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ARTICLE INFO ABSTRACT

Handling Editor: Jun Huang Green synthesized magnetic nanoparticles (MNPs) linked with activated charcoal (AC) (AC/Fe304 NCs) were
exploited for methylene blue (MB) confiscation in this study. The AC/Fe304 NCs produced were characterized

Keywords: using TEM, FTIR, UV/Vis and XRD spectrometry. The Response-Surface-Methodology (RSM) was utilized to

Nanoparticles improve the experimental data for the MB sorption to AC/Fe3O4 NCs, with 20 experimental runs implemented
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through a central composite design (CCD) to assess the effect of sorption factors-initial MB concentration, pH and
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RSM sorbent dosage effects on the response (removal-effectiveness). The quadratic model was discovered to ideally
Isotherm describe the sorption process, with an R? value of 0.9857. The theoretical prediction of the experimental data

Kinetic using the Artificial-Neural-Network (ANN) model showed that the Levenberg-Marquardt (LM) had a better
performance criterion. Comparison between the modelled experimental and predicted data showed also that the
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LM algorithm had a high R? of 0.9922, which showed NN model applicability for defining the sorption of MB to
AC/Fe304 NCs with practical precision. The results of the non-linear fitting (NLF) of both isotherm and kinetic
models, showed that the sorption of MB to AC/Fe304 NCs was perfectly described using the pseudo-second-order
(PSOM) and Freundlich (FRHM) models. The estimated optimum sorption capacity was 455 mg g~ . Thermo-
dynamically, the sorption of MB to AC/Fe304 NCs was shown to be non-spontaneous and endothermic.

1. Introduction

In recent years, intense global threats have been enhanced from air
contamination, worldwide warming and more prominently, the
contamination of drinking water sources (Martis et al., 2022). In the
human world, colour plays a critical role. In the current state of affairs,
around 10,000 or more dyes are accessible commercially and approxi-
mately 7 million tons of dyes yearly are manufactured globally (Dey and
Dey, 2021; Aigbe et al., 2021; Yang et al., 2022; Richard et al., 2022). In
various industrial processes, natural dyes are generally used in leather
dyeing, textiles, wood, paper, plastics, silk, cosmetics, pharmaceutical
and food productions. Industrial waste from textile, paper, printing,
leather, cosmetics, and food production is most often released into water
bodies. Presently, contamination by synthetic dyes in the
above-catalogued productions is getting huge interest around the globe
due to their adverse effects on public health and the marine biota
(Richard et al., 2022; Makhado et al., 2022; Aigbe et al., 2018; Eleryan
et al., 2023).

Through colour permeation of the receiving water and the subse-
quent inhibition of sunlight from entering the water are enhanced by
dye wastewater released into the marine ecosystem, so marine life is
destroyed (Ramutshatsha-Makhwedzha et al., 2022). In addition, almost
all dyes are particularly toxic and cancer-causing and have mutagenic
and teratogenic impacts on marine and human life at very minimal
concentrations. With tinctorial values of 1 mg.L ™}, cationic dyes have
been described to be extra noxious than anionic dyes (Ghoniem et al.,
2022).

One of the most utilized dyes for industrial processes especially in
fabric manufacturing is MB (chemical formula-C;6H;3C1N3S), employed
for fabric dyeing and finishing. However, considerable contact with MB
is dangerous to humans and marine life as it can cause vomiting, skin
sensitivities, limb paralysis, sensory system issues, shock, tissue death,
impacts on the reproductive system, renal damage, cancer, and cardio-
vascular destruction. Owing to these adverse effects ascribed to MB
complexity, stability and aromatic structure, MB is challenging to
degrade under normal circumstances, hence, MB confiscation from in-
dustrial discharges has attracted worldwide interest (Ramutshat-
sha-Makhwedzha et al., 2022; Zheng et al., 2018; Archana et al., 2022;
Buhani et al., 2023a; Eldeeb et al., 2022).

Diverse methods employed to remediate MB effluents are membrane
separation/filtration, ion-exchange, electrochemical process, precipita-
tion, flocculation, photocatalytic degradation, etc. Nevertheless, these
procedures are not cost-efficient, are required to conform with a
sequence of regulations and are not presented on the marketplace for
small-scale effluent treatment activities. Taking all these into consider-
ation and the increasing importance of the green industry, water-based
sorption remediation has appeared as a general preference over other
technologies, and it is greatly dependent on the sorbent characteristics
like the distribution of surface charge, the ratio of surface area-to-
volume and porosity. Sorption has been reported to be effective in
terms of its effortless design and straightforward procedure both in
batch and continuous process, elevated effectiveness, low-cost and
callousness to noxious materials and low-cost sorbent materials acces-
sibility (Zheng et al., 2018; Razali et al., 2020; Xia et al., 2019; Al-Za-
wahreh et al., 2021; Abussaud et al., 2016). One of the most important
factors in the sorption process’ effectiveness is choosing the appropriate
sorbent, one that is compatible with the adsorbate being adsorbed in
terms of both type and nature. The anticipated sorbent needs to be

chemically stable, reusable, have a high sorption rate and capacity, and
be eco-friendly (Buhani et al., 2023b).

Lately, there has been an intensified consideration for the utilization
of naturally derived materials with various formations and innovative
structures such as activated charcoal (AC) and NPs synthesized with
plant extracts support to create NCs for the effective dye molecules
sorption (Al-Zawahreh et al., 2021; Martis et al., 2022; Igwegbe et al.,
2019). Carbon-recognized sorbent materials, which are non-polar and
hydrophobic, have good potential for contaminants sequestration from
industrial effluents owing to their extraordinary surface-area, a
well-created porosity and the tunable-surface comprising of
functional-groups which improve their sorption efficacy (Abussaud
et al., 2016; Aigbe et al., 2023a).

In recent years, environmental substances have been utilized pro-
gressively as sorbents for this process owing to their low cost and
straightforward alteration (KAYA and ERDEM, 2023). Activated char-
coal (AC) has demonstrated excellent sorption performance for a
comprehensive collection of contaminants owing to its permeable
structure, extraordinary reactivity surface and extraordinary individual
surface area. However, the use of AC on a substantial scale in various
sectors is constrained by the hurdle of separating it from water-soluble
solutions, secondary contamination creation and cost-ineffective non--
recyclability. To overcome this issue, AC-based magnetic NCs powder
has attracted much attention and is effectively applied in dye molecule
removal owing to the ease of controlling and swiftly separating them
from the solution through external field applications (Nistor et al., 2021;
Moosavi et al., 2020; Abdel-Ghani et al., 2019; Juang et al., 2018).

Magnetic particles as sorbents have created a new area in separation
technology among the many kinds of sorbents. Depending on the in-
dustrial effluent attributes, magnetic separation can be a capable
remediation approach with a straightforward and swift recovery. It is
crucial for the dispersal of particles following waste sorption. Magnetic
sorbent application can improve the cross-linking and thermal stability
of the sorbents. This approach can enhance the time and effectiveness of
urban treatment plants. This approach links the physicochemical phase
of sorption and a magnetic filtration phase (Moosavi et al., 2020;
Elwakeel et al., 2016). Notwithstanding metal oxides such as Fe3O4
nanoparticles (NPs) morphological attributes like controlled size, su-
perior surface area and extraordinary reactive sites, there has been a
greater requisite for non-toxic, eco-friendly magnetic NPs with pro-
duction capability using the green synthesis approach employing ex-
tracts from plants (Aigbe et al., 2023b). The plant bio-molecules present
in the extract of the plant have the possibility of stabilizing and reducing
metal salts into NPs to avoid aggregation of the NPs (Vinayagam et al.,
2021, 2022; Geneti et al., 2022; Parajuli et al., 2020; Nguyen et al.,
2022). Inserting MNPs in other materials gives an extra reactive centre
and improves the surface area. These materials have been recognized as
effective sorbents with small diffusion resistance (Elwakeel et al., 2020).

Currently, NPs biosynthesis employing extracts of plant leaves has
attracted huge attention from researchers owing to extracts of plant
leaves containing flavonoids which are water-soluble metabolites of
plants with reducing and stabilizing capabilities for efficient NPs fabri-
cation. These flavonoids have a hydroxyl (OH) group, which is trans-
formed from the enol structure to the keto structure, thereby creating a
reactive hydrogen atom that decreases the metallic-ions into NPs. These
plants’ bio-molecules allow for the reduction and stabilization/capping
of NPs to discourage aggregation (Mfon et al., 2020).

Fe304 NPs were bio-produced using leaf extract from the Ocimum
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Fig. 1. Image of OG leaf.

Gratissimum (OG) plant in this study. OG also identified as scent-leaf is a
communal spice belonging to the Lamiaceae plant family and is also
acknowledged as African-basil/clover basil/Ntoong (Fig. 1). It is an ar-
omatic enduring herb plant which is prevalent in West Africa, India,
Mexico, Bolivia, Southern Asia, Brazil and the Caribbean. It is mostly
grown in Indonesia to extract oil and its leaves are utilized as a tea. From
the available literature, it has been mostly employed for diseases such as
headache, haemorrhoids, inflammation, pneumonia, and convulsion
treatment, for keeping wounds sterilized and improving the effective-
ness of antibiotics. Also, extracts of OG leaf have generally been utilized
in certain metal inhibition, antimicrobial activity and noxiousness
assessment (Mfon et al., 2020; Eddy et al., 2022; Ikimi and Abosede,
2022; Prabu et al., 2017; Onyebuchi and Kavaz, 2019; Bankole et al.,
2020; Narendra Kumar et al., 2019; Solomon et al., 2019; Sharma et al.,
2020).

