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Abstract

A heat treatment methodology was adopted as a pretreatment strategy, altering the porous structure of
the clay to minimize leaching for selenium adsorption in an aqueous system. Rigorous experiments
were carried out in batch mode to determine optimal parameters across various variables, including
contact time, adsorbent dosages, selenium concentrations, pH, temperature, and stirring speed during
selenium removal using natural clay. Investigating several kinetic and isotherm models revealed the
best fitting for the pseudo-second-order and the Langmuir isotherm. Endothermic and spontaneous
characteristics of the adsorption process were shown during thermodynamic analysis. In this study, a
predictive model for the efficiency of selenium separation was established using Response Surface
Methodology (RSM). Additionally, an Artificial Neural Network (ANN), a data-driven model, was
employed for comparative analysis. The predictive model exhibited a high degree of agreement with
experimental data, demonstrated by alow relative error of <0.10, a high regression coefficient of
>0.97), and a substantial Willmott-d index of >0.95. Moreover, the efficacy of pre-activated clay in
selenium removal was assessed, revealing the superior performance of ANN models over RSM models
in forecasting the efficiency of the adsorption process. This research significantly advances an effective
and sustainable material for selenium removal, providing valuable insights into predictive modeling
techniques applicable to similar contexts to boost scale-up confidence during industrial implementa-
tion in affected regions.

1. Introduction

The concentration of selenium in water plays a crucial role in determining whether it serves as a vital element or poses
arisk of toxicity (Janz 2011, Pommier et al 2019). In the realm of water quality regulations, divergent standards exist
for selenium concentration. The United States mandates a permissible limit of 50 g1~ in drinking water, while the
European Union enforces a more stringent maximum threshold of 10 ug1~" (He et al 2018). Meanwhile, the World
Health Organization (WHO) suggests a daily intake of 40 to 400 g of selenium, stipulating a maximum allowable
concentration of 40 pg 1~ in drinking water (World Health Organization 2011). The escalating concern over
selenium contamination in groundwater and wastewater has spurred the development of diverse removal
methodologies. These encompass membrane-based processes, reduction techniques, adsorption, electrocoagulation,
coagulation-flocculation, phytoremediation, co-precipitation, electrochemical approaches, chemical precipitation,
and biological remediation strategies (Zheng et al 2014, Kalaitzidou et al 2020, Mora et al 2020, Malhotra et al 2020,
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Table 1. The physical condition of clay minerals as a function of temperature (Crowley et al 2007).

Reversible transformation Irreversible transformation
Name
Clay Normal clay Anhydrous Clay Anhydrous Clay Anhydrous Clay
Structure Crystalline Crystalline Amorphous Re-crystallization
Temperature <120 °C 120 °C-550 °C 550 °C-900 °C >900 °C

Hamid et al 2021, Kushwaha et al 2021, Monei et al 2021, Mao et al 2024, Zhang et al 2024, Zhao et al 2024).
Adsorption has emerged as a preeminent approach owing to its practicality in remote locations, cost-effectiveness,
potential for sorbent renewal, and limited generation of detrimental sludge (Zoroufchi Benis et al 2020b). Various
adsorbents, such as activated carbon, magnetic nanocomposites, chitosan-clay composites, modified sand, iron and
aluminum oxides, and ion-imprinted polymers, have been employed for selenium remediation Kuan et al (1998),
(Su et al 2008, Bleiman and Mishael 2010, Dobrowolski and Otto 2013, Mafu et al 2016, Lu et al 2017). However, there
is alack of cost-effective methods utilizing natural materials for selenium mitigation in contaminated water.

Clay minerals and waste materials have recently gained attention as alternatives to expensive commercial
adsorbents like resins and activated carbon for water and wastewater treatment (Zoroufchi Benisa et al 2022).
Clay minerals appeal due to their natural abundance, non-hazardous nature, reactivity, and low cost (Bibi et al
2016). However, studies have shown that during the adsorption process, undesirable components can leach
from the inherent structure of these materials into the water despite their widespread availability and low cost
(Zoroufchi Benisa et al 2022, Ruj et al 2022). Clay is composed of hydrous aluminosilicate with repeating units of
two sheets of octahedron Al and tetrahedron (Si,O5)* . The edges of the octahedron consist of an O atom and
groups of OH ions linked with cations, such as AP, Mg”, and Fe?™, forming hexagonal structures, which can
be used as adsorbent either naturally or after some modifications (Khan et al 2023). The transformation
temperatures of clay minerals depend on factors such as the content of impurity oxides, degree of crystallinity,
particle sizes, heating duration, and the heating rate at specific temperatures (Lamberov et al 2012, Chakraborty
2014). Prolonged heating can induce reactions between clay’s silica and alumina components, reducing
solubility and promoting the development of crystalline phases. Additionally, extended heating may lead to
particle or phase fusion, resulting in a lower leaching rate (Al-Zahrani and Abdul-Majid 2009, Mark et al 2019).
In this study, natural clay was modified by heating it to approximately 550 °C for 90 min to enhance its
adsorption capacity and minimize leaching. Temperature and holding time are crucial in modifying natural
clay’s heat treatment. Table 1 depicts the four main regions in which clays transform in relation to temperature
(Crowley et al 2007).

Artificial neural networks (ANN) and response surface methodology (RSM) have recently become effective
methods for modeling and optimizing various processes (Bishayee et al 2021, Kumar et al 2024, Pranjal et al
2024). Both RSM and ANN models provide useful insights when dealing with sophisticated separation processes
that necessitate uncertain, multiple-variable analysis and extensive experiments. Based on statistical and
mathematical methods, RSM is particularly useful for optimizing process uncertainties and evaluating their
interdependencies. On the other hand, ANN, a type of artificial intelligence, can learn from input-output data
and provide predictions even without detailed knowledge of the removal mechanisms.

This research aimed to develop the RSM model to forecast the maximum achievable percentage of selenium
separation from an aqueous solution by leveraging naturally available waste material while operating under
optimized conditions. Furthermore, the ANN-based model was employed to assess the significance of
operational parameters and their interdependencies, facilitating process optimization with minimal margin for
error. The RSM approach adopted the central composite design (CCD) to systematically investigate the
influence of diverse operational factors, including the quantity of adsorbent used, contact duration,
temperature, pH level, and selenium concentration, on the efficacy of sorption. Subsequently, the ANN model
was deployed to validate the optimized parameters. The studies employed pseudo-first and second-order
kinetics and the intra-particle diffusion model to evaluate the adsorption rate. The empirical data strongly
aligned with the Freundlich adsorption isotherm model, substantiating the study’s findings. Notably, the
research uncovered the potential for efficient reusability of the adsorbent, signifying its viability for large-scale
deployment in industrial settings to remove selenium from water.

