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Abstract - Kaolin, a naturally abundant aluminosilicate clay, has emerged as a promising candidate for sustainable and low-
cost environmental remediation. This study investigates the physicochemical characteristics and adsorption efficiency of
untreated Kaolin in removing multiple pollutants, such as turbidity, chemical oxygen demand (COD), and lead (Pb*) from
simulated wastewater. Characterization analyses revealed a BET specific surface area of 13.967 m?g, confirming its adsorption
potential. Thermogravimetric analysis indicated excellent thermal stability up to 950 °C, while Fourier transform infrared
(FTIR) spectroscopy identified surface functional groups such as hydroxyl and silanol, responsible for adsorptive interactions.
Batch adsorption experiments were conducted using the simulated wastewater containing 300 NTU turbidity, 800 mg/L COD,
and 10 mg/L Pb?* at a neutral pH of 6.5. Kaolin doses ranging from 0.5 to 5 g/L were tested. Optimal removal efficiencies were
observed at 5 g/L, achieving 91.8% reduction in turbidity, 77.7% in COD, and 86.5% in Pb*'. Adsorption kinetics followed a
pseudo-second-order model, indicating that chemisorption governs the removal mechanism, which conforms to ion exchange
and surface complexation. Unlike many researchers whose studies are based upon modified or chemically treated clays, this
work demonstrates that raw, unmodified Kaolin exhibits excellent multifunctional performance in treating complex wastewater
systems. The findings underscore Kaolin'’s potential as a scalable, environmentally benign adsorbent for decentralized and
industrial water treatment applications. This research fills a critical gap in the literature and supports the broader adopti on of

natural clays as green alternatives for integrated pollutant removal.

Keywords - Wastewater treatment, COD removal, Lead adsorption, Turbidity reduction, Adsorption kinetics.

1. Introduction

Rapid industrialisation, urbanisation, and the expansion
of agricultural activities have significantly increased
environmentalpollution worldwide [1], [2]. Among the most
critical issues are the contamination of water bodies with
heavy metals, synthetic dyes, organic pollutants, and
industrial effluents [3], [4]. These pollutants pose serious
ecosystem risks and threaten human health through
bioaccumulation and biomagnification in the food chain [5].
Pollutants like lead, cadmium, chromium, arsenic, mercury,
and various dyesare commonly found in industrial discharges
from mining, textile, leather, electroplating, and chemical
manufacturing industries [6]. Due to their non-biodegradable
nature, many contaminants persist in the environment, making
their removal an urgent priority [7].

Traditional wastewater treatment methods, such as
chemicalprecipitation, ion exchange, reverse osmosis [8], and
membrane filtration, often suffer from high operationalcosts,
secondary pollution, and limited effectiveness, particularly at
low contaminant concentrations [9]. Therefore, there is an
increasing demand for cost-effective, eco-friendly, and

efficient materials that can be employed in adsorption-based
remediation techniques [10]. Adsorption is widely recognised
for its simplicity, efficiency, low cost, and potential for
regeneration, making it a favourable method for pollutant
removal [11]. Adsorption stands out as one of the most
promising treatment methods due to its operational simplicity,
regeneration potential, and economic viability. Natural
adsorbents, particularly clay minerals, have attracted
considerable interest for their utility in various applications.
Among these clay minerals, kaolin is exceptional due to its
availability. It exhibits several advantageous properties,
including chemical inertness, thermal stability, and surface
reactivity arising from its modifiable hydroxyl groups.

Kaolin is predominantly composed of kaolinite
(ALS12Os(OH)4), a 1:1 layered phyllosilicate consisting of
alternating tetrahedralsilica and octahedral alumina sheets.
This layered configuration imparts both structuralstability and
notable adsorption capacity [12]. The interlayer hydrogen
bonding renders kaolinite non-expandable and more stable
compared to other clays such as montmorillonite. In addition
to its fine particle size and high specific surface area,kaolin’s
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chemical inertness enhances its suitability for a wide range of
industrial uses, including in ceramics, paper manufacturing
paints, pharmaceuticals, and environmental remediation as a
sorbent [13]. Furthermore, the presence of surface hydroxyl
groups facilitates functionalization, thereby expanding its
potential for targeted or enhanced performance in specific
applications.
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Fig. 1 Structure Showing Two Layers ofthe Stacked Sheets of Kaolinite
[13]

The surface area and porosity of kaolin are key factors
that determine its effectivenessin a range of industrial and
environmental uses, including its roles in adsorption,
catalysis, and ceramic production [14]. In its natural state,
kaolin typically exhibits a specific surface area between 10
and 20 m?%g, though this can vary based on its crystallinity,
particle size, and the processing techniques employed. When
subjected to acid orthermalactivation, kaolin often undergoes
anotable increase in surface area value of between 50 and 100
m?/g. This increased surface area enhances its chemical
reactivity and adsorption capabilities [15].