These processes are initiated via metallic substance nucleation and
hence NPs outgrowth begins from anywhere it is created as a precipitate
inside the mixture. Additionally, the natural material discovered in
microorganisms and plants plays a part in the stabilization/capping of
NPs as they bind to the nanostructure surface, thereby inhibiting particle
agglomeration and nullifying the demand for extra stabilizing agents
(Drummer et al., 2021).

In most sorption process experimental designs, one factor at a time
(OFAT) is used. This technique aims to assess the influence of specific
factors on the process being investigated. The approach is easy to use but
has drawbacks. It assumes that the factors under study are discrete and
their impacts on the process are linear and additive. But in most cases,
these factors are discrete, and their influence is NL and interactive.
Hence, OFAT, may not capture the actual process nature and recognize
the ideal settings for the efficient removal of contaminants. Therefore, a
more broad and methodical techniques like RSM and ANN models are
needed to optimize and predict the sorption process of MB dye to AC/
Fe304 NCs (Banza et al., 2023a; Simbi et al., 2022).

The RSM is a combination of numerical approaches that is efficient
for creating, improving and optimizing processes, in which many
discrete input variables influence the dependent output variables
(response), unlike the OFAT. It is an improved methodical technique of
experimentation, as it assesses all system variables instantaneously
while predicting an outcome. RS statistics involves a whole factorial
design created on a multi-nominal NL prototype whereby all variables
vary through diverse acknowledged tests. A key plus of this model is that
it requires reduced experimental runs to establish the optimum experi-
mental setting (Banza et al., 2023a; Natrayan et al., 2024)

Soft computing approaches like ANN, genetic algorithms (GA), fuzzy
logic (FL)-based approaches (fuzzy inference systems-FIS), and various
connectionist systems (Adapted Neuro-Fuzzy Inference System-ANFIS)
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are progressively documented as precise learning systems for model-
ling multifaceted phenomena in various engineering, physical, and
natural science domains. These approaches can address the un-
certainties that regularly build up in more conventional mathematical
and statistical approaches (Agbaogun et al., 2023). As a widespread
unconventional modelling approach among the modernisation
computing procedures, the ANN method has been used effectively to
model NL associations involved in multifaceted chemical procedures
like adsorption. This approach does not need an extra typical experi-
mental design for model building (Amor et al., 2021). In solid-liquid
sorption systems, ANNs are broadly utilized to estimate the rate of
sorption of an adsorbent. based on the available experimental infor-
mation, the network output is determined by the ANN. It also suggests
approximating numerical functions for both linear and NL systems. The
model is trained to predict the sorption output which is well-thought-out
to be the equilibrium concentration of the solute in the solution. (Ara-
rem et al., 2014).

A novel simplistic NCs were produced by blending AC with MNPs
created using OG leaf extract under ultrasound wave irradiation (>20
kHz) in this study (Yildiz, 2018). Hence, this research’s fundamental
objective is to develop low-cost and eco-friendly NCs under ultrasound
wave irradiation and generate a machine-learning model for the sorp-
tion process prediction based on the ANN model as well as apply a
mathematical and statistical approach like the RSM model to experi-
mental designs, statistical study and modelling and numerical optimi-
zation of the sorption of MB to AC/Fe304 NCs based on input variables
(pH, initial MB concentration and sorbent dosage). The % of MB
removed was also predicted via ANN from the generated RSM data set
and the results were linked with experimental values. The predictive
ability of the NN was assessed to create an optimum by the selection of
parameters which were assessed using R%, MSE and RMSE values in this
study.

2. Materials and methods

In this study, analytical chemical grades were utilized without added
purification. Sodium chloride (NaOH), hydrochloric-acid (HCl), sodium
chloride (NaCl), MB, ferrous sulphate (FeSO4.7H20), ferric chloride
(FeCl3.6H0), and AC were bought from Merck, South Africa. A
concentrated solution of (1000 mg.L™*) MB was produced by weighing
1 g of the dye into a litre volumetric-flask and dissolving it using
deionized water (DW). Afterwards, the required dye concentrations
were produced from the Concentrated solution of MB.

2.1. OG leaf extract preparation

OG leaf extract was prepared according to the method by (Aigbe
et al., 2023b). The OG leaves were obtained from Gezina in Pretoria,
South Africa. Prior to the extraction process, the leaves were cleaned
with water to take off sand and dust. The leaves were subsequently dried
out underneath sunlight for 3 days. 5 g of the dry leaves were weighed
using a laboratory digital weighing scale, washed again using DW and
placed in a beaker containing 100 mL of DW, which was heated to 80 °C
for 90 min using a magnetic stirrer. A Whatman filter paper was
employed to filter the extract from the leaves and the OG leaf extract was
left to cool down. Finally, the leaf extract was kept for further use at 4 °C.

2.2. Biologic production of MNPs (FesO4 NPs)

To prepare the MNPs, a co-precipitation procedure was employed
using the extract of African basil leaf as a reducing agent or organic
stabilizer in this process (Mohammadi et al., 2021). 3.5 g of FeS04.7H20
and 6.3 g of FeCl3.6H,0 were dispersed in 100 mL deionized water in a
1:2 ratio for 30 min at 80 °C using an EINS SCI ultrasonicator. After-
wards, the leaf extract (15 mL) was included in the solution dropwise.
For growth and nucleation of the Fe3O4 NPs while sonicating at 80 °C for
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Fig. 2. Procedure for AC/Fe304 NCs production using OG leaf extract.

Table 1
Experimental scale and stages of the individual variables.

Variables Experimental scale and levels
+ a (1.68) 1 0 -1 —a(—1.68)
pH 10 8 6 4 2
Sorbent Dosage (mg) 80 65 50 35 20
Initial Concentration 300 250 200 150 100

another 30 min, 5 M of NaOH was then included dropwise till the so-
lution pH was 11. The acquired solution was washed using DW (three
times) simultaneously centrifuging at 5000 rpm for 20 min to take off
impurities. The realized product was dried up in a vacuum oven at 70 °C
for 24 h and was stored for further use in an airtight container.

2.3. AC/Fe304 NCs synthesis

4 g of AC and 2 g of MNPs dispersed in 100 mL DW (2:1-W/W) were
sonicated for 1 h at 80 °C to produce AC/Fe304 NCs. Subsequently, 5 M
of NaOH was included dropwise till the pH of the solution was 11 into
the solution while sonicating at 80 °C for another 30 min for a stan-
dardized solution and accomplishment reaction. The acquired precipi-
tate was cleaned twice with deionized water using a centrifuge
operating at 4000 rpm for 15 min. The obtained precipitate was

subsequently dried up at 90 °C for 24 h and kept for further use in an air-
tight container. Fig. 2 shows the process of producing AC/Fe304 NCs
using OG leaf extract.

2.4. AC/Fe304 NCs characterization

The produced AC/Fe304 NCs were characterized using TEM (JEOL-
JAPAN 200) to reveal their surface-morphology and particle size-
distribution. The lattice planes were established from the selected
area-electron-diffraction (SAED) pattern from TEM. An XRD spectrom-
etry was employed (Bruker D8 focus diffractometer) to assess the

Inputs
x .
! Output
X2 f Ly

Transfer
Function

Fig. 3. ANN algorithm (KAYA and ERDEM, 2023).

Table 2
Response from adsorption experiments.

Factors 1 2 3
Run A: pH B: Sorbent Dosage (mg) C: Initial Concentration (mg.L™})
1 6 20 200
2 6 50 200
3 6 50 200
4 10 50 200
5 6 50 200
6 8 35 250
7 6 50 200
8 4 35 150
9 6 50 200
10 2 50 200
11 8 65 250
12 6 50 200
13 6 50 100
14 8 35 150
15 4 65 150
16 4 65 250
17 4 35 250
18 6 80 200
19 8 65 150
20 6 50 300

Response

Removal % (Actual Value) Predicted Value (RSM) LM BR SCR
89.57 89.30 90.00 90.16 90.59
98.61 97.91 97.50 97.50 97.65
98.42 97.91 97.50 97.50 97.65
99.79 99.39 100.00 99.64 99.54
98.39 97.91 97.50 97.50 97.65
91.51 91.87 92.00 92.02 94.17
97.53 97.91 97.50 97.50 97.65
96.17 96.60 96.00 96.02 96.43
97.25 97.91 97.50 97.50 97.65
98.13 98.11 97.88 96.84 96.19
98.90 98.91 98.90 99.12 99.70
97.71 97.91 97.50 97.50 97.65
99.99 99.52 100.00 99.97 100.1
96.78 97.11 96.85 97.26 97.96
99.99 100.07 99.68 100.48 100.79
98.02 98.13 98.00 98.13 97.70
91.19 91.07 91.00 90.78 90.58
99.98 99.82 100.00 100.02 100.11
99.99 100.55 100.00 100.18 100.61
92.30 92.34 92.00 92.16 94.52
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Fig. 4. The architecture of ANN.

magnetic properties of the produced AC/Fe304 NCs. FTIR spectrometry
(Perkin-Elmer-Spectrum-Two-UATR) was explored to establish the
functional groups of the prepared AC/Fe304 NCs. UV/Vis spectrometry
(PerkinElmer SP-UV 500-spectrophotometry) was utilized to assess the
optical properties of the prepared AC/Fe304 NCs.