Moreover, research reports on applying ANN and RSM models using low-cost materials for selenium
removal, followed by cost evaluation studies, are scarce. The lack of such optimization studies for selenium
remediation from drinking water using low-cost adsorbent materials in the existing literature results in
difficulties in the scale-up of the process for its commercial implementation in affected regions. The novelty of
the present study primarily resides in developing a cost-effective adsorbent utilizing naturally available clay

2



10P Publishing

Environ. Res. Commun. 6 (2024) 115010 GRamesh etal

material for selenium separation. Furthermore, it involved optimizing process conditions through the
synergistic application of RSM and ANN methodologies, culminating in a comprehensive cost evaluation.

2. Materials and methods

2.1. Chemicals

Selenium solution of 2% (v/v) HNO3, Nickel (II) nitrate hex hydrate used as a modifier (Ni(NO3),. 6H,0, M =
290.81 g mol "), 100 mland 250 ml volumetric flasks, 100 ml conical flasks and 50 ml measuring flask (Borosil,
ISO 4788 In 27 °C), Micropipette(10-100 L, LABQUEST Borosil), Whatman 41 filter paper (20 pm), filter
funnel, REMI Revolutionary Centrifuge machine, (Model No; R-4C, SUPPLY: 220 V, 50 Hz, IOAC, RPM:
4000), conical centrifuge tubes of 15 ml, weighing machine(max.=220 g, Min.= 0.1 mg), the crucible, Muffle
Furnace (220/230 V, AC Supply), pH adjustments were made by using 0.05 M NH,OH and 0.1 M HCI.

2.2. Material collection and pretreatment

Clay was collected from Diamond Harbour near the Ganga River basin, India (Latitude 22.1927° N and
Longitude 88.1895° E). The collected material was dried naturally under the sunlight, followed by oven drying at
105 °C to remove any moisture and achieve the constant weight before being sieved through a 60 pm sieve (Laub
etal 2019). As previously stated, clay was modified by heat treatment in a furnace at 550 °C for 90 min.

2.3. Determination of selenium concentration through GF-AAS

The supernatant, containing the dissolved selenium, underwent filtration employing Whatman 41 filter paper to
remove particulate matter and obtain a clarified solution. The quantification of selenium concentration within
this solution was executed via Graphite Furnace - Atomic Absorption Spectroscopy (GF-AAS) (Model No:
AA0S162302, Hallow Cathode Lamp, Se 15 mA, P/N:942339030341, Wave length:196 nm, Detection Limit:

0.8 pgl™"), Thermo Fisher Scientific, iCE 3000 SERIES, AA Spectrometer. The adsorption capacity (ug/g) is
calculated using the mass balance equation below

Co—CouV
(€ =Co 0
W
where g, represents the amount of selenium adsorbed on NMC adsorbent (adsorption capacity) in pg/g; C, and
C. are the equilibrium selenium concentrations before and after the adsorption experiment in ug/L; Vand W
are feed volume (in liter) and weight of adsorbent (in gram).

2.4. Analytical procedure for adsorbent characterizations

Characterizing the untreated and treated clay adsorbents involved various analytical techniques. Scanning
electron microscopy coupled with energy-dispersive x-ray analysis (SEM-EDX) (JEOL Ltd, Japan) examined the
adsorbent samples’ morphology and elemental composition. Fourier Transform Infrared Spectroscopy (FTIR)
was utilized to investigate the various functional groups (in adsorbent) through their discrete vibrational energy.
Employing an IR Affinity-1S FT-IR Spectrophotometer (Shimadzu Co., Tokyo, Japan), abroad spectral range
(400 to 4000 cm ™~ ") was analyzed to attribute characteristic spectra to various functional groups. Further
characterization involved x-ray diffraction (XRD) using the Xpert Pro instrument from PAN Analytical in the
UK. This method enabled the investigation of mineral phases present in the material, providing insights into its
crystalline structure. N,-based adsorption—desorption isotherms were also examined to evaluate the surface area
and pore size distributions using Brunauer—Emmett—Teller (BET) and Barrett—Joyner—Halenda (BJH) analyzers
(Quantachrome Nova 2200E, Florida). This analysis aided in understanding the material’s surface
characteristics and porosity. The utilization of this array of advanced characterization techniques facilitated a
comprehensive understanding of the untreated and treated clay adsorbents, enabling insights into their
structural, elemental, and surface properties crucial for their application in diverse industrial processes.

2.5. Batch experimental procedure

The experimental procedures involved conducting batch tests employing naturally heat-treated clay as an
adsorbent to evaluate the influence of various operational factors, such as contact duration, adsorbent dosage,
selenium concentration, solution pH, temperature, and agitation speed on selenium removal. By systematically
varying each operational parameter while keeping others constant, the experiment aimed to identify the optimal
conditions for selenium removal using heat-treated clay. This approach helps in identify key factors that
enhance adsorption capacity and efficacy, thereby contributing valuable insights to the development of efficient
water treatment solutions. This was accomplished by subjecting the solution to an oscillating motion in a
temperature-controlled orbital shaker, consistently operating at a speed of 120 rpm until reaching adsorption
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Table 2. Parameters and their level used for making CCD using RSM.

Factor Parameters Units Min. Max. Coded Low Coded High Mean Std. Dev.
A Adsorbent dose g/L 6 14 —1<38 +l1e=12 10 1.84
B Contact time Minutes 10 50 —120 +1-40 30 9.18
C Selenium concentration pg/L 50 450 -1+ 150 +1 <350 250 91.77

Table 3. Weight percentage of the compositions present in natural clay and heat-

treated clay.
Elemental % Weight
S. No. composition
Natural Clay Heat treated clay

Areal Area2 Areal Area2
1 CK 30.26 15.78 0
2 OK 47.06 48.28 50.05 50.92
3 MgK 1.27 1.4 1.13 1.26
4 AIK 5.6 6.91 10.77 11.94
5 SiK 11.21 21.15 28.32 27.93
6 KK 1.3 1.79 2.42 3
7 CaK 0.32 0.88
8 FeK 2.98 4.7 6.43 4.95

equilibrium. Post-treatment, the solution was left undisturbed overnight. The temperature remained constant
at 27 °C throughout the entire experimental duration. The efficiency of selenium removal was calculated using
the subsequent formula (Malhotra et al 2023):

(%) = CC;C 100 @

o

Where C, = initial selenium concentration in pg/L; C. = equilibrium selenium concentration in pg/L.

