovery of pure ZnO after adsorption poses challenges,
while apricot shells may face issues related to pore blockage.
The incorporation of ZnO nanoparticles enhances the structural
integrity of the apricot shell matrix, thereby improving its
mechanical stability and reusability. Furthermore, the presence
of ZnO promotes selective adsorption mechanisms that target
specific pollutants, such as 2,4-D. The dispersion of ZnO within
the apricot shell matrix reduces aggregation, thus increasing
surface accessibility for adsorption. This composite structure
allows for more efficient regeneration through washing or
thermal treatment methods, thereby preserving performance
integrity. Unlike the individual components of a pristine apricot
shell or ZnO, the composite would demonstrate stability across
multiple adsorption-desorption cycles.”® The modification of
the ZnO@Ap composite with DETA introduces additional active
sites (amine groups), which enhances the interaction capabil-
ities between the adsorbent and the target pollutants. This
composite synergistically combines the high surface area and
porosity of apricot shell with the reactive sites provided by ZnO
and DETA, resulting in superior adsorption efficiency for
herbicides compared to the individual components.***° The
composite would effectively optimise the strengths of its
constituents, leading to improved contaminant removal effi-
ciency and a reduction in the overall costs associated with
wastewater treatment compared to more expensive
adsorbents.*

The increasing global emphasis on environmental protec-
tion, coupled with advancements in pollution control technol-
ogies, has led to stricter regulatory standards for pollutant
discharge. In order to ensure compliance with these regula-
tions, it is essential to explore and optimise innovative opera-
tional and design approaches for wastewater treatment.'* A
critical aspect of this optimisation involves the accurate
modelling of adsorption processes, which provides valuable
insights into system performance, process control, and long-
term monitoring strategies. Among various modelling tech-
niques, artificial neural networks (ANNs) have emerged as an
effective instrument due to their ability to analyse complex
adsorption data and identify non-linear relationships between
variables. Unlike conventional models, ANNs are data-driven
and do not require predefined assumptions about underlying
adsorption mechanisms, making them highly adaptable to
dynamic environmental conditions.*

Previous studies have successfully employed ANNs to predict
adsorption efficiencies in various systems, including copper(u)
removal using pumice,® basic yellow dye decolourisation via
electrocoagulation,* Congo red dye elimination using cetyltri-
methylammonium bromide-modified magnetic apricot shells,*
and lead(u) extraction with rice husk.*® The ANN model has
been used for Pb*>" removal with Prosopis juliflora-based adsor-
bents.*® Despite these advancements in the past few years, no
findings have yet explored the application of ANNs for model-
ling the adsorption capacity of 2,4-D using
diethylenetriamine-functionalised oxide-apricot shell

removal
zinc
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nanocomposites. In a bid to address this research gap, the
present study focuses on synthesising a novel, environmentally
benign  adsorbent composed of diethylenetriamine-
functionalised zinc oxide supported on apricot shell
(ZnO@Ap/DETA). This composite was designed to enhance 2,4-
D adsorption through an expanded surface area as well as
improved active sites. The adsorption performance was
systematically evaluated by optimising key operational param-
eters, including the pH of the solution, the dosage of the
adsorbent, the duration of contact, and the initial concentration
of 2,4-D. Furthermore, the study investigated the kinetics and
thermodynamics of adsorption which clarify the fundamental
principles involved while also assessing the reusability of the
composite over multiple adsorption-desorption cycles. The
adsorption efficiency and capacity were modelled using Python-
based artificial neural networks to enhance predictive accuracy.
Finally, the practical applicability of the ZnO@Ap/DETA
composite was tested using real wastewater samples spiked
with 2,4-D, providing insights into its potential for large-scale
implementation.

2 Materials and methods
2.1 Materials

High-quality analytical reagents were obtained from Sigma-
Aldrich and Sisco Research Laboratories Pvt. Ltd for use in
this study. The chemicals included sodium hydroxide (NaOH)
with a purity greater than 98%, Zn(NOs),-6H,0 (zinc nitrate
hexahydrate) at 99% purity, diethylenetriamine (DETA) with
99% purity, and 2,4-D at 97% purity. AP shells were sourced
from the Johannesburg Fresh Produce Market in City Deep,
South Africa. After collection, the shells were dried at 105 °C for
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24 h, ground into particles sized between 10 and 75 um, and
preserved for future use in the composite synthesis.

2.2 Synthesis of ZnO@Ap nanocomposite

The ZnO@Ap nanocomposite was prepared by a hydrothermal
method, in which 8.0 g of Zn(NO;),-6H,0 was dissolved in
500 ml of deionised water and homogenised by stirring for 10
minutes. Then, 10 g of the Ap powder was incorporated into the
solution under continuous agitation for 50 minutes. This was
followed by pH adjustment to 9.5 using 0.1 M aqueous NaOH.
This was stirred for another 60 minutes, then heated to 180 °C
for six hours in an autoclave. Deionised water and ethanol were
used to rinse the cooled resulting product, which was then
centrifuged and dried for 24 hours at 60 °C. The nanocomposite
was then calcined at 200 °C for 4 hours under an air atmosphere
for mild post-curing in order to aid solvent removal and puri-
fication as well as surface stabilisation and enhancement of
oxygen-containing functional groups, without disrupting the
structural integrity of the ZnO@Ap composite. The schematic
diagram of ZnO@Ap nanocomposite preparation is shown in
Scheme 1.