2.5. Batch studies of MB sorption to AC/Fe304 NCs

The adsorption of MB to AC/Fe304 NCs was undertaken using the
batch methodology. Based on the experimental design (Table 2), a
specific dose of AC/Fe304 NCs (mg) was added to 50 mL of the desired
concentration of MB solution (mg/L) at various pH and interaction times
(min) and stirred at a fixed speed (rpm). For pH modification, 0.1 M

Frequency

Chemosphere 355 (2024) 141751

NaOH and HCl were used. After a specific experiment, the retracted
solution by means of a syringe was filtered through a 0.45 ym syringe
filter and analyzed in a UV-Vis spectrophotometer (PerkinElmer SP-UV
500-spectrophotometry) at a wavelength of 664 nm. The percentage (%)
of MB removed and equilibrium concentration (qe) of the remaining dye
in the solution was chosen as the output variable and were evaluated
using Equations (1) and (2).

C,—C,

% Removal = % * 100 1

Co, Ce,V,and M indicate the MB dye initial and final concentrations
(mg.L_l), the volume of solution (L), and the sorbent dose (g).

2.6. Isotherm and kinetic studies

Isotherm studies were implemented to establish the ideal settings
necessary for the sorption of MB to AC/Fe304 NCs by contacting varying
concentrations of MB (100-500 mg.L 1) with 50 mg of the sorbent at pH
10 for 60 min using a shaking speed of 250 rpm. The kinetic studies were
explored by contacting 20 mg of sorbent with 100 and 150 mg.L ™! MB
concentrations at varying interaction times range of 5-60 min at pH 10
and stirring speed of 250 rpm. The q. of dye left in the solution and the
quantity of dye sorbed by unit mass of the AC/Fe304 NCs (qy) at the time
(t) (mg.g’l) were assessed using Equations (2) and (3).

0=(%25) v ;

V, M and C; signifies the volume of the solution (L), the sorbent mass (g)
and the concentration of dye remaining in the solution at time (t).

5 10 15 20 25 30

Diameter (nm)

Fig. 5(a). TEM image of AC/Fe304 NCs, (b) AC/Fe304 NCs particle-size distribution and (c) AC/Fe304 NCs SAED patterns.
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Fig. 6. XRD diffraction pattern of (a) AC, (b) Fe304 and AC/Fe304 NCs before and after sorption of MB dye.

2.7. Thermodynamic study

This was conducted to assess the impact of temperature on the
sorption of MB to AC/Fe304 NCs while considering the reaction nature
and practicability (Sulaiman et al., 2021; Sudarni et al., 2021). This
study was performed at a temperature range of 298-313 K, by con-
tacting 50 mg of the sorbent with 100 mg/L of MB initial concentration
for 30 min interaction time and at pH 10. The equilibrium constant (K)
was measured by extrapolating the Van’t Hoff plot of In (qe/C.) against
T~ ! to zero.

2.8. AC/Fe304 NCs point of zero charge (pHpzc)

AC/Fe304 NCs pHpyc was established by contacting 25 mL of varied
pH of 0.1 M NacCl (initial pH (pHj)-2-12) with 20 mg of the AC/Fe304
NCs for 24 h. After 24 h, a pH-meter was utilized to measure the
resulting pH (final pH (pHs)) of the NaCl solution. The node point from
the plot of pHs against pH; was taken as the AC/Fe304 NCs pHpyzc.

2.9. Design of experiment

2.9.1. RSM using the CCD for MB sorption to AC/Fe304 NCs

Active process factors optimization is critical for the sorption pro-
cess. To improve the various processing variables, RSM which is a sta-
tistical technique is used (Kumari et al., 2022). The RSM is a compilation
of numerical procedures that are effective in modelling and examining
issues relating to the response of concern, which is impacted by various
variables (Hajati et al., 2015). The design comprises of 2k factorial
factors enhanced by 2k axial factors and centre factors where k is the
sum of variables. The three operating variables coded values (A, B and

C), were set at five stages with +1.68 (highest stage), 1, 0, —1, and
—1.68 (lowest stage) as depicted in Table 1. The five stages were eval-
uated centred on the full-face-centred CCD experimental strategy.
Hence, 20 sets of experiments were conducted and systematized in a
factorial design (8 factorial points, 6 axial points and 6 centre points)
using Equation (4).

242k +6

k represents the number of factors (Moradi et al., 2016).

Sorption experiments were implemented by simultaneously opti-
mizing three variables (pH, sorbent dosage, and initial dye concentra-
tion). A full 20-factorial design with 5 central points was explored in this
study using Design Expert 13 software. The response of the factorial
design based on the % of dye molecules eliminated and the g, are dis-
played in Table 2. The acquired experimental information was exposed
to a second-order polynomial regression model, and the response (Y)
was associated with the self-determining variables as a polynomial
model centred on the quadratic equation given by Equation (5).

3 3 2 3
Y:ﬁo+zﬁixi+2ﬁiixi2+z Zﬁijxixj+e 5
i=1 i=1

=1 j=itl

Xis Xj, Bos Bis B> Bijs and e represents the real variables, coded variables of
MB solution pH, AC/Fe304 NCs and initial MB concentration, intercept,
quadratic, linear and interaction impacts and error (Igwegbe et al.,
2019; Pekdemir et al., 2022; Hanafi et al., 2022).

2.9.2. ANN modelling
Various ANN applications are accomplished in environmental
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Fig. 7. UV spectra of (a) AC, Fe304 NPs and AC/Fe304 NCs, and the determined bandgap of (b) Fe304 NPs, (c) AC and (d) AC/Fe304 NCs.

engineering like function estimation, pattern identification, and classi-
fication (Khan et al., 2017). Computer technology advancements in
modern times have enhanced artificial intelligence study’s interest. In-
formation processing principles of humans and imitating the functioning
of biologic nervous systems observation are the key goals of artificial
intelligence study. ANN is a reasonable programming form created by
replicating the human brain’s working mechanisms. It is a learning al-
gorithm that can function with the human brain in the computer back-
ground, make decisions and reach the result by employing the existing
data in the instance of inadequate information (Altintig et al., 2023).

ANN is well recognized for its superior capacity to learn and classify
data. The idea of ANN comes from the research on the function and
structure of the brain and nervous and the learning and responding
process (Khan et al., 2017). Furthermore, to the input and output layers,
most ANN models have one or added hidden layers, and the numeral is
influenced by the study classification. ANN’s key attribute is its capa-
bility to execute core computations to assess the trained output from the
input data. It is dependable and effective in showcasing the NL in-
teractions between the variables and distinct process responses, they
may be applied in complex systems. ANN can also evaluate
multi-factorial NL and complex processes given enough information via
training in multiple input-output network algorithms (Banza et al.,
2023a).

ANN have a comparable structure depicted in Fig. 3, where inputs to
the neuron and the output are x; i =1, 2, ... ... n) and Y. Individual
weight is augmented by its weight (wj), and the individual neuron is
linked with a bias b and their computation goes via a transfer function f.
Hence, the association between the input and output is defined by
Equation (6). Some neurons are linked to outer space to obtain inputs
and transfer output in this structure. The hidden layer comprises of re-
sidual neurons, which have connections only within the network. The
input and output layers are comprised of a sole layer, and between two
layers, there may be more than one hidden layer. These hidden layers

comprise of a huge number of neurons, and these neurons are generally
linked with other neurons in the networks (KAYA and ERDEM, 2023).

Y:fi(w,-x,--kb) 6
s

The NN is trained through a feed-forward and backpropagation (BP)
procedure to determine an association between the input and the output
metadata, assessing the error linked with the modelling and predicting
potential precise responses. Independent variables are fed to the input
layer and the responses/dependent variables are included in the output
layer. The input layer is regarded as inactive as no processing takes
place. The synaptic weights which possess data relevant to the ANN are
used to transmit information to the outer layer alongside the hidden
layer (Makomere et al., 2023).

They are deemed as a NL approach for determining an association
between the independent and dependent variables. The following steps
are involved in ANN model configuration procedures: data collection,
set selection training and testing, data conversion into ANN inputs,
network structure identification, training and testing and repeating the
procedures several times to get the best model if necessary (Banza et al.,
2023b). Fig. 4 shows the network architecture employed for this study.
In this study, a three-layered BP NN was employed. It has a linear
transfer function (purelin) at the output layer and a tangent sigmoid
transfer function (tansig) at the hidden layer. ANN modelling of MB
sorption to AC/Fe304 NCs was explored utilizing 20 experimental data
sets, which was achieved by performing the NN function in MATLAB
R2018b scientific software. The experimental data is grouped into the
input-matrix and target or output-matrix. The input-variables in this
study were the pH, sorbent dosage and original MB concentration. While
the % of MB removed was utilized as the target or output. The data
clusters were separated into 70% (training), 15% (validation) and (15%)
testing (Khan et al., 2017).
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Fig. 8. IR spectra of (a) OG leaf extract, (b) Fe304 NPs, (c) AC, (d) AC/Fe304 NCs and (e) AC/Fe304 NCs before and after sorption of MB dye.