2.6. Optimization studies

2.6.1. Response surface methodology-based optimization

RSM represents a suite of mathematical tools pivotal in delineating relationships between diverse independent
factors and one or more responses in experimental settings (Chakraborty and Halder 2020). The statistical
model generated by Design Expert Software (Version 6.0, Minneapolis, Stat-Ease, USA) was employed in all
adsorption experiments. Three crucial parameters, namely contact time, initial selenium concentration, and
adsorbent dose, acted as input variables, while the efficiency of selenium separation (%) using activated clay as
the adsorbent served as the response variable. Other parameters, such as shaker speed (200 rpm), temperature
(25 °C), and pH (7) were kept at constant values. The input variables’ minimum (—1) and maximum (+1) values
were 50 to 450 pg1 ™" for selenium concentration, 6 to 14 g1~ ! for adsorbent dose, and 10 to 50 min for contact
time. Table 2 presents the coded table corresponding to these values. Table 3 illustrates the statistical
experimental design formulated through Design Expert Software, predicated on multiple input factors. This
design underwent evaluation employing the CCD technique, which was deemed the most appropriate RSM
technique for experimental design scenarios. The model’s efficacy was gauged based on R?, Adjusted R?, and
Predicted R values. A higher correlation coefficient (R*) implies a more robust interpretation of the
experimental dataset, validating the model’s effectiveness.

2.6.2. Artificial neural network-based optimization

In ANN:Ss, the fundamental components are nodes, which serve as interconnected computational units, each
assigned a numerical value called a ‘scalar weight’ (w). The neuron’s synaptic weight plays a crucial role in
aggregating information from multiple sources and determines the potency of each incoming signal.
Subsequently, these inputs are aggregated using an externally imposed scalar termed bias (Biswas et al 2018).

Sum = Z XiWi (3)

i=0
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Figure 1. The Node diagram of ANN analysis 3-10-1.

The generation of the desired scalar output (denoted as ‘0’) within an ANN involves a crucial process: the
transformation of the cumulative network output through an appropriate transfer function (represented as ‘F).
In the particular scope of the referenced study, key factors serving as independent variables encompass selenium
concentration, adsorbent quantity, and contact duration, significantly influencing the system’s operational
efficiency. The primary focus is assessing selenium removal efficacy, quantified as a percentage and graphically
depicted in figure 1. Employing a layered feed-forward neural network (FNN) model, as detailed by Zendehdel
etal (2017), constitutes the methodology. This FNN structure comprises distinct layers: an input layer receiving
the variables, hidden layers for processing, and an output layer generating the anticipated results. Data can be
transferred via the hidden layer from the input to the output layer. However, the current configuration of the
ANN prohibits the introduction of additional lateral and feedback connections. The Leverberg-Marquardt
technique was employed to iteratively adjust the internal network parameters, denoted as ‘b’ and ‘w’ to reduce
the Mean Squared Error (MSE) function. The MSE can be calculated as follows.

n
MSE = Z Yi,observed - Yi,predicted (4)
i=0

where Y; predicted and Yj, observed are the experimental outputs (predicted and target, respectively); n defines the
number of runs. The information from the experiments that made up the ANN Model is displayed in table 2.
The data from the experiments were randomly split into three sets: training, testing, and validation. In the
training phase, when the neural network is excessively trained, it exhibits reduced errors in the training data. As
the training of the intricate neural network advances, it begins to assimilate superfluous noise signals alongside
the initial input signals. This phenomenon degrades the network’s generalization capabilities, impeding its
accuracy in predicting outcomes on novel or uncharted data instances. An ‘Early Stopping Approach’is deployed
to counteract the detrimental effects of overfitting, promptly discontinuing the training procedure at the onset
of indications wherein the validation error escalates. Subsequently, the network’s reliability is gauged through
rigorous testing, while the efficacy of the ANN model is appraised by scrutinizing its performance against
validation metrics.

2.7. Error analysis

A comprehensive comparison of the performance of the RSM and ANN models was conducted through
rigorous statistical analysis, employing three key metrics: the Coefficient of Determination (R?), Relative Error
(RE), and the Willmott d-index (dj,gey)- The statistical evaluation was carried out by utilizing both the model-
generated data and the empirically observed data, employing a widely accepted standard statistical approach,
namely, the relative error analysis. This analysis procedure involves the assessment of specific parameters, as
outlined in the subsequent criteria:
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The following expression was used to calculate RMSE (Root mean square error):

N 1/2
RMSE = (Z (Pn — EN)Z/N) ©)

N=1

Where Py and Ey are the numbers of model findings and experimental findings generated from the RSM or
ANN model.
Then, relative error (RE) was calculated

RE = (RMSE/E mean) (6)

Enean represents the average value of experimental data.

i. To enhance the model efficiency, the Willmott d-index (d,,) approach was used, which was evaluated as
follows:
dindex =1- {(Z (PN - EN)Z)}/(Z [l(PN - Emean)l + |(PN - Emean)l]z) (7)
N=1 N-1

ii. The following expression was used to determine the value of the regression coefficient (R*):

A 2
R = 2 (®)
P}, P
Where Aiy represents the covariance among independent and dependent variables, P; represents the variance of
the variables dependent on the independent variables, and P}Z, represents the variance of the independent
variables.

2.8. Adsorption isotherms

Adsorption isotherms depict the equilibrium state of solute molecules in the liquid and bonded (with adsorbent)
phases (Mourabet et al 2011). The batch experiments were conducted to optimize the initial selenium
concentration for a 30-minute equilibrium time ata pH of 7 and a temperature of 27 °C. Each conical flask of

50 ml selenium solution with varied concentrations ranging from 50 to 400 pgl~"' was agitated at 120 rpm with a
predetermined adsorbent dose. Then, the solution was filtered to ascertain the selenium concentration. The
optimum concentration was found to be 250 ug1~". The acquired data were fitted into two regularly used
isotherms, Langmuir (1918) and Freundlich (1907), to better understand adsorption isotherms. The linear
equations of Langmuir and Freundlich are as follows,

1 1 1 1

i__t 1,1 ©)

q. KL " Gmax Ce A max

logq, = logK; + llogCe (10)
n

The equation presented describes the adsorption process involving selenium onto a solid surface. In this
context, ‘q. represents the quantity of selenium sorbed per unit mass of the sorbent material (ug/g), while ‘C;’
denotes the equilibrium concentration of selenium in the raffinate (ug/L). Langmuir’s ‘qu., and Ky’ constants
show adsorption capacity (ug/g) and maximum monolayer sorption efficiency (L/pg). Additionally, ‘K¢ stands
for the Freundlich constant (g/g), and ‘n’ signifies the constant related to the adsorption intensity. The
Langmuir isotherm, characterized by these constants, encapsulates essential properties governing adsorption.
The dimensionless equilibrium parameter (Ry), introduced by Weber and Chakravorti (1974), is fundamental in
understanding the Langmuir model. This parameter is defined as:

1

_ 1
1+ K- G (v

Ry
where Ky and C; indicate the Langmuir constant (L j1/g) and initial selenium concentration (ug/L).

2.9. Adsorption kinetics

AKkinetic investigation was carried out to determine the time required for achieving optimal selenium
adsorption onto thermally treated clay, serving as an adsorbent, under specific conditions of pH 7 and a
temperature of 27 °C. The experiment employed a known dosage of 10 g1~ of the adsorbent in conical flasks,
each containing 50 ml of selenium solution with a fixed feed concentration of 50 g1~ and stirred at 120 rpm.