Inits raw form, kaolin is generally classified asa material
with low porosity, possessing a limited internal pore volume
[16]. Its pore structure mainly comprises inter-particle voids
ratherthan naturalinternalpores. The pore diameterin natural
Kaolin tendsto bein the mesoporousrange between 2—50 nm
when modified, but is often minimal in untreated samples
[15]. Particle size, morphology, crystallinity, and modification
methods affect surface area and porosity. These properties
make Kaolin useful as an adsorbent, catalyst support, and in
barrier coatings when tailored appropriately [17].

Kaolin hasa low and variable surface charge compared to
other clay minerals like smectite or montmorillonite [18]. Its
surface charge arises mainly from the isomorphic substitution
and the dissociation of surface hydroxylgroups located on the
edges of the crystals. Permanent charge is minimal due to
limited isomorphic substitution within the crystal lattice [19].

For the pH-dependent charge, the dominant form of surface
charge is Kaolin. The charge develops primarily at the edges
of the Kaolinite platelets as hydroxyl groups (—OH) gain or
lose protons, dependingon the pH [14]. At low pH, the surface
tends to be positively charged (protonated edges). At high pH,
the surface tends to be negatively charged (deprotonated
edges) [20]. Thus, Kaolin's surface charge is variable and pH-
sensitive, unlike the permanent negative charge in smectite
clays[21]. It hasa low cation exchange capacity, typically in
therange of 3 to 15 meq/100g, depending on its purity, particle
size, and degree of crystallinity [22]. The reasons for low
cation exchange capacity (CEC) are limited isomorphic
substitution in the Kaolinite structure, lack of interlayerspaces
for ion exchange and smooth basal surfaces with few
exchange sites [23]. The implications of surface charge and
CEC are adsorption properties, stability, and surface
modification potential [24].

Ismail et al. (2019) reported that while untreated kaolin
canremove COD, BOD, turbidity, and suspended solids, most
of their study emphasized thermally treated kaolin, noting that
the treated form showed higher adsorption efficiency and
completely leaving the role of untreated kaolin [25]. Daud et
al. (2020) focused specifically onkaolin’s capacity to remove
COD and ammonia nitrogen from natural rubber wastewater
but did not investigate heavy metals or turbidity, thereby
limiting the understanding of kaolin’s multi-functional
capabilities in more complex contaminant matrices [26].
Hussain & Ali (2021) studied the adsorption of lead (Pb?*)
using untreated kaolin but confined their experiments to
single-metal systems, with no inclusion of organic or turbidity
parameters. They acknowledged that kaolin is effective in
removing lead, yet did not extend findings to mixed pollutant
conditions [27]. Mustapha et al. (2019) evaluated untreated
kaolin for tannery wastewater but emphasized the need for
pretreatment to enhance performance. Their findings
supported kaolin’s cost-effectiveness, yet their work still
leaned on improving raw kaolin, suggesting limited
confidencein its standalone performance [15]. These authors
reported limitations collectively reveal a pressing need for
comprehensive studies evaluating untreated kaolin’s
effectiveness under real-world, multi-pollutant, and variablk
environmental conditions.

In contrast, the uniqueness of this present study lies in its
direct evaluation of untreated and unmodified kaolin clay for
the simultaneous removal of turbidity, chemical oxygen
demand (COD), and lead (Pb?") from synthetic wastewater.
Unlike previous works thatisolate single pollutant types or
prioritize modified kaolin forms, this research investigates
raw kaolin’s multi-functionality under integrated pollutant
conditions that closely simulate real wastewater scenarios.
This fills a substantial knowledge gap by providing new
evidence on the practical applicability and environmental
viability of using raw kaolin without chemical or thermal
enhancement.
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2. Materials and Methods

The Kaolin sample used for this study is sourced from a
village in Isiala Ngwa in Abia State. It was crushed to fine
powder and sieved using an electric sieve to a 100 pm particle
size.