2.3 Modification of ZnO@Ap nanocomposites with DETA

The DETA solution was formed by putting 2 ml of 99% in 100 ml
of ethanol. Then, 5.0 g of the ZnO@Ap was introduced to this
solution and agitated for six hours at 60 °C. These conditions
were chosen based on preliminary optimisation and chemical
considerations to provide a balance between the efficiency of
functionalisation, pore structure preservation, and adsorption
efficiency. The modified adsorbent was allowed to cool down to
room temperature, washed with ethanol and dried at 60 °C for
24 hours. The modified nanocomposite was stored for

Apricot
Zn(NO,),.6H,0 P
S stone shells
E . 0.1 M NaOll
| d )
——— —— —_—
Stirring for Stirring for ! Stirring for
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| — —— — |
(@ O (@ @
COOH
A
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Scheme 1 Representation of the fabrication of ZnO@Ap nanocomposite using the hydrothermal process.
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Scheme 2 The schematic illustration of modified ZNO@Ap/DETA nanocomposite.

characterisation and application. The schematic diagram of the
modified ZnO@Ap/DETA nanocomposite is found in Scheme 2.

2.4 Characterisation of ZnO@Ap/DETA nanocomposites

The ZnO@Ap/DETA nanocomposite was analysed using
multiple advanced characterisation techniques. Both the
untreated AP and the prepared ZnO@Ap/DETA were evaluated.
Brunauer-Emmett-Teller (BET) adsorption/desorption
isotherm analysis was carried out on a ASAP-2020 (micro-
meritics) equipped with TriStar II Plus 3.00, 456. The specific
surface area was determined using nitrogen at —196 + 1 °C.
Degassing was done at 170 °C for 5 hours. The Barrett-Joyner—
Halenda (BJH) method was employed for the pore size analysis
from the nitrogen desorption isotherm. The scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) analyses were carried out for the surface imaging and
elemental composition of the nanocomposite using standard
procedures for sample preparation. Double-sided tape was used
to adhere the dry samples onto carbon stubs. Using carbon
thread evaporation under vacuum, the sample surface was
coated with a thin, even layer of carbon. The Vega3 Tescan was
then used to analyse this for SEM imaging and elemental
composition. Fourier-transform infrared (FTIR) spectroscopic
analysis was done using a PerkinElmer Spectrum 100 spectro-
photometer to identify the surface functional groups of the
prepared adsorbent. A 250 mg of 1% samples were prepared for
analysis using the KBr pellet method. The spectra were recorded
at a spectral resolution of 4 cm ™" in the range of 4000-400 cm ™.
The crystallinity of the synthesised ZnO@Ap/DETA nano-
composite was assessed by powder X-ray diffraction (XRD,
Rigaku Ultima IV, Japan) with a diffractometer equipped with
Cu Ka radiation (k = 0.15406) and a K-beta filter at 30 mA and 40
kv. These techniques confirmed the triumphant formation of
ZnO®@APp/DETA and assessed its possible adsorption properties.
The surface charge properties of ZnO@Ap/DETA were looked
into across the pH of 1-11 using zeta potential measurements.
The zeta potentials of the nanocomposites were measured using
a Malvern Zetasizer nano-Z analyser with a folded capillary cell.

14202 | RSC Adv, 2026, 16, 14199-14215

The nanocomposite was dispersed in deionised water, and the
pH was adjusted with 0.1 M NaOH or HCI solutions. This was
sonicated and analysed at 25 °C with 5 runs and 200 s
equilibration.

2.5 Removal of 2,4-D by adsorption

The adsorption efficiency of the ZnO@Ap/DETA nanocomposite
for 2,4-D sequestration was examined through batch adsorption
experiments. Key parameters, including initial 2,4-D concen-
tration (10-150 mg L"), agitation time (2-180 min), adsorbent
dosage (5-200 mg), temperature (25-45 °C), and pH,"™ were
systematically studied. The experiments were conducted in
a shaker with water at 180 rpm. Following adsorption, the
remaining 2,4-D concentration was measured using a UV
spectrophotometer (Agilent Cary 60, version 2.0) at 280 nm. The
removal efficiency (%) was calculated using eqn (1):

(Co —C) n! n!

. 100 i —=rrli(n—r) M

% Removal =

where C, and C. denote the initial and equilibrium 2,4-D
concentrations (mg L"), respectively.

Equilibrium isotherm investigations were carried out in
order to comprehend the adsorption mechanism using the
Langmuir, the Freundlich, and the Temkin models. The
isotherm experiments were conducted separately at 25 °C, 35 °
C, and 45 °C using 5-200 mg L™ " initial 2,4-D concentrations at
pH 3, 50 mg adsorbent dosage and 180 rpm speed for 90
minutes. These models helped assess the adsorbent's capacity,
surface heterogeneity, and interaction energy. The adsorption
capacity was determined using eqn (2). The nanocomposite was
then tested on real wastewater samples spiked with 2,4-D to
evaluate its practical applicability.

go= GG @)

where g. is the adsorption capacity, V is the volume of the
reaction solution, M is the mass of the adsorbent used, while C,,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and C, are the initial and equilibrium concentrations of 2,4-D,
respectively.

2.6 Optimisation of artificial neural network (ANN) for
adsorption modelling

Several ANN network designs were assessed in order to create
a precise prediction model for 2,4-D adsorption. The study
utilised Python-based machine learning frameworks (Python
v3.11.12), including Scikit-learn's MLPRegressor and Tensor-
Flow (v2.18.0), with experimental adsorption data as inputs. Key
input parameters included agitation time, temperature, adsor-
bent dosage, pH, and initial 2,4-D concentration, while the
outputs predicted both removal efficiency (%) and adsorption
capacity (g.). Eighty per cent of the dataset was used for
training, while twenty per cent was used for testing. A feed-
forward neural network architecture was implemented with
five input nodes, two hidden layers (initially configured with
100 neurons each), and two output nodes. Comprehensive
hyperparameter optimisation was performed through grid
search, evaluating the network architectures with hidden layer
configurations ranging from,> to (100 100) neurons; activation
functions Tanh, ReLU, and sigmoid; optimisation algorithms L-
BFGS, Adam, and SGD; regularisation parameters, alpha values
of 0.0001, 0.001, and 0.01; and both adaptive and constant
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learning rate schemes approaches. The MLPRegressor was
configured with a maximum of 100 iterations, a fixed random
state (seed = 42) for reproducibility, and k-fold cross-validation
carried out with a fraction of 0.1. After systematic evaluation,
the optimal model was selected based on performance indica-
tors, such as coefficient of determination (R*), mean squared
error (MSE), and mean absolute error (MAE).>**® The finalised
model was then employed to predict adsorption behaviour, with
predictions validated against experimental results through
error percentage analysis (eqn (3)). This rigorous optimisation
process ensured the development of a robust ANN model
capable of accurately simulating the adsorption dynamics of
2,4-D removal.