6
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Samplings were done at fixed intervals within a 210-minute duration, and the selenium concentration was
measured to track the adsorption process. The initial stages of the process exhibited rapid removal of selenium,
reaching equilibrium within 30 min. The kinetic data were analyzed using various models, such as pseudo-first
and second-order (Lagergren 1898, Ho and McKay 1999) and intra-particle diffusion, and the resultant data
were expressed as linear equations to characterize the process. These models were utilized to elucidate the
kinetics of selenium adsorption onto heated clay as an adsorbent under pH 7 and a temperature of 27 °C. The
resulting linear equations describing the adsorption process are given below.

In(q, — q) = Inq, — Kit (12)

t 1 t
R (13)
q(t) que q.

q, =Kt + C (14)

Here, ‘q.’ represents the adsorption capacity (ug/L) at equilibrium; ‘q; indicates the adsorption capacity at any
given time ‘t’, ‘K;” and ‘K;’ denote the rate constants for the Pseudo first and second-order reactions,
respectively, and ‘K;’ signifies the rate constant for intra-particle diffusion in units of ug/g h®~.

2.10. Thermodynamic study
Adsorption tests were performed at 298 K, 303 K, and 318 K to assess thermodynamic variables like change in
Gibbs free energy (AG®), which indicates whether the adsorption process is spontaneous or not, and changes in
entropy (AS®) and enthalpy (AH®) to confirm the exothermic or endothermic process.

Change in Gibbs free energy (Wasewar et al 2009) determined by using the equation as follows,

AG? = RTIn(Ky) (15)

Rand Ky, show the ideal gas (8.314 ] mol ™' K™Y), the equilibrium adsorption constants, and T stands for the
temperature (K).

The changes in enthalpy (AH®) and entropy (AS°) were estimated by (Badawy et al 2010) following Van’t
Hoff equation as follows

AS®  AH
R RT

Where AH® (kJ/mol) is measured by the intercept and AS° (kJ/mol) is determined by the slope of 1 /T Vs InKy
plot

ll’lKL = ( 16)

3. Results and discussion

3.1. Characterizations of the adsorbents

SEM images investigated the physical characteristics and alterations of the adsorbent surface before and after the
heat treatment of clay. Figure 2 shows the SEM images of natural clay (figure 2(a)) and clay that underwent a heat
treatment (figure 2(b)). What becomes immediately apparent is a porous, rugged, distorted, and frayed structure
on the surface of the natural clay. This visual representation underscores the intricate and irregular nature of the
natural clay’s surface. Conversely, the SEM image of the heat-treated clay paints a different picture altogether,
revealing smooth surfaces adorned with porous nanoparticles. The heat treatment process appears to have
transformed the clay’s surface into a more uniform and refined state than its natural counterpart. However, it is
crucial to note that an unintended consequence of this transformation occurred, resulting in the aggregation or
clumping together of the nano-sorbent particles. This phenomenon can be attributed to the Van der Waals
forces, which are attractive forces that operate between molecules or particles when they are nearby. In this case,
these forces caused the nano-sorbent particles to come together, forming agglomerations.

EDX analysis was conducted on both natural and heated clay to ascertain the changes in the chemical
composition of the clay substance. Distinct areas were selected for analysis in both types of clay, as presented in
table 3, which confirmed the major constituents of C, O, Al, and SiO,. Minor quantities of Mg, Ca, Fe, and K are
also observed. By examining the EDX, it was observed that there was a significant increase in carbon and silica
concentrations in area 2 compared to area 1 in natural clay. In the case of heat-treated clay, the main
components were SiO,, O, and Al, with smaller amounts of Mg, K, Fe, and Ca. Analysis of the EDX data revealed
asignificant increase in oxygen concentration in area 2 of the heated clay compared to area 1 (table 3). Moreover,
smaller increases were observed for Al, SiO,, and K. Interestingly, the carbon percentage disappeared after
heating in natural and heated clay. However, after the clay was activated, there was an improvement in the
amount of Al, SiO,, and Fe, increasing from 5.6%, 11.21%, and 2.98% to 11.94%, 27.93%, and 4.95%,
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Figure 2. SEM-EDX-based morphological analysis of natural clay (a) and heat-treated clay (b).

respectively. It is possible that the sintering of the clay material contributed to the disappearance of carbon in the
activated clay.

Understanding the adsorption process requires a proper understanding of the chemical structure of the
adsorbent material, as it strongly influences the adsorption capacity and surface characteristics of the
adsorbents. Carbon—oxygen groups are particularly significant structures that impact the surface behavior of
adsorbents. The FTIR characterization technique is valuable for identifying characteristic functional groups
essential for Se (IV) adsorption. The 400 to 4000 cm ™' spectral region, the FTIR spectra of natural and heated
clay were captured (figures 3(a) and (b)). Previous studies on kaolinite clay have revealed similar characteristic
bands appearing at 3,618.67, 3,641.59, 1,100.39, 907.602, 830.38, 758.355, 521.24, and 456.84 cm ' (Hajjaji et al
2001). The presence of both free and hydrogen bound OH groups on the adsorbent surface is shown by a broad
band between 3100 and 3700 cm ™" in all adsorbents (Wasewar et al 2009).

The significance of this range lies in its capacity to offer profound insights into the composition and surface
characteristics of the adsorbents under scrutiny. Across all the evaluated adsorbents, a consistently observable
broadband within this spectral region stands out. This distinct band serves as a clear indicator of the existence of
specific chemical groups recognized as hydroxyl (OH) groups residing on the surfaces of these materials. These
OH groups manifest in two discernible forms: ‘free’ OH groups and OH groups bound by hydrogen. Their
presence carries particular intrigue due to their pivotal role in these materials’ surface adsorption processes.
Understanding the presence and behavior of these OH groups is vital as they significantly influence the
adsorption mechanisms at the material’s surface. The broad stretching observed in this spectral range is
associated with the vibrations of these OH groups. Notably, these OH™ groups are involved in hydrogen bonding
interactions with oxygen atoms bound to silicon (O-Si) on the adsorbent’s surface.