2.1. Characterisation of Kaolin

Kaolin's structural, thermal, and surface properties were
analysed using FTIR, TGA, XRD and BET surface ara
measurements as described in [28].

2.2. Wastewater Simulation and Treatment

A synthetic wastewatersolution was prepared, containing
clay, glucose and Lead (Pb?"). The homogenous wastewater
solution was treated with varying doses of Kaolin (0.5-5 g/L).
The efficiency of Kaolin was evaluated based on turbidity
reduction (Nephelometric Turbidity Units - NTU), COD
removal efficiency (%), heavy metalreduction (%), and pH
Changes. These parameters were measured before and after
treatment.

2.3. Adsorption Kinetics of Kaolinin Wastewater Treatment

The adsorption behaviour of kaolin toward various
pollutants, including heavy metalsand organic compounds, is
usually analysed using kinetic models that characterize the
rate and efficiency of contaminant removal. In this context, the
Pseudo-First-Order (PFO), Pseudo-Second-Order (PSO), and
Intraparticle Diffusion (IPD) models are typically employed
to simulate and interpret the adsorption kinetics.

3. Results and Discussion
3.1. Characterisation Techniques for Kaolin as an
Adsorbent

A comprehensive characterization of kaolin was
performed using Fourier-transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), Brunauer—
Emmett-Teller (BET) surface area analysis, and X-ray
diffraction (XRD). These analytical techniques collectively
offerdetailed information on the material’s functional groups,
thermal stability, crystallographic structure, and specific
surface area.

3.1.1. Brunauer-Emmett-Teller (BET) Surface Area Analysis
for Kaolin

The specific surface area of the kaolin sample was
measured as 13.967 m?/gusing the Brunauer—Emmett—Teller
(BET) method. This surface area reflects the materials
capacity for adsorption, which is critical for its performance
in catalytic applications and adsorption systems, as well as a
reinforcing agent in composite materials [29]. The linear BET
plot depicted in Figure 2a validatesthe suitability of the BET
model for this analysis. Additionally, the high correlation
coefficient (r = 0.999920) confirms the robustness and
accuracy of the surface area measurement. The slope and
intercept of the BET plot are 244.231 and 5.105, respectively,

with a C constant 0f48.840. The C constantreflects the energy
of adsorption, where a higher value suggests stronger
interactions between the adsorbate (nitrogen) and the surface
of the Kaolin sample.

The surface area result aligns with typical values for
Kaolin, which generally range between 10 and 20 m?/g [18],
[30]. This confirms that the sample exhibits characteristics
consistent with naturally occurring Kaolinitic clays. The
moderately high surface area is beneficial for its use in
applications where adsorption or interaction with other
materials is required, such as in adsorption processes or as a
filler in polymer composites.
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Fig. 2(a) BET Surface Area Analysis for Kaolin

Figure 2b shows the adsorption properties of a Kaolin
sample, with the x-axis representing the relative pressure
(P/Po) and the y-axisrepresenting the adsorbed volume (STP)
in cc/g. The red curve indicates how the Kaolin sample
adsorbs gas at different pressures. The shape of the graph
shows the type of adsorption isotherm.

The initial steep rise at low relative pressures suggests the
presence of micropores. The plateau at higher pressures
indicates the completion of monolayer coverage and the
beginning of multilayer adsorption. This data can be used to
calculate the specific surface area and pore volume of the
Kaolin sample.
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Fig. 2(b) BET Surface Area Analysis for Kaolin

The Kaolin sample was outgassed at 250 °C for 3 hours
to remove moisture and contaminants. Nitrogen was used as
the analysis gas. Figure 2c¢ shows the pore volume against pore
diameter. Significant peaks in the graph indicate the most
common pore sizes. The kaolin sample exhibited a specific
surface area of 13.180 m?/gand an average pore diameter of
1.794 nm, as determined through BET analysis. A higher
surface area enhances the availability of active sites, which is
advantageous for adsorption and catalytic processes, thereby
improving the material’s functional performance [31]. The
totalpore volume measured at 0.006 cc/g provides additional
characteristic ~ capacity for adsorbate or reactant
accommodation. The moderate porosity and appreciable
surface area indicate that the kaolin sample possesses
favourable properties for deployment in diverse industrial
applications.