Experimental value — Predicted value
Experimental value

x 100% (3)

Percentage error =

3 Results and discussions

3.1 Characterisation of ZnO@Ap/DETA nanocomposites

3.1.1 Morphology of ZnO@Ap/DETA. The morphology of
the ZnO@Ap/DETA nanocomposite was thoroughly investigated
using SEM and EDS. The findings are illustrated in Fig. 1(a)-(f).

University of Johannesburg

University of Johannesburg

[Substrate (8) 6.74kx -

Spectrum 1

Counts per second

0.000

Energy in ke

Fig. 1 SEM images of: (a) pristine Ap, (b) ZNO@Ap/DETA before adsorption, (c) ZnO@Ap/DETA after adsorption, (d) EDS analysis of ZnO@Ap/
DETA before adsorption, and (e) EDS analysis of ZnO@Ap/DETA after adsorption.
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RSC Adv, 2026, 16, 14199-14215 | 14203


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00502k

Open Access Article. Published on 16 March 2026. Downloaded on 4/7/2026 10:38:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

At a magnification of 20 um, Fig. 1(a) depicts the pristine apricot
(AP) exhibiting large, flower-like sheet particles characterised by
uneven pore distribution. In contrast, the SEM analysis of the
ZnO@Ap/DETA nanocomposite (Fig. 1(b)) reveals clusters of
smaller particles with a relatively uniform size distribution
dispersed across the thick surfaces of the AP sheets. The SEM
result of the exhausted adsorbent, presented in Fig. 1(c), indi-
cates that some of the pores previously identified in ZnO@Ap/
DETA have been occupied, implying the adherence of the
pesticide 2,4-D to the surface of the ZnO@Ap/DETA.

Furthermore, the elemental composition of the ZnO@Ap/
DETA nanocomposite, both prior to and following adsorption,
was analysed via EDS, as depicted in Fig. 1(d) and (e). The
presence of zinc (Zn) and nitrogen (N) was confirmed in the EDS
spectrum of the ZnO@Ap/DETA nanocomposite, which was not
detected in the raw AP, thereby validating the successful
synthesis of ZnO using apricot shells and its subsequent
modification with DETA. Also, the EDS analysis of the spent
composite, shown in Fig. 1(e), indicated the existence of chlo-
rine (Cl), demonstrating the effective removal of the pesticide
2,4-D by the composite.

Fig. 2 illustrates that the TEM image of the ZnO@Ap/DETA
nanocomposite displays clusters of AP with dark hexagonal
ZnO particles on the surface, further confirming the successful
synthesis of the nanocomposite.

3.1.2 FTIR analysis of raw AP, ZnO@Ap/DETA before and
after adsorption. The functional groups present in raw AP, as
well as ZnO@Ap/DETA nanocomposite before and after
adsorption, characterised using Fourier-transform
infrared (FTIR) spectroscopy. The distinct spectra are stated in
Fig. 3(a). Broad bands observed at 3444 cm™', 3466 cm *,
3542 cm™ ', and 3399 em ™' in both the pristine and modified
materials are allotted to —OH stretching from lignocellulosic
components of the Ap shells, interlayer water molecules, and
the -NH stretching vibrations from DETA, consistent with

previous reports.”’ Also, peaks appearing at 2063 cm ',

were
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2076 cm™ ', and 2082 cm ™' across all samples are assigned to
C-H stretching vibrations typical of alkyne groups. The
absorption bands located at 1638 cm™', 1633 c¢cm ', and
1637 em ™" are ascribed to the stretching vibrations of carbonyl
groups (C=0), indicative of ketones, aldehydes, or esters, as
reported by.**** The C-H bending vibrations in cellulose is
shown by the band at 1384 cm '.** The bands observed at
1124 em™', 1112 ecm ' and 1111 cm™! in the raw AP, the
nanocomposite and the spent adsorbent, respectively, are
ascribed to C-O-C stretching vibrations in cellulose and
hemicellulose, while the band at 604 cm ™" is assigned to C-H
out-of-plane bending vibrations.** In the FTIR spectra of the raw
Ap, characteristic peaks were detected at 2938 cm ™', 1738 cm™*,
1507 cm ™%, 1464 cm ™%, 1330 em ™%, 1251 em ™Y, 1046 cm ™, and
897 cm™'. These bands are assigned to -CH,- methylene
groups, C=O0 stretching from hemicellulose, C-C aromatic
stretching, C-H deformation in lignin, C-O stretching in
syringyl derivatives, asymmetric C-C-O aromatic stretching,
C-0 vibrations, and -CH deformations in cellulose and hemi-
cellulose.**** However, these characteristic peaks of the raw AP
material were notably absent in the spectra of the ZnO@Ap/
DETA composite, suggesting successful surface modification.
Furthermore, the appearance of new peaks at 1399 cm™ ' and
657 cm ' in the composite was observed. The band at
1399 cm ' is attributed to C-N stretching or CH, bending, while
the peak at 657 cm ' is assigned to Zn-O bond vibrations,
confirming the incorporation of ZnO nanoparticles into the Ap
and subsequent modification with DETA, consistent with
previous findings on ZnO-loaded adsorbents.**

3.1.3 BET analysis. Nitrogen adsorption-desorption
isotherms, using the BET method, were used to determine the
surface area, pore volume, and pore size distribution of raw AP
and the ZnO@Ap/DETA nanocomposite. The results displayed
in Fig. 3(b) revealed significant structural differences between
the two materials. AP exhibited a surface area of 2.0764 m> g™,
while ZnO@Ap/DETA showed a substantially higher value of

Fig. 2 TEM image of the ZnO@Ap/DETA nanocomposite.
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Fig. 3
ZnO@Ap/DETA nanocomposite by BET.