Furthermore, another peak was observed at 3624.9 cm™ v corresponding to the surface’s adsorbed water
molecules. This peak’s presence suggests that water molecules also interact with the adsorbent material, likely
through hydrogen bonding. What’s particularly intriguing is that even after sintering, which involves heating the
natural clay material to high temperatures, the resulting spectrum still displays the characteristic peaks
associated with O-H stretching and bending vibrations. This persistence of O-H-related peaks suggests that the
sintered natural clay maintains its hydroxyl groups and hydrogen bonding interactions even after undergoing
this thermal treatment. This indicates that the natural clay utilized for the investigation can be categorized as
phyllosilicate because the structural unit layer contains inner hydroxyl groups. The disappearance of the
3697.5 cm™ ' band may be attributed to sintering at 550 °C (den Hartog et al 2014). At 1,036.39 and 456.20 cm ™',
characteristic bands of montmorillonite-Na were found (Madejova 2003). The high-intensity peak value
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Figure 3. FTIR analysis of natural clay (a) and heat-treated clay (b), and XRD analysis of the heat-treated clay (c).

confirms the presence of this mineral concentration in the sample at 1031.2 cm ™. Si-O stretching is associated
with the band at 1,036.39 cm ™!, while Si-O-Si bending vibrations are associated with the band at 456.20 cm ™"
(Gadsden 1975). Significantly, following the sintering process, it was observed that the mineral structures
remained unaltered, specifically evident through the persistence of the 1031.8 cm ™' band in the spectra. This
particular band is associated with various vibrations, including Si-O-Al, Si-O-Mg, Si—-O-Si, and bending
vibrations, denoted by the bands at 797.3 cm™ 1523.1cm !, and471.2cm ™}, respectively. These functional
groups point to a substantial portion of the layer charge originating from substituting trivalent ions (AI>" and
Fe’ ) with divalent ions (Mg*") within the octahedral sheet. Such functional groups are commonly encountered
in silicate minerals such as kaolinite and montmorillonite (Djebbar et al 2012). The stretching vibrations
attributed to water molecules adsorbed on the heated clay surface are represented by the band at 3,422.41 cm™
in the FTIR spectra. Additionally, a characteristic band, typically manifesting within the 1,650,600 cm ™' range
and associated with the bending vibrations of adsorbed water, is observed at 1635.7 cm ™' as a medium-intensity
band. Furthermore, the vibrations originating from surface hydroxyl groups (Si-Si-OH or Al-Al-OH) are
discernible at 3624.9 cm ™' and 3422.1 cm ™. Lastly, the presence of the 914.2 cm ! band can be attributed to Al-
0O-OH and may be linked to the deformation of inner hydroxyl groups.

Figure 3(c) displays the XRD pattern of the heat-treated clay material. The XRD analysis revealed distinct
peaks in the pattern. Formation of 3-quartz in the clay after heat treatment is shown by the x-ray diffraction
(XRD) pattern, which shows through the strong peaks at 20.823° and 26.59° (Sun et al 2016). These peaks are
indicative of the 5-quartz phase and relate to particular crystallographic planes (Nigay et al 2017). 8-quartz, a
polymorph of quartz that occurs at high temperatures, is created when clay is heated to a certain point.
Significant changes in the crystalline structure of the clay have been generated by the heat treatment method, as
indicated by the transformation to 3-quartz. Results indicates that clay minerals can undergo high-temperature
thermal treatment and form novel crystalline phases. Their effects on the material’s properties and possible uses
make an understanding of these structural changes critical. One way that heat treatment might improve the
mechanical characteristics of clay-based ceramics is by causing amorphous phases to densify and crystallize.

The pore diameter distribution and specific surface area of activated natural clay were investigated using
nitrogen adsorption—desorption isotherms. This analysis provides valuable information about the properties
and structure of the clay material. Figure 3 shows the BET analysis findings, including a linear plot and the N,
adsorption—desorption isotherm. The isotherm depicted in figure 4(a) corresponds to a type IV isotherm,
indicating the presence of a micropore structure within the clay material. The size of these micropores ranges
from 1.5 to 100 nanometers. By examining the graph, it can be observed that the relative pressure (P/P,) range of
0.2-0.9 exhibits a consistent increase in nitrogen adsorption. The pore radius is 1.6 nanometers, further
supporting a micropore structure in the activated clay material (Tang et al 2019). Figure 4(b) represents a linear
BET plot, which provides information about the slope, intercept, and correlation values. The positive intercept
value indicates that the material is microporous. Through the BET analysis, several critical parameters of the
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Figure 4. Surface area analysis of N, adsorption—desorption isotherm (a) BET plot (b).

adsorbent are determined. The surface area is calculated to be 22.927 m> gfl, the pore volume is 0.035 cm® gfl,
and the pore radiusis 16.012 A. These results contribute to a comprehensive understanding of the activated clay
material’s characteristics and potential applications.

3.2. Effects of various operating parameters on selenium adsorption efficiency

The effect of different amounts of adsorbent, ranging from 2.5 to 30 g 1", on selenium uptake onto heated clay
was investigated through a series of batch studies while maintaining a constant feed concentration (figure 5(a)).
The highest adsorption efficiency (92%) was observed at an adsorbent dosage of 15 g1~ ', with a slightly lower
efficiency 0f 90.6% at 10 g 1" The feed concentration used for this study was 250 g 1", and applying 10 g1~ of
adsorbent resulted in a residual concentration of about 27 pg 1", falling below the WHO-recommended
maximum concentration range (40 pg1~") for selenium. Thus, 10 g1~' of adsorbent was selected for further
investigation. A similar kind of study was showed that an adsorbent dose of 25 mg was the most effective way to
remove 95.6% of selenium under the following conditions: a pH of 8.5, a contact time of 60 min, and an initial
selenium concentration of 1 mg 1" (Qureshi et al 2022). Initially, the removal of Selenium by the adsorbent
increased as the adsorbent dosage increased, reaching an optimal dosage where the removal became constant.
This trend was also observed when granular activated carbon (GAC) was used for Se (IV) removal, suggesting
that the higher adsorbent dosages provided more adsorption sites and increased surface area (Wasewar et al
2009). In subsequent batch studies with a fixed adsorbent dosage of 10 g1, the impact of different contact
times (ranging from 15 to 210 min) on the uptake of Selenium onto heated clay was examined (figure 5(b)). The
results revealed that the initial removal of selenium species from the aqueous solution using the adsorbent was
very rapid. Similar fast rates were observed for Se (IV) removal using GAC and PAC, achieving over 61% and
43% removal within the first 10 min (Wasewar et al 2009). This was attributed to the abundance of unoccupied
surface sites accessible during the early phases of the adsorption. However, as time progressed, the remaining
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on selenium removal efficiency.

vacant surface sites became more challenging due to repulsive forces between solute molecules in the solid and
liquid phases (Wasewar et al 2009). The adsorption rate of selenium species using adsorbent (heated clay) was
exceptionally rapid, achieving an efficiency of over 88% within less than 30 min. As a result, all subsequent batch
experiments in aqueous solutions were conducted with an optimal contact time of 30 min.