2.9.3. Error-analysis associated with kinetic and isotherm studies

For evaluating parameters of the kinetic and isotherm models,
among the number of techniques conceived and highly used is the linear
regression technique. The linear regression technique is a traditional
technique of parameter assessment grounded on the Gaussian distribu-
tion of error theory at individual statistics points. That entails the NL-
equations linearization for the assessment of the most excellent fit
terms. Yet, such conversion of the NL equations into linear states is
indirectly linked with specific modifications in error structure and may
defy the error adjustment as well as normality theory. Hence, the
inadequate applicability of linear regression for the approximation of
only two variables in an experimental calculation (Ayawei et al., 2017).

A further complex, yet exact technique for the evaluation of isotherm
and kinetic parameters, which needs an error function estimation to
measure the ideal fit of the parameters to the experimental results is the
NL method of optimization. But every one of the error function evalu-
ations results in various sets of parameters. Also, the error distribution in

the NL technique is not transformed as in the linear regression method.
To effectively placate this, the non-linearized chi-square (X?) was used
alongside RSS and was explored for the assessment of the ideal fit for the
kinetic and isotherm models, to provide a comprehensive sorption
mechanism for theoretical assessment, designing and evaluating the
sorption system for an experimental application in this study the origin
lab version 9 software was used (Dubey et al., 2016). The NL isotherm
and kinetic models were employed to estimate the relationship relating
to the model-calculated data and the experimental data using the X2 and
RSS error analysis (Equations (7) and (8)) (Hashem et al., 2022).

2
n (qe(cal) - qe(meas))
oyl ). 7
=0 e(meas)

2

RSS = Z <qe(exp) - qe(ml)) 8
i=1

i
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10 n, ge(cal) and ge(meas) represent the sum of experiments carried-out,
the amount of sorbate achieved by the isotherm and kinetic models (mg.
¢ 1) and the amount of sorbate adsorbed by the sorbent during the

5K ° experiment (mg.L_l) (Ayawei et al., 2017).
O———_
°/ _ 2.9.4. Assessment of model performance criteria for ANN
6 pszc =72

Model assessment can be carried out via error statistical scrutiny.
Results of the model-predicted were assessed using the mean-square-
4k error (MSE), root MSE (RMSE) and the coefficient of regression R,
which are achieved by using Equations (9)-(11) to validate the model.
The superlative model performance is the structure where MSE and
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0 2 4 6 8 10 =1
Initial pH n 2
> (X, —X.)
Fig. 9. The plot of the pHs against the pH; (experimental conditions: pH-2-10, RP=1=5£! 10
dosage 20 mg, concentration-0.1 M NaCl, interaction time-1440 min). ) (X,, -~ Xm)z
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Fig. 10. 3-D plots of MB confiscation (a) pH and sorbent dosage (b) pH and initial concentration and (c) sorbent dosage and initial concentration (experimental
conditions: pH-2-10, sorbent dosage-20-80 mg, initial concentration-100-300 mg.L~!, and interaction time-120 min).
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Table 3
ANOVA and coefficients model for the MB elimination.
Source Sum of Squares df Mean Square F-value p-value
Model 195.86 9 21.76 76.38 <0.0001 Significant
A-pH 1.64 1 1.64 5.77 0.0372
B-Sorbent Dosage 110.57 1 110.57 388.07 <0.0001
C-Initial Concentration 51.51 1 51.51 180.78 <0.0001
AB 0.0004 1 0.0004 0.0014 0.9714
AC 0.0423 1 0.0423 0.1484 0.7081
BC 6.45 1 6.45 22.64 0.0008
A? 1.10 1 1.10 3.85 0.0783
B? 17.66 1 17.66 61.98 <0.0001
c? 6.16 1 6.16 21.61 0.0009
Residual 2.85 10 0.2849
Lack of Fit 1.28 5 0.2566 0.8191 0.5840 Not significant
Pure Error 1.57 5 0.3133
Cor Total 198.71 19
sorption of MB dye, an observed reduction in the intensity of the
Table 4 diffraction peaks was noticed, which was suggestive of the MB dye
Fit statistics of MB confiscation. molecules’ sorption into pores of the AC/Fes04 NCs via the phys-
Std. Dev. 0.5338 R2 0.9857 isorption process. The crystalline size of Fe3O4, and AC/Fe304 NCs
Mean 97.01 Adjusted R? 09728 before and afte}' the sorpt}on of MB dye was evaluate.d using t%le Del.)ye
CV. % 0.5502 Predicted R2 0.9378 Scherrer equation (Equation (12)) from the utmost intense diffraction
Adeq Precision 29.8107 peaks, where A is the monochromatic X-ray beam wavelength, B is the
Full-Width at Half-Maximum (FWHM) of the XRD peak at the optimum
intensity, 0 is the angle of peak diffraction that satisfies the Bragg’s law
1 ¢ for the h k 1 plane and C is the crystallite-size (Nistor et al., 2021).
RMSE= ./ — Z (Xp _ Xz»)z 11 P (hkD) ry ( s )
= 0.92
Clpit) = ——— 12
) =B cos 0

Xp, Xe, Xm and n represent the predicted and actual/experimental
values, the average of the experimental data and the number of data sets
(KAYA and ERDEM, 2023; Ahmad et al., 2020; Makomere et al., 2023;
Prasad and Yadav, 2020; Kakhki et al., 2020).

3. Results and discussions
3.1. TEM analysis

The TEM image of the prepared AC/Fe304 NCs is illustrated in
Fig. 5a. The image shows a nearly regular distribution of dispersed
spherical MNCs particles. The particle size diameter extended from 4-
9-28.7 nm, with an average particle size of approximately 8.9 + 3.0 nm
(Fig. 5b), obtained by curve fitting of the plot using the Gaussian dis-
tribution function in Originlab software. While Fig. 5¢ shows AC/Fe304
NCs SAED patterns which match the MNCs diffraction planes. The figure
also shows the polycrystalline nature of the TEM image with concentric
fuse diffraction rings and several bright spots. The computed lattice
spacing from the SAED patterns were 0.5548, 0.2850, 0.1931, 0.1614,
0.1389, 0.0999 and 0.0744, which corresponds to 111, 220, 311, 400,
422, 511 and 440 of Fe3Oy4 diffraction planes. While 0.4061 estimated
lattice spacing corresponds to 002 planes of disorder carbon of charcoal.
These findings are in good standing with the diffraction planes estimated
from XRD patterns (Ahmed and Ahmaruzzaman, 2015).

3.2. XRD analysis

The XRD diffraction peaks observed at 20 = 23.5° and 43.3° corre-
spond to the reflection planes of 002 and 100 of a characteristic of the
non-crystalline structure of AC (JCPDS 00-056-0159) (Fig. 6a) (Rodri-
gues et al., 2020; Sonal et al., 2020; Raj and Joy, 2015; Keppetipola
et al., 2021). While the peaks noticed at 20 = 21.6°, 30.3°, 35.7°, 43.5°,
53.8°, 57.5°% and 62.9° with corresponding diffraction planes of 111,
220, 311, 400, 422, 511 and 440 were attributed to Fe3O4 standard
peaks (JCDDS No. 190629) Fig. 6b (Hamedi et al., 2019; Lopes et al.,
2021). Fig. 6c¢ represents the XRD of AC/Fe304 NCs, which shows the
standard diffraction peaks of Fe3Os and amorphous AC. After the
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The obtained crystallite size calculated from the (311) diffraction
peak for Fe304 and AC/Fe304 before and after sorption of MB dye was
established to be 11.15, 14.27 and 13.98 nm. There was an observed
reduction in the intensity of the diffraction peaks and the crystalline size
of the AC/Fe304 NCs after the biosorption of MB dye, as depicted in
Fig. 6¢. Shift in the diffraction peaks was also noticed after sorption of
MB dye using AC/Fe304 NCs was ascribed to unit cell contraction (Rout
et al., 2015).

3.3. UV analysis

The UV spectrum attained for AC, Fe304 NPs and AC/Fe304 NCs was
assessed at a wavelength array of 200-700 nm. The observed adsorption
peak of 310 nm was ascribed to AC (Fig. 7a). While the adsorption peaks
noticed at 261, 334 and 388 nm are ascribed to the composition of the
capped polyphenols, and flavonoids by the OG leaf extract and trivalent
iron site on Fe3O4 After the fusion of AC into Fe304, three adsorption
peaks were noticed at 297, 331 and 382 nm, there was a decrease in the
observed adsorption peaks which were attributed to AC, OG leaf extract
and trivalent iron site on FegO4 (Fig. 7a) (Prasad, 2016).

The material response owing to electromagnetic radiation, especially
visible light was analyzed from the optical properties. From the view-
point of quantum mechanics, electromagnetic radiation is deemed as an
energy type named photon and the photon energy is quantized via
Planck’s principle given by Equation (13).