26.5622 m” g~ ', an approximately 13-fold increase. The pore
volume increased from 0.172 029 cm® g~ (AP) to 0.226 217 cm’®
g ! (ZnO@Ap/DETA), indicating enhanced porosity. AP had an
average pore width of 331.3939 nm, whereas ZnO@Ap/DETA
displayed a smaller but more uniform mesoporous structure
with a pore size of 34.0659 nm. The ZnO@Ap/DETA nano-
composite demonstrated a mesoporous nature, with pore size
ranging between 2 nm and 50 nm, which is favourable for
adsorption applications. The significantly higher surface area
and improved porosity suggest that the nanocomposite has
superior adsorption capacity compared to the untreated AP
material.**

3.1.4 XRD characterisation. The X-ray diffraction (XRD)
patterns of the raw AP material, the ZnO@Ap/DETA nano-
composite, and the spent nanocomposite after adsorption are
illustrated in Fig. 4(a). The raw AP exhibited broad diffraction
peaks at 26 values of 16.12°, 21.27°, and 34.60°, which are
indicative of its non-crystalline, amorphous nature. These
peaks are typically associated with the crystallographic planes

jms Spent ZnO@Ap/DETA
s 7O @ApP/DETA
= Pristine Ap

(@)

Intensity (a.u.)

2 theta (degree)

Fig. 4
point of zero charge of ZnO@Ap/DETA.
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(@) FTIR analysis of pristine Ap and ZnO@Ap/DETA before and after adsorption; (b) adsorption—desorption isotherm of pristine Ap and

related to cellulose I, disordered carbon structures, and amor-
phous carbon layers, as previously reported.**>*¢ In contrast,
the ZnO@Ap/DETA nanocomposite displayed well-defined
diffraction peaks at 26 values of 31.63°, 34.28°, 36.11°, 47.39°,
56.49°, 62.76°, 66.31°, 67.86°, 68.96°, 72.43°, and 76.87°. These
peaks were indexed to the hexagonal wurtzite phase of ZnO,
corresponding to the (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) crystallographic planes, respec-
tively, according to the International Centre for Diffraction Data
(ICDD) card number 04-008-8199. The presence of these char-
acteristic peaks confirms the successful incorporation of ZnO
nanoparticles into the Ap/DETA.*” Weak and broad peaks
observed at 26 values of 16.10° and 21.76° were assigned to the
(110) and (002) planes of graphitic carbon structures, aligning
with findings by.*® These features further substantiate the
successful synthesis of the ZnO@Ap/DETA composite. The
diffraction pattern of the spent nanocomposite, recorded after
the adsorption experiments, remained essentially unchanged
compared to the fresh nanocomposite. This observation

20
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o
-
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(a) The XRD pattern of pristine AP, and ZnO@Ap/DETA before and after adsorption; and (b) zeta potential analysis to determine the pH
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demonstrates the structural integrity and stability of the
ZnO@Ap/DETA material during the adsorption process, high-
lighting its potential durability for practical environmental
applications.

3.2 Adsorption of 2,4-D

3.2.1 Contact time study on adsorption performance. The
adsorption kinetics of 2,4-D onto the ZnO@Ap/DETA nano-
composite were investigated by varying the contact time from 2
to 180 minutes under optimised conditions (25 °C, 180 rpm, pH
3, 50 mg adsorbent dose in 50 ml of 30 mg L~ " 2,4-D solution).
As shown in Fig. 5(a), the removal efficiency exhibited rapid
initial adsorption, followed by gradual attainment of equilib-
rium. Initially, 83.33% removal occurred within the first 30
minutes, while maximum removal efficiency (98.67%) was
achieved after 90 minutes. Prolonged contact beyond 90
minutes showed no significant improvement, indicating
complete occupation of available active sites. The kinetic profile
demonstrates strong initial affinity between 2,4-D molecules
and nanocomposite surface sites, progressive saturation of
adsorption sites over time and efficient 2,4-D removal within
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a practical timeframe. This time-dependent behaviour is char-
acteristic of porous adsorbents, where rapid surface adsorption
precedes slower intraparticle diffusion processes. The results
confirm the nanocomposite's effectiveness for rapid water
treatment applications.

3.2.2 Effect of pH on adsorption efficiency. The pH of the
solution plays a critical role in influencing the surface charge of
ZnO@Ap/DETA, the ionisation state of 2,4-D molecules, and
consequently, the adsorption capacity and efficiency of 2,4-D
removal from aqueous media. Variations in pH alter the degree
of protonation of the functional groups present on the adsor-
bent surface. At lower pH values, the surface functional groups
of ZnO@Ap/DETA tend to become more protonated, enhancing
their interaction with negatively charged species.* To examine
this effect, the adsorption of 2,4-D was investigated across a pH
range of 1-11 under controlled conditions, including a temper-
ature of 25 °C, an adsorbent dosage of 50 mg, a shaking speed of
180 rpm, a contact time of 90 minutes, and an initial 2,4-D
concentration of 30 mg L' The results, as illustrated in
Fig. 5(b), demonstrated a removal efficiency of 90 to 98% in
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Fig.5 Effect of (a) contact time at 25 °C, pH 3, 30 mg L~ and 50 mg dosage; (b) pH at 25 °C, 30 mg L™, 50 mg dosage and 90 min; (c) dosage at
25°C, pH 3, 30 mg L and 90 min; (d) initial 2,4-D concentration at 25 °C, pH 3, 50 mg dosage and 90 min.
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highly acidic conditions (pH 1-3), which gradually declined to
65% as the pH increased to alkaline levels (pH 5-11).