Researchers conducted batch studies using a fixed dose and time to assess the influence of different initial
concentrations on selenium uptake onto heated clay. The investigated initial concentrations ranged from 50 to
450 pg1™". The results (which) depict the relationship between initial concentrations and Selenium uptake, are
presented in figure 5(c). As the initial concentration of selenium increased, there was a slight decrease in
efficiency. This finding aligns with a study conducted by Bleiman and Mishael (2010), where they investigated
the removal of selenate from groundwater using chitosan clay composites (Al-oxides and Fe-oxides). In another
study, the efficiency of selenium removal reduced as the original concentration also rose. It was shown that the
elimination effectiveness was 95.6% when the initial concentration was 1 ppm, but it reduced to 85% when
the concentration was increased to 5 ppm (Lichtfouse et al 2022). The decrease in efficiency can be attributed to
the limited availability of adsorption sites at higher concentrations, which hinders effective adsorption. Asa
result, a significant proportion of selenium species remains in solution without binding to the adsorbent.
However, even at an initial concentration of 250 pg1~", the remaining concentration remained within the
maximum level recommended by the WHO, and the process achieved an optimal efficiency of 91%.
Furthermore, additional batch studies were conducted with a fixed dose, time, and initial concentration to
explore the impact of different pH values on selenium uptake onto heated clay. Figure 5(d) illustrates the
variations in pH values from 3 to 9, reflecting the findings of adsorption capacity. The pH of a solution can
considerably influence the adsorption efficacy of selenium. As the pH rose, the removal rate of selenium species
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diminished, achieving optimal efficiency ata pH of 3. A study found that alow pH enhanced selenite adsorption,
with optimal removal occurring at a pH of 6 (Arslan et al 2023). Parida et al (1997) found that the distinctive
anionic behavior of SeO3 ™ species accounted for similar trends in cases of SeO3~ adsorption onto iron
oxyhydroxides and ferrihydrite. According to Rovira et al (2008), the sorption edge for SeO3~ was shown to
correspond with the predominance of HSeO” ™ in goethite and hematite adsorption tests. This finding is
consistent with the current findings. The pH of the solution significantly affects the existence of Se anions due to
the diprotic nature of selenic (H,SO,) and selenious (H,SeOs) acids. Typically, the pH of natural waters ranges
from 5.0 t0 9.0. The most prevalent forms are Se (IV) species like biselenite (HSeO’"), selenite (SeO3 ), and Se
(VI) species like SeO3 ~ (Torres et al 2010). The biselenite ion prevails in water within the pH range of 3.5 t0 9.0,
while SeO3™ dominates above pH 9.0. Selenious acid (H,SeO?) prevails at pH values below 3.5 (Wasewar et al
2009), and SeOj~ species are predominant under highly oxidizing conditions (Torres et al 2010). Similar to the
adsorption of selenium using GAC, At alkaline pH, selenite adsorption reduces due to a decline in the fraction of
an aqueous HSeO”~ species (Wasewar et al 2009). Considering the significance of drinking water, a pH range of
6.5-8.5 isrecommended, and an optimal removal efficiency of over 88% was achieved ata pH of 7. The effect of
various shaker speeds ranging from 100 to 300 rpm on Selenium uptake onto heated clay was investigated in
batch studies with a known dose, time, feed concentration, and pH. The results obtained with different shaker
speeds are illustrated in figure 5(e). It was observed that the adsorption of Selenium increased with the increasing
shaker speed up to a certain point, beyond which it started to decrease. The optimal efficiency was achieved ata
shaker speed of 200 rpm. Furthermore, the effect of various temperatures ranging from 25 °C to 50 °C on
selenium uptake onto heated clay was explored in batch studies with a known dose, time, feed concentration,
shaker speed, and pH. Figure 5(f) shows the findings obtained at various temperatures. It was found that
between 25 °C to 50 °C, there was no significant effect on the removal efficiency of selenium. A major influence
on the adsorption effectiveness of selenium can be attributed to temperature, according to the previous report.
Asan illustration, a study discovered that elevating the temperature from 25 °Cto 35 °Cresulted ina 15%
increase in the adsorption potential of selenium. Nevertheless, the temperature was not much improved by
increasing it further than 35 °C.

3.3. Parametric optimization

3.3.1. Statistical analysis through RSM model

In this investigation, the three most important operational parameters on selenium uptake, such as adsorbent
dosage, Initial concentration, and contact duration, were taken as input variables, and the selenium removal (%)
was considered as the outcome of this experiment design. The statistical coefficients for the model were
generated using Expert Design Software 6.0, as shown in equation (17).

%Removal = [+37.58807 + 9.5901 * A — 0.671591 * B + 0.084659 x C
+ 0.125000 * AB + 7.29972E — 17 * AC — 0.000250 * BC
— 0.579545 x A> — 0.011932 * B2 — 0.000169 * C?] (17)

Where A is adsorbent dosage (g/L), B is contact duration (min), and Cis selenium concentration (ug/L).

The analysis of variance (ANOVA) method was used to determine the impact of crucial parameters through
model’s regression equation. The equilibrium and initial selenium concentrations were computed to generate
the actual data, and mathematical model equations were used to calculate the predicted values. Based on the
actual and predicted data, the correlation coefficient (Rz) was calculated to validate the model’s success.

Figure 6(a) shows the impact of contact time and adsorbent dose on selenium removal efficiency. The study
showed that increasing the activated clay dose from 8 to 10 g1 " and the contact period from 20 to 30 min
improved the selenium removal rate from 80% to 92% while keeping an initial selenium concentration of
250 ug 1", Figure 6(b) indicates the relationship between selenium concentration, adsorbent dose, and removal
efficiency. The study found that reducing the selenium initial concentration from 300 to 200 pgl~"' and
increasing the adsorbent dose from 8 to 11 g1~ improved the selenium removal rate from 86% to 92%. The
contact time was kept constant at 30 min. Figure 6(c) presents the effect of selenium concentration and contact
time on selenium removal efficiency. The study showed that decreasing the selenium concentration from 300 to
250 ugl ™" and the contact time from 40 to 30 min increased the removal efficiency from 88% to 90%. The
adsorbent dose remained constant at 10 g1~". Throughout the experiments, other parameters such as pH (7),
stirring speed (200 rpm), and temperature (25 °C) were kept constant. Another study by Badr et al in (2020)
employed an adsorbent of green-synthesized AgNPs to remove selenium, obtaining a 265 mg g~ ' capacity of
selenium uptake with 10 mg 1~" of initial concentration, contact period of 1 h, and solution pH of 2. The
ANOVA with various process parameters used activated clay as the adsorbent to validate the model. The
ANOVA findings revealed an average removal effectiveness of 86.70, a standard deviation 0f 0.5878, and a
coefficient of variation (COV%) of 0.6779. The model’s correlation coefficient value (R*) was determined to be
0.9931, while the adjusted and predicted R* values were 0.9869 and 0.9448, respectively. The close agreement
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between the adjusted R* of 0.9869 and the predicted R of 0.9448, with a difference of less than 0.2, suggests the
model’s reliability. The ratio of 39.154 for adequate precision indicated that the model is effective in the design
space, as it exceeds the desirable ratio of 4. Table 4 shows the actual and expected removal efficiency values
estimated using the RSM model. Based on RSM analysis, it was found that 91% of selenium removal could be
achieved within 30 min of contact time and an initial selenium concentration of 250 pg1~" while maintaining a
pH of 7, a temperature of 27 °C, and a shaker speed of 200 rpm.