3.1.2. Thermogravimetric Analysis (TGA) for Kaolin

Figure 3a illustrates the thermogravimetric behaviour of
the kaolin sample subjected to heating from 30 °C to 950 °C
ata constantrate of 10 °C/min. An initial weight loss observed
between 30 °C and 200 °C is attributed to the release of
physically adsorbed moisture from the kaolin surface. The
most pronounced mass reduction occurs between
approximately 450 °C and 600 °C, corresponding to the

dehydroxylation of kaolinite (Al:Si20s(OH)4), during which
hydroxyl groups are eliminated, resulting in the formation of
metakaolin (ALSi207) and structural reconfiguration of the
material [32]. Beyond 600 °C, the weight loss levels off,
indicating thermalstabilization of the sample, with negligible
decomposition occurring up to 950 °C. The cumulative weight
loss overthe entire temperature range is about 70%, reflecting
both desorption of water and dehydroxylation processes.
These findings align with the characteristic thermalprofile of
kaolin and confirm its transformation into a more thermally
stable phase, consistent with metakaolin formation.
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Fig. 2(c) Analysis of Pore Size Distribution and Surface Area of Kaolin
via the Barrett—Joyner—Halenda (BJH) Method

Figure 3b presents integrated Differential Scanning
Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
data, offering a comprehensive evaluation of the thermal
behaviour and compositional evolution of the kaolin sample.
The initial mass loss associated with the evaporation of
adsorbed water and the obvious dehydroxylation at elevated
temperatures depict kaolin's intrinsic thermalresponses. These
transformations are pivotal in determining kaolin’s
performance and stability in thermally demanding
applications. A detailed understanding of these thermal
characteristics enhances the ability to tailor kaolin for specific
industrial uses, such as ceramics, cementitious systems, and
high-temperature composites.
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3.1.3. Fourier Transform Infrared Spectroscopy (FTIR)
Analysis for Kaolin

Infrared (IR) spectroscopy serves as a robust analytical
method forelucidating functional groups and investigating the
molecular architecture of materials. As depicted in Figure 4,
the prominent absorption bands at 3697.5 cm™ and 33732
cm™! are indicative of hydroxyl groups, which are intrinsic to
the layered framework of kaolin and play a crucial role in
determining its physicochemical behaviour [34]. The
absorption band observed at 1636.3 cm™ is attributable to
molecular water adsorbed onto the kaolin surface, a common
feature among clay minerals due to their capacity to retain
water in both surface sites and interlayer voids [16].
Additionally, the bands at 998.9 cm™,797.7 cm™', and 909.5
cm ' corroborate the presence of silicate units, corresponding
to characteristic Si—O stretching and bending vibrations. The
absorption featureat2124.6 cm ' may be associated with trace
impurities, potentially organic in nature, which could stem
from either the raw material’s natural heterogeneity or
contamination introduced during sample preparation [20].
Collectively, the IR spectral data affirm the structural
constituents of the kaolin sample, namely hydroxyl groups,
bound water, and silicate frameworks. These are fundamental
to its functionality across a range of industrial applications.
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Fig. 4 FTIR Analysis for Kaolin

3.1.4. X-Ray Diffraction (XRD) Analysis for Kaolin

The mineralogical characterization presented in Figures
5a and 5b underscores the suitability of the kaolin sample for
use as a bio-adsorbent, largely attributed to the identified
presence of clay minerals, notably kaolinite and
montmorillonite. These minerals are well-documented for
their high surface area, layered structure, and ion-exchange
capacities, which collectively enhance their adsorption
performance in environmental and industrial applications.

Both qualitative and quantitative assessments provide a
deeperunderstandingof their suitability for various adsorption
applications, including environmental remediation and water
purification. The qualitative XRD analysis confirms the
presence of Kaolinite-1A, Montmorillonite, Quartz,
Orthoclase, Illite, and Muscovite, while the quantitative
analysis assigns specific weight fractionsto these minerals, as
shown in Table 1.
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Kaolin

Mineral Phase (Weight%)

Adsorption
Significance

Kaolinite-1A 36

Moderate
adsorption via
surface hydroxyl
groups and layers.

Montmorillonite 11

Excellent
adsorption; high
cation exchange
capacity (CEC).

Illite 13

Moderate CEC;
contributes to
adsorption but is
less efficient.

Muscovite

Low adsorption; a
minor role in total
capacity.

Quartz HP 21

Non-adsorptive;
dilutes overall
adsorption
capacity.

Orthoclase 11

Minimal
adsorption; acts as
an inert filler.