_hc
!

E=hv 13
h, ¢, and 4 describe the Planck-constant (6.63 x 10734 J/s), speed of light
in vacuum, and the wavelength of a photon. The scrutiny of the a data in
reaction to the wavelength in the assessment of the optical-bandgap is
observed to be reliant on Tauc’s Equation (14).
(ahv)’ = B(hv — E,) 14

hv, B, E; and y denote the photon energy (eV), band type factor, optical
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Fig. 11. Plots of (a) predicted vs. actual (b) normal plot of residuals and (c) residual vs. run of MB elimination.

energy bandgap and the direct (1/2) and indirect (2) permitted transi-
tions (Hussein et al., 2020). From the plots of (othv)2 against hv in
Fig. 5b-c, three values of Eg for Fe304 NPs, AC and AC/Fe304 NCs were
determined to be 2.63 eV, 3.15-4.8 eV and 1.56 eV.

3.4. FTIR analysis

The FTIR spectra of OG leaf extract, Fe304 NPs, AC, and AC/Fe304
NCs before and after the sorption of MB dye are presented in Fig. 8. The
characteristics peaks observed at 3304, 2961, 1596, 1444,1395-1111,
1081, 816, 708 and 625 cm ™' were credited to the O-H group of car-
boxylic acid group, C-H stretching of alkanes, N-H/C-N stretching of
protein, C-H bending, C-H stretching of alkanes, PO’ symmetric
stretch (mainly nuclei acids), C-H bending of methyl glycogen, CH,
bending of carbohydrate, protein and lipids, C-O-O or P-O-C bonding
of phosphate of OG leaf extract (Fig. 8a). The projecting protein peaks
found in the 3304 and 1596 cm ™~ were from the leaf extract which acted
as a reducing agent in the reduction of Fe ions to Fe3O4 NPs (Selvaraju
et al., 2021; Raju et al., 2017; Karthik et al., 2020; Blessing et al., 2017;
Kristianto et al., 2016). The band at 543 cm ™' in Fig. 8b is consistent
with FeO stretching vibration at the octahedral site of iron (III) oxide.
While the bands at 3439, 1623, 1363, 1180 and 857 cm™! in Fig. 8b
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were ascribed to the O-H group of the phenol, carboxyl C-O stretching
of lipid, C-H stretching, CH deformation, C-O and C-C stretching of
carbohydrates and C-Cl stretching of halogen compounds (Prasad,
2016; Karthik et al., 2020; Udunwa et al., 2017). The band at 1568 em!
was ascribed to C=C stretching vibration in the aromatic ring mostly
observed in carbonaceous material like AC. While the bands at 1021,
2321 and 3363 cm ™! were also attributed to C-O bending (OH), the
existence of symmetric and asymmetric C-H stretching vibration of
hydrocarbon structure and O-H stretching vibration owing to
inter-molecular hydrogen bonding of polymeric compounds such as
phenols, alcohols, and carboxylic acids which indicate the free OH
groups present on the carbon surface (Fig. 8c). After the fusion of AC into
Fe304, an additional band at 532 cm ! which relates to FeO stretching
vibration was noticed in Fig. 8d (Gupta et al., 2021; Joshi and Pokharel,
2013; Ali et al., 2020; Saafie et al., 2019). After the sorption of MB dyes
to AC/Fe304 NCs, there was no significant change in the observed bands,
which was indicative of the dye removal main mechanism due to ion
exchange between the negatively (-ve) charged groups of AC/Fe304 NCs
and the cationic dye molecules (Seoane et al., 2022). There was a red
shift in all bands after the adsorption of MB dyes to 541, 1121, 1595,
2347 and 3419 em ™! and these correspond to the functional groups of
FeO stretching vibration, C-O bending (OH), C—C stretching vibration



U.O. Aigbe et al. Chemosphere 355 (2024) 141751

2 10 20 80
ApH = 9,60899 B:Sorbent Dosage = 71,9519
@
100 300 89,573 99,9973
C:Initial Concentration = 171,563 Removal = 101,242

Desirability = 1,000
Solution 1 out of 100

Fig. 12. DF of MB elimination.

Training: R=0.99704 Validation: R=0.98647
100 100
M~
- O Data « O Data
e Fit i
+ 98 + 995
- | e Y=T o/0 | T T | e
o ®
2 o
—
© 96 ©c 99
N S
=} e
S 94 3 985
I 1
, et
1 3
3 o2 2
s S
3 a|sd b
90¥
20 92 94 9% 98 100 98 985 99 995 100
Target Target
Test: R=0.93274 All: R=0.9961
98 : 100
0 O Data o 2 O Data
+ 978 Fit + o3 Fit
g .......... Y=T ,a.; .......... Y=T o)
P o
© 97.6 )
5 L7
g 97.4 =
o
1 y W
Lor2 i
= -
% % 92
97
° c| o d
90\.1
97 972 974 976 97.8 98 90 92 94 9 98 100
Target Target

Fig. 13. LM regression plots using (a) training, (b) validation, (c) testing and (d) complete data for AC/Fe3s04 NCs sorption of MB dyes.
in the aromatic ring, the existence of symmetric and asymmetric C-H compounds such as phenols, alcohols, and carboxylic acids which indi-
stretching vibration of hydrocarbon structure and O-H stretching vi- cate the free OH groups present on the carbon surface (Fig. 8e).

bration owing to inter-molecular hydrogen bonding of polymeric
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3.5. pHPZC OfAC/F6304 NCs

The sorption of ionic compounds is critically impacted by the solu-
tion pH. Hence, sorbent pHpyc determination is vital and dependable for
favourable or unfavourable sorption processes (Seoane et al., 2022). The
pHpzc of AC/Fe304 NCs was 7.2 as depicted in Fig. 9. At pH < pHpyc of
AC/Fe304 NCs (acid conditions), the surface of the NCs was positively
(+ve) charged and at pH > pHpzc of AC/Fe304 NCs, the surface of the
NCs was -ve charged, thereby sorb the anionic MB dye molecules
effectively.

3.6. Influence of process variables on sorption of MB to AC/Fes04 NCs

The advantage of utilizing the RSM is the creation of 3-D plots, which
assist in recognizing the impacts of process variables interactions on the
process result (Natrayan et al., 2022; Kusuma et al., 2023). A critical
parameter in verifying the possibility of the sorption of anionic and
cationic organic dye compounds is the pH (Ouldmoumna et al., 2013;
Elwakeel et al., 2018). The pKa of MB is 3.5 and it is fully ionized at pH >

3.5, hence occurring under a cationic form (Igwegbe et al., 2019). Re-
sults of the sorption of MB as a function of pH and dosage are depicted in
Fig. 10a. As observed in Fig. 10a, the sorption of MB dye increased with
increasing pH and sorbent-dosage, with optimum sorption observed at
pH 10 employing 50 mg of sorbent dosage. This was accredited to the
electrostatic interaction between the deprotonated sites on the sorbent,
which was -ve charged at pH > 7.2 and the cationic dye molecules. At
low pH, the sites on the sorbent were protonated (H') leading to elec-
trostatic repulsion between the dye molecules and the +ve charged sites
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on the surface of the sorbent. Also, it was noted in Fig. 10aa, that the %
of MB dye confiscated to the NCs increased with increasing sorbent
dosage used.

Fig. 10b displays the influence of pH and initial MB concentration on
the % of MB confiscated to the NCs. With the improvement in the pH of
the solution with increasing initial MB concentration, a decrease in the
% of MB confiscated to the NCs was noticed. The initial MB concentra-
tion had a negative influence on the confiscation of MB dye molecules,
with improved initial MB concentration from 100 to 300 mg.L ! led to a
reduction in the % of MB confiscated from 99 to 92%. This behaviour is
associated with the viable sorption of dye molecules complication at
various concentrations on the NCs surface. At elevated concentrations,
the sorbent surface gets saturated resulting in the reduction of the % of
MB confiscated (Alipour et al., 2022).

Fig. 10c exhibits the influence of sorbent dosage and initial MB
concentrations on the % of MB confiscated to AC/Fe304 NCs. It was
noticed in this study that there was an improvement in the % of MB dye
molecules confiscated to NCs as the sorbent dosage was increased with
intensifying initial MB concentrations and was ascribed to the increased
accessibility of sorption sites/surface area for the confiscation of MB dye
molecules. A further increase in the sorbent dosage above 60 mg
(sorption equilibrium), did not result in a further upsurge in the rate of
MB confiscated as the MB concentration was intensified (Alipour et al.,
2022).