3.3.2. Statistical analysis through ANN model

In the present investigation, an ANN topology was developed, consisting of three nodes (neurons) in the input
layer, corresponding to three input parameters, ten nodes in the hidden layer, and a single neuron in the output
layer, representing the target data. The optimal number of nodes in the hidden layer was determined through a
comprehensive optimization process involving multiple training configurations. This optimization aimed to
minimize the MSE value and enhance the network’s predictive performance and generalization ability for test
factor values (Kumar et al 2024). The evaluation of the ANN model’s performance in comparison to
experimental results was conducted using statistical metrics. These metrics included the standard deviation
(SD), mean, standard error, and COV. The SD quantifies the degree to which the ANN’s output closely aligns
with the experimental data stored in the database. Furthermore, the proximity of the mean value to unity,
coupled with a modest standard deviation, serves as an indicator of the ANN network’s capacity to generalize the
data effectively. Conversely, the COV was employed to assess the precision of the ANN model outputs by
highlighting the degree of data variability relative to the mean value. A lower COV signifies reduced data
dispersion and greater model accuracy (Pranjal et al 2024).

It was proven beyond a reasonable doubt that ANN was adequate, as R* values close to 1 indicate a perfect
correlation between experimentally obtained data and theoretically anticipated data (figure 7) (Streb &
Mazzotti 2022). Ratio of (observed/predicted) was used to evaluate ANN prediction against pre-existing
equations derived from an experimental database (Atta 2024). The standard deviation, the mean, and COV are
obtained using the experimental /predicted ratio and are as follows:0.009587, 0.997708, and 0.9609%.
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Table 4. Experimental design for various operational parameters using RSM and ANN model.

Predictedremoval  Predicted removal

A: Adsorbent B: Contact C: Selenium Con- Actual removal efficiency: efficiency:
Std  Run Dose (g/L) time (min) centration (mg/L) efficiency (%) RSM (%) ANN (%)
3 1 8 40 150 81 78 78.23
15 2 10 30 250 90 91 90.99
9 3 6 30 250 73 75 75.00
16 4 10 30 250 90 91 90.99
4 5 12 40 150 91 90 90.00
17 6 10 30 250 90 91 90.99
6 7 12 20 350 89 88 88.00
19 8 10 30 250 92 91 90.99
11 9 10 10 250 91 90 90.00
1 10 8 20 150 88 87 90.90
5 11 8 20 350 85 86 86.00
18 12 10 30 250 90 91 90.99
10 13 14 30 250 85 89 89.00
13 14 10 30 50 86 86 86.00
8 15 12 40 350 88 88 88.00
12 16 10 50 250 83 83 83.00
7 17 8 40 350 78 76 76.00
2 18 12 20 150 89 89 89.00
20 19 10 30 250 89 91 90.99
14 20 10 30 450 83 83 83.00

3.4. Error analysis and model performance

Table 4 presents the anticipated responses generated by both ANN and RSM models alongside the observed
responses obtained from experimental trials. The model effectiveness error evaluation illustrates the proposed
model is relatively effective in anticipating the integrated system efficiency in terms of relative errors (RE),
regression coefficients (R?), and Willmott-d-index (dingey)- All the error statistics in table 5 show low relative
error (RE<0.10). However, the regression coefficient (R*>>>0.97) and Willmott-d index (d>>0.95) are relatively
high, indicating that the model performs extremely well overall.

3.5. Adsorption isotherms and kinetics

Figure 8(a) illustrates the q. and C, relationship. The graph demonstrates that an increase in the initial
concentration leads to a corresponding enhancement in the adsorbent’s adsorption capacity. This phenomenon
was observed at a temperature of 27 °C and a pH level of 7, where the equilibrium concentration was determined
tobe 250 pg1~". The Langmuir and Freundlich isotherm models, denoted in figures 8(a) and (b), respectively.
Detailed parameters obtained from both isotherm models are presented in table 6. Notably, the Langmuir
isotherm model exhibits a higher degree of fit with the adsorption isotherm data, as evidenced by its regression
coefficient 0f 0.994, compared to the Freundlich isotherm model’s coefficient of 0.984. The separation factor Ry,
was determined using equation (11), yielding values ranging from 0 to 1. This range indicates that the adsorption
process is favorable and consistent with the Langmuir isotherm model. Figure 8(d) depicts the relationship
between adsorption capacity qt and time t at any time. According to figure 8(d), the removal rate was extremely
rapid in the initial adsorption phase. A contact period of 30 min is sufficient for optimal selenium removal, and
increasing the contact time has no meaningful influence on efficiency. Figures 8(c) and (d) show the adsorption
process’s pseudo-order and second-order kinetic models. The first order and second parameters are listed in
table 7. The graphical representation shows that the second-order kinetic model best fits the data, as the
regression coefficient (R* = 0.998) is significantly higher than the first-order (R* = 0.731). According to the
kinetic results in table 7, the observed value of adsorption capacity is near the calculated value in the second
order but notin the first order.

The viability of adsorbate movement from the liquid state to the surface of the adsorbent via intra-particle
diffusion was assessed using the intra-particle diffusion model. Figure 8(e) shows the plot between q. and t°~.
Table 6 shows the parameters obtained from plotting q. against t°°. It was discovered that the regression
coefficient R?> was insufficient, indicating that the model did not follow the kinetics process. Therefore, we may
conclude that the pseudo-second-order approach suggests a perfect match for the modeling of kinetic data.
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Table 5. Model fitness assessments based on error analyses of
selenium rejection.
Error parameters
Investigated models
RE R? duin
RSM 0.092 0.975 0.960
ANN 0.097 0.990 0.980

3.6. Adsorption thermodynamics

Thermodynamic parameters, including the Gibbs free energy change (AG®), enthalpy change (AH®), and
entropy change (AS°®), have been analyzed to assess the spontaneity of the adsorption process. The obtained
results are presented in table 8. The determination of the Gibbs free energy change (AG®) via equation (15) has
revealed a negative value, affirming the spontaneous nature of the adsorption process. As the temperature of the
system increased from 298 to 328 K, it was observed that the free energy AG value decreased. This observation
suggests that the inherent adsorption process occurs for both Se(IV) and Se(VI) (Monte et al 2017). Van’t Hoff
equation (16) and the graph between 1/T and InK are used to evaluate the change in enthalpy (AH®) and
entropy (AS®). An exothermic adsorption process was indicated by the negative normal enthalpy AH

(—3.238 k) mol ™) for Se(VI), which showed that the process was spontaneous (Xue et al 2021).Heat energy is
released during adsorption due to the force of attraction between the adsorbent and the adsorbate, making it an
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Table 6. Adsorption isotherm parameters.