The sharp and well-defined peaks of kaolinite and
montmorillonite in Kaolin (Figure 5a and b) indicate a high

structure. Although high crystallinity may limit the number of
defects that act as active sites, the presence of nanometric
partticle sizes (e.g., ~49 A to 252 A) enhances the specific
surface area, which is crucial for adsorption. Fine particles
provide greater exposure of active sites, thus improving the
efficiency of adsorption processes.

The presence of non-clay minerals such as Quartz (21%)
and Orthoclase (11%) in Kaolin has a diluting effect on the
adsorptive potential. These minerals do not contribute
significantly to adsorption due to their low surface reactivity
and absence of exchangeable sites. Their presence reduces the
effective surface area and lowers the number of available
active sites per unit mass of material.

The mineral compositions of this Kaolin sample show
that it is suitable for a range of adsorption applications,
including: water and wastewater treatment (e.g., removal of
heavy metals, dyes, and organic contaminants); soil
remediation, where clay minerals can immobilize pollutants;
and industrial effluent treatment, benefiting from cation
exchange and surface adsorption mechanisms.

However, this Kaolin with 47 % non-clay minerals
(Quartz and Orthoclase) may require pretreatment (e.g.,
beneficiation or activation) to enhance its adsorptive
properties for specialized applications. Techniques such as
acid activation, thermal treatment, or particle size reduction
could increase surface area and improve adsorption

degree of crystallinity, suggesting a relatively ordered performance.
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3.2. Kaolin’s Adsorption Capacity for Environmental
Pollutants

The composition of the simulated wastewater before and
after treatment with Kaolin ata dose of 5 g/L is tabulated in
Tables 2 and 3. The treatment with Kaolin significantly
improves water quality, reducing turbidity, COD, and heavy
metals effectively while slightly increasing the pH.

Table 2. Simulated Wastewater Composition Before Treatment

Parameter Value | Unit

Turbidity 300.0 [ NTU

COD 800.0 | mg/L

Pb?* (Heavy Metal) 10.0 mg/L
pH 6.50 -

Table 3. Simulated Wastewater Composition After Treatment (Kaolin

Dose: 5 g/L)
. Reduction

Parameter Value Unit (%)
Turbidity 24.63 NTU 91.8%
COD 178.50| mg/L 77.7%

Pb* (Heavy o
Metal) 1.35 mg/L 86.5%

pH 6.86 - Slight Increase

Turbidity Reduction

—o— Turbidity

350
300 o

250 \

200 \.\

150 \\
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50 \\

0 0.5 1 2 3 4 5
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Table 4 shows that increasing Kaolin dosage
significantly reduces both turbidity and COD, following an
exponential decay pattem.

Table 4. Simulated Results for Turbidity and COD Reduction with
Increasing Kaolin Doses

Kaolin Dose Turbidity COD
(g/L) (NTU) (mg/L)
0.0 300.0 800.0
0.5 233.6 688.6
1.0 181.96 592.65
2.0 110.36 439.05
3.0 66.94 325.26
4.0 40.60 240.96
5.0 24.63 178.50
COD Reduction
——COD
900
800 -
700
- 600
g 500 \
A 400 \
S 300 ~
200 ~e
100
0 T T

Kaolin Dose (g/L)

Fig. 6 Simulated Results for Turbidity and COD Reduction with Increasing Kaolin Doses

Table 5 shows the simulated results forheavy metal (Pb*)
reduction and pH changes with increasing Kaolin doses. From
Figure 7, it can be observed that there isa significant reduction

in the heavy metal Pb** concentration, dropping by 86% at a 5
g/L Kaolin dosage. Kaolin slightly increases pH, likely due to
its mild alkalinity, as shown in Figure 7.
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Fig. 7 Simulated Results for Heavy Metal (Pb**) Reduction and Ph Changes with Increasing Kaolin Doses

Table 5. Simulated Results for Heavy Metal (Pb*) Reduction and pH
Changes with Increasing Kaolin Doses

Kaolin Dose (g/L) [ Pb* (mg/L) | pH Level
0.0 10.0 6.50
0.5 8.19 6.58
1.0 6.70 6.64
2.0 4.49 6.72
3.0 3.01 6.78
4.0 2.02 6.82
5.0 1.35 6.86

3.3. Adsorption Kinetics of Kaolinin Wastewater Treatment

The adsorption process of Kaolin for pollutants (e.g.,
heavy metals, organic matter) follows kinetic models that
describe how quickly and efficiently contaminants are
removed.