The point of zero charge (pHy,.) of the adsorbent, deter-
mined through zeta potential measurements (Fig. 4(b)), was
found to be 4.1. Below this pHy,., the adsorbent surface carries
a positive charge, facilitating electrostatic attraction with the
anionic functional groups (-COO~ and -OH) of the partly ion-
ised 2,4-D, thereby enhancing adsorption efficiency. Conversely,
at pH levels exceeding the pHp,,, the surface becomes negatively
charged, leading to electrostatic repulsion between the adsor-
bent and the ionised 2,4-D anions. 2,4-D is a weak acid that
contains a carboxylic acid functional group, and its ionisation
process depends on the pH of the environment medium. Above
pH 4, most 2,4-D molecules are deprotonated, existing in the
2,4-D anion or the conjugate base. This is the result of the fact
that the pKa of 2,4-D is about 2.7," that is, above this pH the
equilibrium lies in an ionised state. When the pH becomes
more than 4, the surface of the adsorbent is negative and at the
same time, the percentage of 2,4-D that has been deprotonated
goes up hugely in level. The deprotonated form of 2,4-D is
negatively charged, and this leads to electrostatic repulsion with
the surface of the adsorbent,* thereby impacting adsorption
efficiency. Resulting in reduced adsorption. Additionally, in

(@

T T
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12 T T T T T

Int
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alkaline conditions, excess hydroxide ions (OH ) compete with
2,4-D for adsorption sites, further diminishing removal effi-
ciency." The high removal efficiency observed in acidic media
can be attributed to strong electrostatic interactions between
2,4-D and ZnO@Ap/DETA, supplemented by van der Waals
forces between the pesticide molecules and the di-
ethylenetriamine (DETA) functional groups. Similar adsorption
trends have been reported in previous studies,* reinforcing the
observed pH-dependent behaviour in 2,4-D removal.

3.2.3 Dosage study on removal efficiency. The adsorption
performance of ZnO@Ap/DETA nanocomposite was evaluated
by varying the adsorbent dosage from 10 to 150 mg while
maintaining constant conditions of pH 3, 25 °C, 180 rpm
agitation, 90 min contact time, and 30 mg L' initial 2,4-D
concentration in 50 mL solution. As illustrated in Fig. 5(c), the
removal efficiency exhibited a dose-dependent response in
which increasing the dosage from 10 mg to 50 mg enhanced
removal efficiency from 62.3% to 98.7%. Further dosage
increases beyond 50 mg showed negligible improvement in
removal percentage. The observed trend reflects that there was
greater availability of active adsorption sites at higher dosages,
complete utilisation of binding sites at optimal dosage (50 mg),
and possible aggregation effects at excessive dosages. This

t/q, (min g mg™)

0 50
Time (min)

100 150

(d)

324

12 T T T T T T T
2 4 6 8 10 12 14

t 12 (mm l/l)

Fig. 6 Plots of the study of the (a) pseudo-first order kinetics, (b) pseudo-second order kinetic, (c) elovich kinetic, and (d) intraparticle diffusion

kinetic models of the adsorption process.
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shows that while higher dosages initially improved removal
through increased surface area, there exists a threshold beyond
which additional adsorbent provides no significant impact on
removal efficiency.

3.2.4 Initial concentration and temperature study on
adsorption performance. The adsorption behaviour of 2,4-D on
ZnO@Ap/DETA nanocomposite was systematically studied
across different initial concentrations (5-200 mg L") and
temperatures (298-318 K). The experimental results (Fig. 5(d))
revealed that the adsorption capacity reached up to 70.3 mg g~ *
as the initial concentration was gradually increased from
5 mg L' to 200 mg L' at 298 K. However, the percentage
removal efficiency decreased at higher concentrations due to
rapid saturation of available active sites, increased competition
among 2,4-D molecules and the limited availability of binding
sites at elevated concentrations. An inverse relationship
between temperature and adsorption performance was
observed at 30 mg L™ " 2,4-D as the removal efficiency decreased
from 98.6% at 298 K to 87.7% at 318 K. Similarly, the adsorption
capacity declined from 70.3 mg g~ " to 59.7 mg g ' as the
temperature of the reaction system was increased from 298 K to
318 K. These findings demonstrate that optimal 2,4-D removal
occurs at lower temperatures and moderate concentrations,
consistent with exothermic -dominated mechanisms reported
in literature.**** The temperature sensitivity indicates the
importance of thermal conditions in practical applications of
this adsorbent system.

3.3 Kinetic analysis of 2,4-D adsorption

The adsorption mechanism of 2,4-D onto ZnO@Ap/DETA
nanocomposite was investigated using four kinetic models®~:

In(¢e — ¢,) = Ing. — Kyt (PFO) (4)
t ot 1
E = a + Kaql? (PSO) (5)
0, = K& + C(IPD) ©)
1 1 .
0 = Eln(aﬁ) + Eln t(Elovich) (7)

where: PFO represents pseudo-first-order; PSO is pseudo-
second-order; IPD is intra-particle diffusion; ¢. and g are the
adsorption capacities (mg g~ ') at equilibrium and at time ¢,
respectively; ¢ is the contact time (min); K; (min™"), K, (g
mg ' min~') and K (mg g~* min~(?)) are the rate constants for
PFO, PSO and IPD models, respectively; C (mg g~ ') is the
boundary layer thickness constant while « (mg g~ min ") is the
initial adsorption rate; and 8 (g mg ') is the desorption
constant related to chemisorption energy.