Langmuir isotherm parameters

Freundlich isotherm parameters

am(g/e)  Ki(Lp/g) R R? 1/n K¢(1g/g) R

70.921 0.012 0.243 0.994 0.6325 2.250 0.985
Table 7. Adsorption kinetic parameters.

Intra-particle diffusion
Pseudo-first-order kinetics Pseudo-second-order kinetics model
K;(min™")  qe(calculated)  q.(expected) R®  Ky(min) qe(ca) qe(exp) R*  Ki(ug/ CQg/y R
(hg/e) (hg/9) (g/®)  (g/9) gh®)

0.0006 1.238 4.379 0.7317 0.085 4.51 4.379 0.999 0.331 3.88 0.626

exothermic reaction. The change of enthalpy obtained in this study is negative. Furthermore,A decline in the
randomness of the particles is implied by the fact that the entropy change of the system is negative. An
investigation conducted by Yang et al (2021) demonstrated that the Fe-OOH type adsorbent was effective in
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Figure 9. Selenium Regeneration performance analysis using preheated natural clay (i) selenium adsorbed (j1g/g) in successive runs
(ii) selenium rejection (%) in successive runs.

Table 8. Thermodynamic parameters of selenium uptake onto heated clay.

Temperature (K) AG® (KJ/mol) AH°KJ/mol K) AS° (KJ/mol K) R?
298 —0.0806 —3.238 —10.598 0.9999
303 —0.02575 — — —

318 0.131864 — — —

removing Se(IV) and Se(VI) from water that had been contaminated. With regard to thermodynamic analysis,
they have achieved results that are comparable to those found in their study (Yang et al 2021).

3.7.Regeneration study

In this study, we systematically investigated the regeneration and reusability potential of the newly developed
adsorbent under optimal conditions. 250 pg1~" selenium solution was introduced into a 100 ml flask to assess its
efficacy. The mixture was agitated in an orbital temperature-controlled shaker operating at 200 rpm for 30 min,
maintaining a temperature of 27 °C and a pH of 7. An adsorbent dosage of 10 g1~ ' was employed in this
experimental setup. Following each adsorption cycle, the solution underwent a 10-minute centrifugation at
2000 rpm. Subsequently, the separated material was carefully extracted from the centrifuge tube and dried in an
oven setat 80 °C for one hour. The regeneration analysis encompassed four consecutive cycles, where we
observed notable trends in the adsorption performance. Across these cycles, the adsorption loading capacity
gradually declined, decreasing from an initial value of 21.5 micrograms per gram (ug/g) in the first cycle to

15.7 ugg~ " in the fourth cycle. Similarly, the selenium rejection percentage declined from an initial value of
86.2% in the first cycle to 62.9% in the fourth cycle. These trends are visually represented in figure 9. Based on
the outcomes of this investigation, it may be concluded that the regenerated produced adsorbent is unsuitable
for further usage. It was noted that the second cycle of regeneration operation resulted in a reduction in selenium
rejection from 86.2% to 78.65% with a residual concentration of 53.37 g1~ which exceeds the allowable limit
of 40 pg1~" for selenium levels in drinking water. As a result, the developed adsorbent is not recommended to be
reused after the first cycle.

4. Economic analysis for the scale-up of the adsorption process

This part of the study has been investigated to scale up the adsorption process of selenium removal by activated
natural clay. The overall cost of the efficient water treatment plant is divided into capital cost and operational
cost. The capital cost of about 0.12 $/ m° was taken from the previous investigation, including civil cost,
mechanical cost, and electrochemical for reducing inorganic pollutants using novel adsorbent material. The
operational cost includes the preparation of adsorbent and electricity costs. The surface, morphology, and
porous structure of the adsorbent material play a significant role in the adsorption process of activated natural
clay, increasing removal efficiency. Therefore, one of the crucial factors to consider to keep the process of water
treatment affordable for widespread application is the price of producing adsorbent material via several phases
like collection of samples, washing, drying, reducing the size, the process of carbonization, activation process,
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neutralization, and so on. A variety of factors influence the total cost of adsorbent materials, including
accessibility, processing necessities, as well as treatment conditions, and recycling (Gupta and Suhas 2009). The
total cost of adsorbent preparation has been investigated step by step to provide probable costs associated with
the current research study. The process follows: Final cost of Adsorbent = Adsorbent Substance + Initial Drying
+ Activation (Thermal Treatment). Different cost components have been used in this study as follows:

1. Adsorbent material (1Kg) = 0.36$
2. Initial Drying = 0$

3. Activation cost = heating cost for activation = Holding time (hour) x units of power consumed x unit
cost=1.5 x 4.5 x 0.072 = 0.486%

4. Total cost of producing adsorbent = 0.364+0+-0.486 = 0.846$%

The above step-by-step calculation gives an approximate idea that the total cost for producing 1 kg of natural
clay material is 0.846, which is a lower price compared to commercial activated carbon 2.41$ for wastewater
treatment. Therefore, this present techno assessment revealed a capital cost of 0.12$ and an operational cost of
0.846$, which is the total cost 0.9766$/m>. The cost assessment results of this investigation using the novel
material might be helpful for the long-term development of industrialization.

5. Conclusion

In conclusion, this study demonstrates the impressive potential of naturally heated clay as an efficient adsorbent
for removing selenium from aqueous solutions. With 22.54 g g~ ' of an optimum adsorption capacity, heated
clay outperformed commercial adsorbents such as GAC and PAC, doubling their adsorption capacity. The batch
experiments allowed us to identify the optimal operational parameters, including an adsorbent dose of 10 g1/,
contact time of 30 min, starting concentration of 250 ugl~", shaker speed of 200 rpm, and pH 7. The kinetics
adsorption and isotherms analysis revealed an excellent fit to the Pseudo second order & Langmuir isotherm
models, indicating that the adsorption process is effective. The thermodynamic study further supported this,
with negative values of AH® and AG® indicating that the adsorption process was exothermic and spontaneous,
respectively. The negative AS° value implied a decrease in the system’s unpredictability, enhancing confidence
in the results. The RSM and ANN models showed promising results in predicting selenium removal efficiency,
with ANN displaying slightly higher accuracy than RSM. However, the marginal errors between the models were
minimal. The RSM model identified the best conditions for maximum efficiency, with 250 pg1 ™" of initial
selenium concentration, an adsorbent dose of 10 g1~ and 30 min of contact time, achieving a close-to-91%
removal efficiency, which was consistent with experimental results.

Furthermore, the models exhibited excellent performance even with previously unreleased data, confirming
their generalization ability. The ANN model, in particular, demonstrated superior predictability compared to
RSM. Overall, this study highlights the possibility of waste clay concerning low-cost and effective raw substances
for developing an adsorbent capable of efficiently removing selenium from aqueous solutions. The findings offer
valuable insights for addressing water contamination issues and provide a foundation for future water treatment
and environmental sustainability research.
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