3.3.1. Adsorption Kinetics of Kaolin for Pb** Removal

Using the Pseudo-Second-Order (PSO) model, the
adsorption of Pb?" onto Kaolin was simulated over 0 to 120
minutes. Within the first 20 minutes, over 85 % of Pb?" is
adsorbed.

An initial Pb?" concentration of 10 mg/L was used. It was
observed that there wasrapid initial adsorption within the first
20 minutes, over 85 % of Pb?" was adsorbed. Equilibrium was
reached at 120 minutes with maximum adsorption capaciy
stabilizing at 7.84 mg/g.

Chemisorption dominates since the PSO model fits well,
and chemical bonding (chemisorption) is the primary
mechanism rather than simple physical attraction.

Table 6. The Adsorption Kinetics of Kaolin can be Analysed using the Following Models

Kinetic Model Equation

Description

Pseudo-First-

— _ p,—kqt
Order (PFO) qr =qe(1 —e™)

Adsorption depends on the concentration difference
between the surface and the bulk solution. Suitable for

physisorption.

Pseudo-Second- _ k 2q§ t Assumes chemisorption as the rate-limiting step, with
Order (PSO) qe = 1+kyqet adsorption proportional to available binding sites.
Intraparticle — k054 Suggests that adsorption occurs in multiple steps,

Diffusion (IPD) qe =K1 including surface adsorption and diffusion inside pores.
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Table 7. Adsorption Kinetics of Kaolin for Pb* Removal

From Table 8 and Figure 9, it can be observed that

Time (min) | Adsorbed Pb*" (mng/g) Pseudo-Second-Order (PSO) is the best fit for Kaolin
0.0 0.00 adsorption. And it suggests chemisorption (strong bonding
10.0 6.10 between Kaolin and Pb?"). The Pseudo-First-Order (PFO)
20.0 7.07 initially closes to PSO but levels off. This suggests
40.0 7.50 physisorption (weaker surface interactions). Intraparticle
60.0 7.69 Diffusion (IPD) fits well in later stages, meaning diffusion
80.0 7.76 inside Kaolin pores plays a role. However, the non-zero
100.0 7.81 intercept (C # 0) suggests surface adsorption is also involved.
120.0 7.84
Kaolin Adsorption Kinetics (PSO Model)
—0— Pseudo-Second-Order (PSO) Model
@ 10
g 8 — = . o
~ /
& 6
=y /
£ 2 /
2 /
< 0 ‘
< 0 10 20 40 60 80 100 120
Time (minutes)
Fig. 8 Adsorption Kinetics of Kaolin for Pb* Removal
Table 8. Comparison of Adsorption Kinetics Models for Kaolin in Pb?>* Removal
Time (min) PSO (mg/g) PFO (mg/g) IPD (mg/g)
0.0 0.00 0.00 1.50
10.0 6.10 4.80 4.00
20.0 7.07 6.80 5.00
40.0 7.50 7.82 6.42
60.0 7.69 7.97 7.53
80.0 7.76 7.99 8.75
100.0 7.81 8.00 9.54
120.0 7.84 8.00 10.26
=4—PSO (mg/g) =®=PFO (mg/g) IPD (mg/g)
12
on
Ep 10 =
;v 8 —eeie———
E g - -
o 6
£ 4.
£
S 2 //
<
< O T T T T T 1
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Time (minutes)

Fig. 9 Comparison of Adsorption Kinetics Models for Kaolin in Pb** Removal
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4. Conclusion

This study confirms that unmodified Kaolin is a
sustainable, low-cost, and environmentally benign adsorbent
capable of effectively removing heavy metals, turbidity, and
organic pollutants such as COD from wastewater. Its
adsorptive performance is primarily attributed to its inherent
clay mineral composition, notably the presence of Kaolinite
and Montmorillonite. However, the presence of non-
adsorptive mineral phases may partially inhibit overall
adsorption efficiency. To enhance performance, further
material refinement, such as purification, surface
functionalization, or nanocomposite formation, should be
explored to increase selectivity, adsorption capacity, and
reusability.