As shown in Fig. 6(b) and Table 1, the PSO model demon-
strated superior fit with the highest correlation coefficient (R> =
0.9995), minimal sum of squared errors (SSE = 0.273462), and
excellent agreement between calculated (30.21148 mg L™ ') and
experimental (29.6 mg L") g. values. The PSO dominance
suggests chemical interactions between 2,4-D and the
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Table 1 Kinetic models of the adsorption
Model Parameter Quantity
Pseudo-first-order

Ge(exp) (Mg g711) 29.60

Ge(car) (Mg g7 7) 7.466

Ky (min™1) —0.01490

R 0.7112

SSE 9.898
Pseudo-second-order

qe(exp] (mg gil) 29.60

Ge(cany (Mg g ) 30.21

K, (g mg™" min™") 0.01080

R? 0.9995

SSE 0.2735
Elovich

o (mg g ' min ) 293.3

8 (gmg™ 0.3142

R 0.9713
Intra-particle diffusion

C(mgg™" 17.04

Kgige (mg g~ min~(1/2) 1.135

R 0.8072

nanocomposite surface, electrostatic attraction of 2,4-D to
active sites of ZnO@Ap/DETA and potential involvement of
valence forces through electron sharing or exchange. This
kinetic behaviour aligns with previous reports of 2,4-D adsorp-
tion on various nanomaterials."

3.4 Adsorption isotherm analysis

The equilibrium adsorption characteristics of 2,4-D on
ZnO@Ap/DETA nanocomposite were evaluated using three
fundamental isotherm models: Langmuir isotherm for mono-
layer adsorption, given by eqn (8); the Freundlich isotherm for
heterogeneous surface, given by eqn (9); and the Tembkin
isotherm for the adsorption heat effects, given by eqn (10).>°°*

C. K 1
=4 —C. (8)

qe qm  4m

1
In g. =In K¢ + Zln C. 9)
ge = %ln K, + %ln C, (10)

where: C. is the equilibrium concentration of 2,4-D (mg L"), g
is the equilibrium adsorption capacity (mg g~ '), ¢m is the
maximum adsorption capacity (mg g '), K is the Langmuir
affinity constant (L mg™ '), Ry (dimensionless parameter) indi-
cates adsorption favorability (0 < Ry, < 1), K is the adsorption

1
capacity indicator ((mg g™')(L mgl)(n)], n~' is the surface
heterogeneity parameter, b is the Temkin heat of adsorption
constant (J mol™"), and K, is the Temkin equilibrium binding
constant (L g~ "), R is the gas constant (] mol ' K™ '), and T'is the

absolute temperature (K).
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Table 2 Isotherm parameters of the adsorption of 2,4-D onto ZnO@Ap/DETA
Temperature (K)
Models Parameters 298 308 318
Langmuir
Gmax (Mg g™ ) 76.92 72.99 66.23
Ky (Lmg™ ") 0.3088 0.2314 0.1561
Ry, 0.1045 0.1394 0.2066
R* 0.9831 0.9831 0.9654
Freundlich
<1> 18.86 14.74 12.03
n
Ki| (mg g)(L mg™)
n 3.717 3.028 2.838
R 0.5274 0.6656 0.7478
Temkin
Br (J mol™) 9.257 10.27 9.7631
B 267.7 249.3 270.8
Kr (Lmg™) 15.61 5.965 3.859
R* 0.7768 0.8602 0.8875

According to the fitting results (Table 2), the Langmuir
model best represented the experimental data, evidenced by
a high correlation coefficient (R*> = 0.9831). The Freundlich and
Temkin models showed comparatively lower R> values of 0.5274
and 0.7768, respectively. The maximum adsorption capacity of
ZnO@Ap/DETA for 2,4-D, as predicted by the Langmuir model,
was 76.92 mg g ' at 298 K. This capacity declined with rising
temperature, decreasing to 66.23 mg g ' at 318 K, which
remains consistent with or superior to previously reported
adsorbents. The Langmuir-derived R;, values increased with
temperature yet stayed within the range of 0 to 1, confirming
that the adsorption process is favourable under all tested
conditions.

In the Freundlich model, the ZnO@Ap/DETA exhibited
strong adsorption affinity for 2,4-D, as indicated by a high Ky
value of 18.86 at 298 K, which decreased as the temperature
rose. The value of n = 3.717, being greater than 1, supports the
notion of a heterogeneous surface and effective adsorbate-

Table 3 Comparing the adsorption capacities of various adsorbents

adsorbent interaction. Among these, the Langmuir model
provided the best fit to the data, indicating a primary monolayer
adsorption mechanism, a homogeneous distribution of active
sites, and strong adsorbate-adsorbent interactions between 2,4-
D and ZnO@Ap/DETA. These findings are consistent with
earlier studies.” The models ranked in terms of fit quality as
follows: Langmuir > Temkin > Freundlich. The ZnO@Ap/DETA
material demonstrated superior performance compared to
some conventional adsorbents reported in the literature, high-
lighting the nanocomposite's potential for water treatment
applications as shown in Table 3.