3.6.1. CCD and ANOVA test
ANOVA test was explored to determine the interaction between the
response and process variables and the fit polynomial model quality is
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Fig. 15. SCG regression plots using (a) training, (b) validation, (c) testing and (d) complete data for AC/Fe304 NCs sorption of MB dyes.

communicated by the coefficient of determination (R?). The P-value
(probability) with a 95% level of confidence was employed to assess the
model term and ANOVA for the % removal (Y) is represented by Table 3.
Parameters of the quadratic models (Table 3) were considerable at the
5% confidence intervals as the P-values were < 0.05 (significant model
terms were A, B, C, BC, B2 and C? and insignificant model terms were AB,
AC, and A?) and the R? value was 0.9857, which was > 0.80, which is
the limit for a good fit model. A high R? value guarantees a suitable
variation of the quadratic model to the experimental data and shows a
good pact between the observed and calculated outcomes. Also, an
extreme R? value shows a desired and rational pact with the adjusted R?
value. When the P-value of the model term is > 0.05, they are well
thought out to have inadequate influence, hence they must be expected
to enhance the models from the research. The predicted R? value
(0.9378) was in realistic pact with the adjusted R? value (0.9728) and
the difference between the adj and predicted R? values was 0.03, which
validates decent certainty of the model (difference should be < 0.2)
(Table 4) (Alipour et al., 2022; Zhao et al., 2022). Thus, the selected
model was satisfactorily correct for MB confiscation and gives an
excellent projection of the outcome. Also, the equation of the prediction
of the % of MB confiscated is given by Equation (15). The degree of the
signal-to-noise ratio was assessed using the Adeq Precision and an
adequate signal of a ratio of 29.811 was suggestive and desirable for the
experimental runs, as it was a ratio > 4 (Table 4). This model can be
employed to traverse the model space. Furthermore, owing to the low C.
V value of 0.5507, the model was highly functional.
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% Removal = 92,7891 + —0,599848 % A +0,309676 * B + —0,0209376
# C+ —0,000231389 * AB -+ 0,000727083 + AC +0,00119726 + BC

+0,0521895 * A2+ —0,00372485 = B2 + —0,000197932 x C2
15

To assess the validation of model adequacy, the diagnostic plots in
Fig. 11a-c were employed. Fig. 11a shows that the actual and predicted
removal of the MB plot fitted well to linear regression, indicating that
the model was adequate in describing the experimental terms. Fig. 11b
shows the normal plot of residuals (externally studentized residual
against the % of normal probability), which was appropriate for outlier
detection. The normal error distribution across all runs and the model
adequacy for this experiment were deduced from the linear point dis-
tribution in the plots. Fig. 11c shows the plot of residual against the run
plot, where the points standing away from the red threshold are
considered as the outliers. None of the points in Fig. 11c was observed to
be outside the limit of the model expectations, which was suggestive of
no more outliers being obtainable (Zenebe et al., 2021; Rosly et al.,
2021).

The desirability function (DF) was employed to approximate the
most excellent predicted prospect for the maximum response (Kumari
et al., 2022). For the optimization process, the DF was utilized, and this
varies from O (undesirable) to 1 (desirable). The statistical optimization
technique gets the points that boost the preferred function. The most
excellent forecast values for the optimum % of MB confiscated and the
DF is displayed in the optimization plot in Fig. 12. The ideal predicted
condition for the optimal confiscation of MB using the DF was pH of 9.6,
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Fig. 16. ANN Toolbox for MB removal using AC/Fe304 NCs.
Table 5
ANN functioning using hidden node structure.
LM BR SCG
MSE RMSE R? MSE RMSE R? MSE RMSE R?
Training 0.0714 0.2672 0.9970 0.0950 0.3082 0.9955 0.5069 0.7120 0.9581
Validation 0.0120 0.1096 0.9865 0.0000 0.0000 0.0000 1.7737 1.3318 0.9865
Testing 0.0964 0.3105 0.9327 0.6111 0.7817 0.9851 2.2390 1.4963 0.9729

sorbent dosage of 71.95 mg, initial MB concentration of 171.56 mg.L ™!
and % of dye confiscated was approximately 100%.

3.7. ANN analysis

In this study, experimental results for the sorption of MB molecules
from water-soluble solutions by AC/Fe304 NCs were modelled using the
ANN method. The training procedure was accomplished by employing
the standard BP algorithm as the optimization process. The ANN was
created using the Levenberg-Marquardt (LM), Bayesian regularization
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(BR) and Scale Conjugated Gradient (SCG) algorithms (Figs. 13-15) to
assess their extrapolative capacity. The Tang sigmoid (tansig) function
was chosen as a stimulation function in this study, utilizing a data di-
vision ratio of 70:15:15. From the software generated “All” R? values of
LM (0.9961) was the highest followed by BR (0.9911) and SCG (0.9541)
(Figs. 13-15). BR script performance did not require validation as
observed in Fig. 14, which was ascribed to pre-set net trainParam.max.
fail function that program validation removal. Computational processes
by the BR algorithm guarantee variation to noisy data sets by performing
a reducing procedure employing an adjusted number of factors using a
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Fig. 17. The plot of MSE against the number of epochs in the hidden layer for (a) LM, (b) BR and (c) SCG.

statistical penalty term as depicted by Equation (16). Accurate BR bias
created during regularization by the minimization procedure generates
a less diverged data output.

F=pEp(D [ w,M) + aE,(w/M) 16

Ep, D, #,and a, aE,(w/M) signify the mean sum of squares active in
decreasing overfitting, input-target training data, are the predicted
hyper-parameters in the decay rate term and the decaying rate term
(Makomere et al., 2023). The acquired ANN models show an excellent
association from the training data for the optimized structures as shown
in Figs. 13-15a. While it did not function reasonably well in the vali-
dation and testing, owing to scattered data points (Figs. 13-15b-c).
Generally, the models functioned reasonably well for the sorption
experimental data set as shown in Figs. 13-15d in the order of LM > BR
> SCG.

3 inputs (pH, sorbent dosage, and MB concentrations) were specified
in the system, and the neuron number in the hidden layer was deter-
mined to be 7. Results from individual tools training were attained when
optimum interactions were achieved, where LM, BR and SCG training
were inactivated at optimum 7, 1000 and 15 epochs simulations. There
was no substantial change observed in the technique performance after
simulating above these epochs (Fig. 16).

From Table 5, the generated functions and hidden node layout
interpretation are based on the performance of R? and MSE as well as
RMSE. The most efficient network model is the one with the superior R?
as well as the lowest MSE and RMSE values. The sigmoid function

16

(tansig) shows response relationships that are closer to the given values.
The 3-7-1 architecture is exceptional to other network designs for LM,
BR, and SCG training tools. The 7 hidden cells ideally enhance the
precision, with which the system interprets the indistinct data. There-
fore, the remaining layer is changed into a linear function and since the
output created is also linear, the correlation between the data is
impacted (Makomere et al., 2023). Based on the generated data, LM
outperformed BR and SCG in describing the accuracy of MB sorption to
the NCs based on the results presented in Table 5 owing to the highest R
in the training and validation and lowest MSE and RMSE values obtained
in the training, validation, and testing. While BR outperformed LM and
SCG in the testing based on the R? value obtained. According to Banza
et al. (2023), an R? value that is greater than 0.8 established a satis-
factory correlation between the predicted and experimental results
(Banza et al., 2023b).

As observed in Fig. 17, the training processes were stopped after 7,
999 and 10 epochs for LM, BR, and SCG. As observed from this figure,
the validation test was not executed for the BR coding approach, but in
LM and SCG algorithms. This was ascribed to LM and SCG tools not
making use of Equation (16) for generalization, as validation tests are
necessary for verifying errors arising in the weights during the training
procedure (Makomere et al., 2023).

The network was assessed by comparing its experimental values
employing an independent data set (test data) with the predicted values
obtained from the weight and bias values from ANN. The plots of the
predicted data against the experimental data are shown in Fig. 18. It was
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Fig. 18. Comparative study of the plot of the predictive data set of (a) LM, (b) BR and (c) SCR against the experimental data set.

Table 6
Comparative errors associated with the plots of the predictive data against the
actual data for LM, BR and SCG.

Error Function LM BR SCG

R? 0.9922 0.9823 0.9103
Adjusted R? 0.9918 0.9814 0.9053
RSS 1.4475 3.3383 14.4080
Pearson (1) 0.9961 0.9911 0.9541
MSE 0.1883 0.3026 1.1369
RMSE 0.4340 0.5501 1.0663

noticed that all the points in the plots were well distributed along the
trendline of the scattered plots. R? values were determined for individ-
ual plots of predicted data against the actual data for LM, BR and SCG
algorithms were 0.9922, 0.9823 and 0.9103, which showed the reli-
ability of each model, with LM having the highest R? value and showed a
better generalization performance. A satisfactory correlation was
established between the actual and predicted data as R? values were >
0.8 for algorithms. The adjusted-R? values in Table 6 showed that the
adjusted R? value was the highest followed by BR and SCG. The pre-
dicted R? value for LM, BR and SCG algorithms were in a realistic pact
with the adjusted R? value for LM, BR and SCG algorithms and the dif-
ference between the predicted and adjusted R? values were 0.0004,
0.0009 and 0.005, which validates decent certainty of the model (dif-
ference should be < 0.2) (Banza et al., 2023a; Alipour et al., 2022). The
MSE, RMSE and RSS errors using LM, BR and SCG algorithms were
0.1883, 0.3020 and 1.1369, 0.4340, 0.5501 and 1.0663, 1.4475, 3.3383
and 14.4080. The lowest obtained values using these algorithms were in
the order of LM > BR > SCG. From these results, it was obvious that the
LM algorithm fitted well with the data sets. From the data reported in
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Tables 6 and it was shown that there was a positive association between
the predicted and experimental values for all algorithms. A comparison
of the predicted and experimental removal efficiency is depicted in
Table 2. It shows that the experimental removal efficiency values were
close to that of the predicted % removal efficiency using the different
algorithms, with LM being most comparative to the experimental
removal efficiency. The ANN model was confirmed to be an acceptable
interpolation tool that best predicted the sorption of MB dye molecules
to AC/Fe304 NCs was the LM algorithm.