Kinetic modelling results indicate that the Pseudo-
Second-Order (PSO) model best describes the adsorption
behaviour, supporting chemisorption as the dominant
mechanism. The Pseudo-First-Order (PFO) model, although
partially applicable, underestimates adsorption atequilibrium.
Intraparticle Diffusion (IPD) analysis further reveals a two-
stage adsorption process: rapid surface adsorption followed by
slower pore diffusion. Kaolin's stable performance under
neutral pH conditions makes it particularly suitable for pH-

References

sensitive applications where chemical coagulants like alum or
ferric chloride may pose limitations. Given its minimal impact
on solution pH, combined with high removal efficiencies and
thermalstability, Kaolin represents a promising candidate for
decentralized and large-scale wastewater treatment systems.
Pilot-scale studies are recommended to validate its real-world
applicability and long-term operational performance. Overall,
this study supports the broader adoption of raw Kaolin asa
green and economical alternative for integrated water
treatment solutions in both environmental and industrial
settings.

Funding Statement
This research is self-funded by the Author.

Acknowledgments

The author gratefully acknowledges the Department of
Chemistry, Federal University Otuoke, Bayelsa State, for
providing essential laboratory facilities and technical support
throughout the course of this research. Special appreciation is
also extended to Engr. Ebitimi, Technologist in the
Department of Chemical Engineering, Federal University
Otuoke, for his invaluable assistance and expertise during the
experimental procedures.

(1]

(2]

Veronique Beckers et al., “The Impact of Urbanization on Agricultural Dynamics: A Case Study in Belgium,” Journal of Land Use
Science, vol. 15, no. 5, pp. 626643, 2020. [CrossRef] [Google Scholar] [Publisher Link]

AsifRaihan, and Almagul Tuspekova, “Dynamic Impacts of Economic Growth, Energy Use, Urbanization, Agricultural Productivity, and
Forested Areaon Carbon Emissions: New Insights from Kazakhstan,” World Development Sustainability, vol. 1,2022. [CrossRef] [Google
Scholar] [Publisher Link]

T.E. Oladimeji et al., “Review on the Impact of Heavy Metals from Industrial Wastewater Effluent and Removal Technologies,” Heliyon,
vol. 10, no. 23, 2024. [CrossRef] [Google Scholar] [Publisher Link]

Panchamoorthy Saravanan et al., “Comprehensive Review on Toxic Heavy Metals in the Aquatic System: Sources, Identification,
Treatment Strategies, and Health Risk Assessment,” Environmental Research, vol. 258, 2024. [CrossRef] [Google Scholar] [Publisher
Link]

Rania Al-Tohamy et al., “A Critical Review on the Treatment of Dye-containing Wastewater: Ecotoxicological and Health Concerns of
Textile Dyes and Possible Remediation Approaches for Environmental Safety,” Ecotoxicology and Environmental Safety, vol. 231, 2022.
[CrossRef] [Google Scholar] [Publisher Link]

Wei Xu, Yuan Jin, and Gang Zeng, “Introduction of Heavy Metals Contamination in the Water and Soil: A Review on Source, Toxicity
and Remediation Methods,” Green Chemistry Letters and Reviews, vol. 17, no. 1, 2024. [CrossRef] [Google Scholar] [Publisher Link]
Xiangyu Li et al., “Comprehensive Review of Emerging Contaminants: Detection Technologies, Environmental Impact, and Management
Strategies,” Ecotoxicology and Environmental Safety, vol. 278, 2024. [CrossRef] [Google Scholar] [Publisher Link]

Vercus Lumami Kapepula, and Patricia Luis, “Removal of Heavy Metals from Wastewater using Reverse Osmosis,” Frontiers in
Chemical Engineering, vol. 6,2024. [CrossRef] [Google Scholar] [Publisher Link]

Bikram Jit Singh, Ayon Chakraborty, and Rippin Sehgal, “A Systematic Review of Industrial Wastewater Management: Evaluating
Challenges and Enablers,” Journal of Environmental Management, vol. 348, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[10] Satyam Satyam, and Sanjukta Patra, “Innovations and Challenges in Adsorption-based Wastewater Remediation: A Comprehensive

Review,” Heliyon, vol. 10, no. 9, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[11] Mohammad Hadi Dehghani et al., “Recent Advances on Sustainable Adsorbents for the Remediation of Noxious Pollutants from Water

and Wastewater: A Critical Review,” Arabian Journal of Chemistry, vol. 16, no. 12, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[12] Christian Detellier, “Functional Kaolinite,” The Chemical Record, vol. 18, no. 7-8, pp. 868—877, 2018, doi: 10.1002/tcr.201700072.