3.5 Thermodynamic analysis of the adsorption of 2,4-D

The thermodynamic parameters governing the adsorption of
2,4-D onto ZnO@Ap/DETA were investigated at three different
temperatures: 298 K, 308 K, and 318 K. This analysis aimed to
elucidate the spontaneity, heat exchange, and disorder changes

Adsorbent Time (min) Gmax (Mg g™ ") pH Reference
Corn cob biochar — 37.40 2 20
Groundnut shell char 120 3.02 — 22

Peach stone 180 ~41.5 3 18
Apricot stone 180 ~41.5 3 18
Orange peel 60 34.48 6 16

Wheat straw 30 1.015 4 17
Clinoptilolite modified by CTAB <50 27 4 9

Chest nutshell 250 0.93 — 14
Balanites aegyptiaca seed shell AC 180 70.42 — 1

Tiger nut residue modified by cetylpyridinium chloride — 79.33 3 59

Algal magnetic AC 60 60.61 2 50
ZnO@Ap/DETA 90 76.92 3 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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associated with the adsorption process. The standard changes
in Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS°), as
well as the activation energy (E,) were determined using the
following thermodynamic equations*°*%:

AG'= —RTIn K, (11)

AG® = AH® — TAS® (12)
AS"  AH°

E, — AH = RT (14)

The activation energy of the adsorption was estimated from
equation,* obtained from transition state theory. In adsorption
systems, the standard enthalpy change (AH°), usually obtained
from the Van't Hoff plot, is typically considered to be an
approximation of the enthalpy of activation when the thermal
correction term (RT) is added to it.*>%

In these expressions, AG°, AH®, and AS° denote the standard
Gibbs free energy, enthalpy, and entropy changes, respectively;
R is the universal gas constant, and T is the absolute tempera-
ture. The values of AH® and AS° were calculated from the slope

. . 1 . .
and intercept of the linear plot of In Ky, versus a8 depicted in

SI S1.

The results for the thermodynamic parameters are shown in
SI S2. The computed AG® values, which ranged from —5.185 K]
mol ™' to —10.66 KJ mol ' across the temperature range
studied, were all negative, indicating that the adsorption of 2,4-
D onto ZnO@Ap/DETA is thermodynamically spontaneous.
Furthermore, the negative enthalpy change (AH® = —92.85 KJ
mol ") confirms the exothermic nature of the process, while the
negative entropy change (AS® = —0.2775 K] mol " K ) suggests
a reduction in randomness at the solid-liquid interface during
adsorption, potentially due to the structured arrangement of

View Article Online
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agreement with previously reported thermodynamic behaviours
for similar systems, as noted in the literature.****

3.6 Mechanism of 2,4-D adsorption with ZnO@Ap/DETA
nanocomposite

In order to predict the adsorption mechanism, the pH of the
ZnO@Ap/DETA nanocomposite adsorbent was studied during
the development of the 2, 4-D removal process. At lower pH
values, where the 2,4-D molecules are less ionised, the
ZnO@Ap/DETA nanocomposite adsorbent surface is predomi-
nantly positively charged, and it allows for interactions such as
hydrogen bonds, m-m conjugation, van der Waals force with
some of the unionised molecules of 2,4-D and electrostatic
attraction with the deprotonated anions to eliminate the 2, 4-D
compounds as indicated by the FTIR band shifts.>****% The shift
in the FTIR bands at 3466 cm ™' allotted to ~OH stretching from
lignocellulosic components of the Ap shells, interlayer water
molecules, and the -NH stretching vibrations from DETA in the
nanocomposite to 3542 cm ™" and 3399 cm ™" after adsorption is
indicative of the interaction of the 2,4-D with the -OH and -NH,
groups on the surface of the adsorbent. Also, the movement of
the peak at 2076 ecm ™", assigned to C-H stretching vibrations of
unsaturated hydrocarbon, to 2082 cm ™", and the shifting in the
C=O0 absorption bands located at 1633 cm ™" to 1637 cm™ ' in
the spent adsorbent further corroborate the interaction of the
C=0 and C=C in the adsorption process. Thus, the -NH,, -OH
of ZnO@Ap/DETA nanocomposite surface and the groups on
the 2,4-D pollutant, such as -COOH, and C=C created several
kinds of adsorption interactions, as indicated by the FT-IR
spectra band shifts at various places, as illustrated in
Fig. 3(a). This kind of effect was previously shown in the
adsorption of 2,4-D using a variety of adsorbents, including
magnetic activated carbon nanocomposite, biochar, and
magnetic hydrochar composite.®*®” Scheme 3 shows the 2,4-D

2,4-D molecules on the adsorbent surface. These findings are in  adsorption = mechanism  using the  ZnO@Ap/DETA
nanocomposite.
ZnO@Ap/DETA o e
nanocomp osite Electrostatic -(.5[ o
interaction il
HA N=—(
HO.
0 n u
Ta% \/\H—c NN,
g,l :
) Hydrogen ‘ \/\CH
Cl Cl Adsorption at 180 rpm bonding (\,,“0
for 90 min ,
TI-1r stacking
2,4-D

Scheme 3 The adsorption mechanism of 2,4-D with ZnO@Ap/DETA nanocomposite.
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3.7 Application of ZnO@Ap/DETA for 2,4-D removal from
real wastewater

The effectiveness of the ZnO@Ap/DETA nanocomposite in the

removal of 2,4-D from an actual wastewater sample was
assessed to determine its practical applicability. A real waste-

water sample was collected from the ERWAT wastewater treat-

ment plant in Gauteng Province of South Africa. The real

wastewater sample was initially spiked with 2,4-D. The pH of the

sample was determined as 3.6, and the concentration of the

pesticide was measured to be 18.5 mg L™ * prior to treatment.
Adsorption was carried out under ambient wastewater condi-
tions at 25 °C, with an agitation speed of 180 rpm and a contact
time of 90 minutes. Following treatment, the nanocomposite

exhibited a removal efficiency of 85.41%, demonstrating its
strong potential for effective pesticide remediation in complex
environmental matrices. The slight reduction in the adsorbent's
efficiency in treating a real wastewater sample compared to
synthetic wastewater can be explained by the complex nature of
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actual effluents. In real wastewater, there are various competing
ions, natural organic material, suspended solids, and colloidal
species that, in addition to the target pollutant, compete with
the unused sites of adsorption and, as well, may clog the pores
and active sites of the adsorbent. These factors decrease the
accessibility of pollutants to the active sites, leading to a rela-
tively lower removal performance.®®** Synthetic wastewater, on
the other hand, has only the target contaminant with controlled
physicochemical conditions. Similar behaviour has also been
largely reported in real wastewater treatment in complex envi-
ronmental media.”®”* These results underscore the capability of
ZnO@Ap/DETA as a viable adsorbent for practical uses in the
treatment of pesticide-contaminated wastewater.