3.8. Isotherm models

A critical aspect of any scientific research is the modelling process.
The sorption isotherm research offers an understanding of the nature of
the sorbate-sorbent interaction (Hashem et al., 2022). The sorption
equilibrium isotherm describes the equilibrium interaction between the
sorbed ions in a water-soluble solution at a particular temperature
(Singh and Balomajumder, 2017). To link the isotherm equilibrium data,
three isotherm models were explored utilizing the linear form (LFm) and
NL form (NLFm) of the Langmuir (LNRM), FRHM and Temkin (TENM)
models, which were fitted using Originlab 9 software.

The LNRM was mainly intended to explain the gas-solid phase
sorption and is mainly utilized to compute and compare the different
sorbent sorptive capacities. It also accounts for surface coverage by
assessing the comparative desorption and sorption rate (energetic
equilibrium). Sorption is comparative to the segment of the sorbent
surface that is open while desorption is relative to the part of the sorbent
surface that is covered. While the FRHM is appropriate to the sorption
process that takes place on heterogeneous surfaces. This model gives an
illustration which is used to describe the heterogeneity of a surface and
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mg, interaction time-60 min and pH-10).

Table 7
Determined parameters from the LF of isotherm models.
LNRM FRHM TENM
LF
Ky (L.mg™") qm(cal) R? Ky ((mg.g")(L/mg)"/™) n R? Ky (L.mg ™) B (J/mol) R?
(mg.g™")
0.2522 427.3504 0.94197 104.3990 2.9741 0.8437 2.6385 0.0128 0.8999

the exponential dissemination of active sites and their energies (Ayawei
et al.,, 2017; Sahoo and Prelot, 2020). The TENM comprises of the
sorption heat in layers of molecules which reduces linearly owing to the
sorbent sorbate interactions and such sorption is distinguished by the
bonding energies’ equal distribution. This model was expressed in the
case of the gases on solids sorption and liquid phase transportation and
gives access to the sorption energy modification which exemplifies how
the pollutant molecules are maintained on the sorbent surface (Togue
Kamga, 2019). The NLF models of the isotherm models are depicted by
Equations (17)-(19).

_ quLCE 17
‘T 1+K.C,
qe :KFC:/" 18
RT
q. :FIH(KTCe) 19

Ky, Kg, n, B and K represent LNRM binding energy, FRHM constant
symbolizing capacity, FRHM exponent, TENM constant relating to
sorption heat variation and optimum binding energy (Lee et al., 2021).
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The results of the fittings of the various models are shown in
Fig. 19a—c. While results of the determined parameters from the linear
fitting (LF) and NLF with their equivalent Rz, X2 and RSS values are
shown in Tables 7 and 8. It was noticed from Table 8, that the FRHM
superlative defined the sorption of MB to AC/Fe3O4 NCs due to their
elevated R? values and lowest X2 and RSS values obtained. The optimum
sorption capacity determined according to the LNRM was 455.0153 mg
g~ L. Also, the n value determined from the FRHM was 3.7180, which
was greater than 1 and indicative of the appropriateness of AC/Fe304
NCs for MB dye sequestration. The calculated and experimental data
from the FRHM were very close. The sorption capacity of different NCs
utilized for the confiscation of MB dye is reported in Table 9 and it was
noticed that the sorption capacity of the NCs employed in this study was
comparable high against other NCs used for the confiscation of MB dye.
Multilayer sorption due to heterogeneous site distribution with various
sorption energies was responsible for the MB dye molecule’s sorption to
AC/Fe304 NCs (Al-Ghouti and Da’ana, 2020). Table 9 illustrates the
comparison of the optimum sorption capacities of AC/Fe304 NCs and
other sorbents employed for the confiscation of MB. A direct comparison
of the sorption performance is challenging owing to various experi-
mental conditions, but this is a useful benchmark for physically
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Table 8

Determined parameters from the NLF of isotherm models.

TENM

FRHM

LNRM

NLF

RSS

R2? x2

B (J/mol)

Kr (L.mg ™)

RSS

X2

Kr ((mg.g~1)(L/mg)/™) R?

RSS

X2

R2

qm(cal)

K, (L.mg™ 1)

(mg.g™")

3017.7427 12070.9710 5.1241 68.5307 0.8675 3488.9170 13955.6678

0.8854

3.7180

0.7283 7156.3930 28625.5719 134.7138

455.0153

0.1113
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Table 9
Comparison of the optimum sorption capacities of various nanosorbents for MB
dye removal.

Nanosorbents Qqm (mg. References
g
AC/Fe304 NCs 455 This study.
ZnO-Chitosan NCs 98 Zango et al.
(2020)
Anisomeles malabarica silver NPs 97 Prabhahar et al.
(2022)
Bio-modified MNPs 294 Das et al. (2022)
AC derived from mixed orange and watermelon 201 Hanafi et al.
rind activated with ZnCl, (2022)
ZnFe 04 257 Zhao et al. (2022).
Functionalized biomass carbon-based sorbent 250 Fan et al. (2022)
Montmorillonite/NiFe,O4@amine-functionalized 137 Gomaa et al.
chitosan NCs (2022)
Nanoparticles-doped AC 157 Obayomi et al.
(2022)
Fe304 72 Bassim et al.
(2022)
MNCs by Cordia Africana 30 Zenebe et al.

(2021)

assessing materials potential (Eldeeb et al., 2022; Elwakeel et al., 2017).

3.9. Kinetic study

In the sorption process, contact time is central due to it permitting
the diffusion and adhesion of sorbate molecules to transpire (Kurniawati
et al., 2021). To assess the influence of contact-time on the confiscation
of MB dye to AC/Fe304 NCs, this study was implemented in a varying
time of 5-60 min at pH 10. As noticed in Fig. 20a, there was a fast
improvement in the % of MB dye sorbed to the AC/Fe3O4 NCs as the
contact time of the process was enhanced and the optimum contact time
for MB dye to be confiscated was observed at 15 min, which was
ascribed to the binding process between the dye molecules and the
available active sorption sites on the NCs surface. Further increase in the
contact time of the sorption process resulted in no considerable removal
being observed (slow sorption process), owing to the active sites on the
NCs saturation (Kuang et al., 2020; Thabede et al., 2020). The
time-dependence of the sorption system is interpreted by the kinetic
study (Hashem et al., 2022). These models also control the sorption rate,
which defines the requisite time for the process of sorption to attain
equilibrium. These models can also give knowledge about the pathways
for sorption and the possible mechanisms involved. To comprehend the
meticulous sorption process attributes, the different kinetic models
employed in this study were the pseudo-first-order-model (PFOM),
PSOM, and intraparticle diffusion model (INDM) employing the linear
and the NL model’s equations (Sahoo and Prelot, 2020). The NLNF
models of the kinetic models are represented by Equations (20)-(22).

q,:qg(l —e’k") 20
2
q>kat
__ 49 21
M1 gkt
g =knt*> +C 22

ki, ko, kinp and C represent the PFOM, and PSOM rate constants in
(1/min) and (g/mg.min), INDM rate constant (g/mg.min) and boundary
layer outcome or surface sorption (Ofomaja et al., 2020).

Comparison of the determined coefficient of regression (R?) param-
eter from the LF of the PFOM, PSOM and INDM (Fig. 20b-d), it was
noted that the PSOM with R? = 0.9999 and 1.000 values superlative
represented the sorption of 100 and 200 mg.L ™! concentrations of MB
dye molecules to the AC/Fe304 NCs (Table 10). Employing the NLF to
the various kinetic models, the kinetic model that most excellently
explained the sorption process of MB to AC/Fe304 NCs was determined



U.O. Aigbe et al.

400
a
(o]
300 -
C)
= 200 F
E
&
100 |-
1100 mg/L
—0O— 150 mg/L
0 ! 1 4 i 7 ;
0 10 20 30 40 50 0
Time (min)
0.30
C
0.25 |
0.20 |-
.
e
= 0ash
o
£
E
~ 010 F
=
S
0.05 |
O 100 mg/L
O 150 mg/L
0.00 . . , | .
0 10 20 30 40 50 60
Time (min)
400
(¢
I~ i - oo o seens@1333330
300 s s
i BB =1 pessssesd
5 i
e -L:-' O 100 mg/L (Exp.)
g = O 150 mg/L (Exp.)
= E vesvee PFO
E ------ PFO
Wops eeeees PSO
H sesses PSO
: sesses IND
: sesses IND
]
0 10 20 30 40 50 50
Time (min)

Chemosphere 355 (2024) 141751

13
Lok O 100 mgL o
O 200 mg/L
08| [
a
= o6l
& 2
&
S 04 o
O
02
a
Wl O
1 1 1 1 1 1
0 10 20 30 40 50
Time (min)
500

q, (mg/g)

B 100 mg/L
O 150 mg/L
0 N 1 1 1 1 1 il 1 1
0 1 2 3 4 5 6 7 8
0

Time"* (min"*)

Fig. 20. Linear plots of (a) impact of time on the elimination of MB elimination (b) PFOM, (c) PSOM, (d) INDM and (e) NLF of kinetic models (experimental

conditions: initial concentrations-100 and 150 mg.L ™}, dosage-20 mg, interaction time-5-60 min and pH-10).