3.8 Regeneration and reusability of ZnO@Ap/DETA

The reusability of the ZnO@Ap/DETA was tested. Regeneration
experiments were performed to determine its ability to main-
tain adsorption efficiency over multiple cycles. The initial
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adsorption was carried out with 50 mg of the adsorbent in 50 ml
of a 30 mg L' 2,4-D solution at 25 °C and pH 3. This was
shaken for 90 minutes at 180 rpm. After adsorption in each
cycle, the nanocomposite was regenerated by stirring and
washing in ethanol to remove the adsorbed 2,4-D. The material
was subsequently centrifuged and dried at 60 °C for 14 hours
before reusing in subsequent cycles under identical conditions
of adsorption. The ZnO@Ap/DETA nanocomposite showed
70.2% adsorption efficiency for 2,4-D after five cycles of regen-
eration and reuse, as shown in SI S3. This result provided
insights into the nanocomposite’s long-term stability and
potential for sustainable application in wastewater treatment.

3.9 Modelling of the adsorption efficiency and capacity

The R* and negative mean squared error metrics were used in
the thorough grid search to determine the ideal ANN architec-
ture. The hyperbolic tangent (tanh) activation function was used
in the chosen model, and 0.0001 was assigned as the regular-
isation value (alpha). It used a constant learning rate and was
composed of 100 neurons each in two hidden layers. With
a fixed random seed of 42 to maintain consistency across
multiple runs, the optimisation procedure was carried out over
100 iterations using the LBFGS method. The model was trained
and assessed using the adsorption dataset, and cross-validation
was carried out with a fraction of 0.1. The predictive perfor-
mance of the model was evaluated by contrasting the predicted
removal efficiency and qe of 2,4-D utilising ZnO@Ap/DETA with
the experimental findings. Fig. 7(a) presents the graphical
comparison. The model's MSE was 0.4227, and its MAE was
0.2952. Eqn (3) yielded a mean absolute percentage error of
1.5804. Excellent prediction accuracy was given by the R*> of
0.9991. Fig. 7(b) illustrates residual analysis, which demon-
strates that residuals are primarily near zero, though the
distribution shows a minor asymmetry, indicating the possible
presence of outliers and a non-normal error distribution.
However, the overall residual pattern shows that there is little
systematic bias and that the model's predictions are typically
rather near to the experimental values. Based on the feature
importance analysis, which is shown in Fig. 7(c), the model is
mostly reliant on pH since variations in this parameter have
a big impact on the predictions. Although their effects are
somewhat less noticeable, other important variables influ-
encing the prediction of the model include the agitation time
and adsorbent dosage. The results of the model are not greatly
impacted by temperature or the initial concentration of the
pesticide.

The training and cross-validation scores are well correlated
across different training set sizes, as shown by the learning
curve in Fig. 7(d). These scores converge and plateau at
comparable R values as the dataset size grows, indicating that
the model is not overfitting. At bigger sample sizes, the
convergence shows consistent performance on unseen data
compared to training data. This is also indicative of the fact that
the model has a great potential to generalise to larger scales or
unseen. The validation curve in Fig. 7(e), which looks at the
effect of hidden layer size, shows that increasing model
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complexity generally maintains high training scores, while
validation scores fluctuate and plateau for specific configura-
tions, such as 20, 20, 20, 50, 50, and (100, 100). To balance bias
and variation, the ideal complexity is approximately two hidden
layers with 100 neurons each. Overall, based on the behaviour of
the learning and validation curves, there are indications that
the model has high generalisation capabilities without experi-
encing substantial overfitting or underfitting. These character-
istics suggest that the model is well-fitted and demonstrates
steady improvement with more data. The errors appearing
randomly and unbiasedly imply that the model effectively
captures underlying patterns. Thus, it has strong potential to
generalise well to large and unseen data.

4 Conclusion

The development of a novel nanocomposite, diethylenetriamine
functionalised zinc oxide-apricot stone shell (ZnO@Ap/DETA),
has been achieved for the efficient sequestration of 2,4-D. The
efficiency of removal was modelled utilising an (ANN). Charac-
terisation of the synthesised ZnO@Ap/DETA was performed to
evaluate its physicochemical properties through various
instrumental methodologies. The nanocomposite exhibited
a more uniform mesoporous structure having pores with an
average size of 34.0659 nm and a significantly enhanced surface
area of 26.5622 m> g~ ', approximately 13 times greater than that
of the pristine AP shells, which have 2.0764 m® g~'. The
ZnO@Ap/DETA was utilised to adsorb 2,4-D from synthetic and
real wastewater samples, achieving performance efficiencies of
98.6% and 85.41%, respectively, after a 90-minute shaking
period at 25 °C. The data on adsorption were predominantly in
adherence to the pseudo-second-order kinetic model and
Langmuir isotherm, and thermodynamic investigations sug-
gested that the process was spontaneous, favourable, and
exothermic, as evidenced by a AH® value of —92.85 KJ mol ™. To
optimise the adsorption process, an ANN model was developed,
comprising five input parameters, two hidden layers, and two
output parameters, successfully predicting 2,4-D removal effi-
ciency with an MAE of 0.2952, an MSE of 0.4227, and a high R?
of 0.9991. These results highlight the potential of ZnO@Ap/
DETA as a viable candidate for environmental remediation. Its
effectiveness in removing 2,4-D and its ability to be regenerated
for reuse offer an environmentally sustainable solution for
wastewater treatment. The ANN model serves as a significant
strategy for predicting and optimising adsorption parameters,
thereby maximising the removal of 2,4-D and contributing to
the generation of clean water.
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