Table 10
Determined parameters from the LF of kinetic models.
PFOM PSOM INDM
Conc. (mg.L ™) LF
ky (min™") qe(cal) R k (g/mg~".min ") qe(cal) (mg.g™") R Kinp C(mgL M R?
(mg.g™")
100 0.0012 1.4537 —0.3250 0.0250 238.6635 0.9998 24.16408 89.97801 0.44098
200 0.0107 1.3817 0.0745 0.0395 340.1361 1.0000 34.4370 129.56108 0.43465

by the maximum values of the (R?) and lowest possible values of X2 and
RSS. A superior value of X? and RSS was indicative of a high-level bias
between the calculated and experimental model values (Jasper et al.,
2020; Benmessaoud et al., 2020). The ultimate model for the sorption of
MB dye to AC/Fe304 NCs was well-thought-out using the NLF of the

20

kinetic models and the determined parameters from the NLF of all
models showed that the PSOM superlative defined the sorption process
of MB dye molecules which closely trailed by the PFOM and the INDM,
with the calculated parameters of R?, X2 and RSS established to be
0.9997/0.9999, 2.8255/1.1492 and 11.3020/4.5966 for PSOM,
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Table 11

Determined parameters from the NLF of kinetic models.

INDM

PSOM

PFOM

NLF

Conc. (mg.L™1)

R? X2 RSS Kinp C (mg.L™Y) R? X2 RSS

ge(cal) (mg.g ")

ks (g/mg~".min"")

x? RSS

qe(cal) R?

ki (min~1)

(mg.g™")

112848.4819
215667.9634

113.0746
216.1002

0.1829
0.1676

220.1477
317.0581

2.8255 11.3020 2.7546
4.5966 3.6123

1.1492

0.9997
0.9999

237.5146
339.7674

0.9996 4.1184 16.4735 0.0342
2.7225 0.0272

0.9999

236.4099
338.4225

0.8076
0.8241

100
200

10.8898
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Fig. 21. Vant’s Hoff plot of In K vs. T~ (experimental conditions: initial
concentrations-100 mg.L ™!, dosage-50 mg, interaction time-30 min, tempera-
ture-298-313 K and pH-10).

Table 12
Determined thermodynamic parameters of MB elimination.

Dye Temperature (K) AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol.K)

MB 298 13.22 0.13 —43.92
303 13.44
308 13.66
313 13.88

0.9996/0.9999, 4.1184/2.7225 and 16.4735/10.8898 for PFOM and
0.1829/0.1676, 113.0746/216.1002and 112848.4819/215667.9634
for INDM) model for 100 and 200 mg.L™! concentrations of MB dye
(Table 11). The values of calculated qe (mg.g’l) of the PSOM for the LF
and NLF were relatively close to the experimental values. The plots of
the INDM of the sorption process of MB dye were not rate-controlling
and diffused through the liquid film of the AC/Fe3O4 NCs, as the
straight line did not pass via the origin of the plot and the R? values were
comparatively poor. Hence the sorption of MB dye to AC/Fe3O4 NCs was
centred on the rate-limiting step of chemical sorption or chemisorption
which further collaborates with the findings from the studies of (Zhao
et al., 2022; Fan et al., 2022; Ratnam et al., 2022). The INDM was
employed to ascertain the level-limiting step of the sorption process and
if the regression of the linear plot of this model passes via the origin,
then according to this model sorption process is controlled by INDM
(Miyah et al., 2018).

3.10. Thermodynamics study

Through the thermodynamic parameters (the Gibbs free energy
(AG®), the enthalpy (AH®) and the entropy (AS°)), an understanding of
the sorption mechanism can be assessed. The equilibrium constant (K) is
considered by extrapolating the Van’t Hoff plot of In (qe/C.) against T~
to zero (Fig. 21) and the values of AH° and AS° are found from the slope
and intercept of equation (20). The thermodynamics parameters are
assessed using Equations (23)-(25).

AG°= — (RTInK) 23

AG® = AH® — TAS°® 24

g =AM 1 AS 25
R T R

T and R are the absolute temperature in Kelvin (K) and the universal
gas constant (J/mol/K) (Abbas, 2022; Kheddo et al., 2020). According to
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Fig. 22. Possible mechanism of MB sorption to AC/Fe304 NCs.

the parameters determined and which is reported in Table 12, the pos-
itive values of AG®° and AH° were indicative of a non-spontaneous and
endothermic MB sorption to the NCs. The determined values of AG®
were noticed to improve with increasing temperature applied to the
system and its values were between 0 and 20 kJ/mol, which was sug-
gestive of a physisorption process. The positive values of AH* and AG®,
which increase with intensifying temperature presented a sorption
process that was favourable at elevated temperatures. This was ascribed
to the sorbate mobility and affinity increasing with an increase in tem-
perature. The negative value of AS° determined was suggestive of to a
lesser extent disorder in the sorption of MB to the NCs and its value was
less than 1 (0.0439 kJ/mol.K), which was suggestive of a reversible
reaction (Table 12) (Amin et al., 2017; Tcheka et al., 2022; Potgieter
et al., 2021; Abbas, 2022; Kheddo et al., 2020; Onu et al., 2022).

3.11. Mechanism of MB sorption

To completely comprehend the mechanism of MB adsorption to AC/
Fe304 NCs, a precise understanding of the sorption mechanism is
important. Depending on the surface and textural properties of the
sorbent as well as how the adsorbate diffuses towards it, a mix of
chemisorption and physisorption drives the sorption process of MB dye
(Kangmennaa et al., 2024). As evident from FTIR analysis, cationic MB
dye molecules were confiscated to the negatively charged oxygenated
functional groups such as C-O and ~“OH present on the surface of the
synthesized AC/Fe304 NCs in the water-soluble medium via ion ex-
change. These groups have a sturdy capacity to draw species with a
converse charge and repel those with an identical charge. Hence,
cationic MB dye was sturdily magnetized from the solution to the
AC/Fe304 NCs. Additionally, the dye removal comprises of the elec-
trostatic attraction, hydrogen bonding, and cation — & interaction with
the aromatic ring of the dye, which is critical in the mechanism as shown
in Fig. 22. An increase in solution pH led to increased removal of MB to
AC/Fe304 NCs owing to the electrostatic attraction between cationic MB
dye and deprotonated sites on the sorbent ("OH). Also, the existence of a
hydrogen bond between ~OH of the AC/Fe304 NCs and nitrogen of MB
was ascribed to MB sorption. MB being a planar molecule with an aro-
matic ring, the p-electrons existing in the MB molecular structure will
couple with AC/Fe304 NCs to form cation — x interaction, hence, pro-
moting MB dye molecules sorption to the surface of AC/Fe304 NCs
(Kangmennaa et al., 2024; Elkholy et al., 2023; Hu et al., 2018; El-Nemr
et al., 2022; Salazar-Rabago et al., 2017; Li et al., 2020; Dehbi et al.,
2024)
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4. Conclusion

In this study, AC/Fe304 NCs were fabricated and employed for
effective MB dye sequestration. Optimization was implemented using
the CCD-based RSM technique to save cost and time and attain the least
error response. According to the CCD-based RSM technique, the
quadratic model was practically accurate in explaining the sorption of
MB dye to AC/Fe304 NCs. The optimal conditions for eliminating MB
dye according to the DF were pH-9.6, sorbent dosage-73 mg. initial
concentration-172 mg.L ™! and removal efficiency of 100%. Also, sor-
bent dosage and initial concentration are substantial terms with a P-
value <0.05 in the model and had central control over the MB dye
sorption process. Based on the NLF of the kinetic and isotherm models,
the sorption of MB dye to AC/Fe304 NCs was perfectly classified using
the PSOM and FRHM. The determined optimal sorption capacity was
455 mg g~ *. Thermodynamically, MB dye sorption to AC/Fe304 NCs was
found to be non-spontaneous and endothermic in nature. Thus, AC/
Fe304 NCs were a capable sorbent for the sequestration of MB dye and a
possible process scale-up information was provided by the RSM. The
ANN approach as an attractive choice for modelling complex systems
like wastewater treatment procedures owing to it being an effective,
generalizable, and simple tool was explored in this study. The % of MB
dye molecules removed from water-soluble solutions was projected
employing the ANN model using experimental data generated. This was
achieved using the 3-7-1 NN architecture and with pH, sorbent dosage
and initial dye concentrations serving as the input data for the ANN
system. Based on the three training algorithms employed in this study,
the LM was found to better predict the sorption process based on the
determined high R? (0.9922), and low RMSE (0.3020) and MSE (0.1883)
values. Comparison between the modelled experimental and predicted
data showed significantly identical predicted output to the experimental
data with the LM algorithm having a high R% which showed the
applicability of the NN model for defining the sorption of MB to AC/
Fe304 NCs with a practical precision.
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