[CrossRef] [Google Scholar] [Publisher Link]


https://doi.org/10.1080/1747423X.2020.1769211
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+impact+of+urbanization+on+agricultural+dynamics%3A+a+case+study+in+Belgium&btnG=
https://www.tandfonline.com/doi/full/10.1080/1747423X.2020.1769211
https://doi.org/10.1016/j.wds.2022.100019
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Dynamic+impacts+of+economic+growth%2C+energy+use%2C+urbanization%2C+agricultural+productivity%2C+and+forested+area+on+carbon+emissions%3A+New+insights+from+Kazakhstan&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Dynamic+impacts+of+economic+growth%2C+energy+use%2C+urbanization%2C+agricultural+productivity%2C+and+forested+area+on+carbon+emissions%3A+New+insights+from+Kazakhstan&btnG=
https://www.sciencedirect.com/science/article/pii/S2772655X22000192
https://doi.org/10.1016/j.heliyon.2024.e40370
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Review+on+the+impact+of+heavy+metals+from+industrial+wastewater+effluent+and+removal+technologies&btnG=
https://www.cell.com/heliyon/fulltext/S2405-8440(24)16401-8
https://doi.org/10.1016/j.envres.2024.119440
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Comprehensive+review+on+toxic+heavy+metals+in+the+aquatic+system%3A+sources%2C+identification%2C+teatment+strategies%2C+and+health+risk+assessment%E2%80%99&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0013935124013458
https://www.sciencedirect.com/science/article/abs/pii/S0013935124013458
https://doi.org/10.1016/j.ecoenv.2021.113160
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+critical+review+on+the+treatment+of+dye-containing+wastewater%3A+Ecotoxicological+and+health+concerns+of+textile+dyes+and+possible+remediation+approaches+for+environmental+safety&btnG=
https://www.sciencedirect.com/science/article/pii/S0147651321012720
https://doi.org/10.1080/17518253.2024.2404235
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Introduction+of+heavy+metals+contamination+in+the+water+and+soil%3A+a+review+on+source%2C+toxicity+and+remediation+methods&btnG=
https://www.tandfonline.com/doi/full/10.1080/17518253.2024.2404235
https://doi.org/10.1016/j.ecoenv.2024.116420
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Comprehensive+review+of+emerging+contaminants%3A+Detection+technologies%2C+environmental+impact%2C+and+management+strategies&btnG=
https://www.sciencedirect.com/science/article/pii/S0147651324004962
https://doi.org/10.3389/fceng.2024.1334816
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Removal+of+heavy+metals+from+wastewater+using+reverse+osmosis&btnG=
https://www.frontiersin.org/journals/chemical-engineering/articles/10.3389/fceng.2024.1334816/full
https://doi.org/10.1016/j.jenvman.2023.119230
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+systematic+review+of+industrial+wastewater+management%3A+Evaluating+challenges+and+enablers&btnG=
https://www.sciencedirect.com/science/article/pii/S0301479723020182
https://doi.org/10.1016/j.heliyon.2024.e29573
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Innovations+and+challenges+in+adsorption-based+wastewater+remediation%3A+A+comprehensive+review&btnG=
https://www.cell.com/heliyon/fulltext/S2405-8440(24)05604-4
https://doi.org/10.1016/j.arabjc.2023.105303
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Recent+advances+on+sustainable+adsorbents+for+the+remediation+of+noxious+pollutants+from+water+and+wastewater%3A+A+critical+review&btnG=
https://www.sciencedirect.com/science/article/pii/S1878535223007657
https://doi.org/10.1002/tcr.201700072
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Functional+Kaolinite&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/tcr.201700072

Esther Chioma Udochukwu /IJCER, 12(2), 1-11, 2025

[13] Suzanne Christine Aboudi Mana, Marlia Mohd Hanafiah, and Ahmed Jalal Khan Chowdhury, “Environmental Characteristics of Clay
and Clay-based Minerals,” Geology, Ecology, and Landscapes,vol. 1,no. 3, pp. 155-161, 2017. [CrossRef] [Google Scholar] [Publisher
Link]

[14] Wondimhun Tedila Sibhat et al., “Effect of Ethiopian Kaolin Treatment on the Performance of Adsorptive Removal of Methylene Blue
Dye,” Results in Chemistry, vol. 13, 2025. [CrossRef] [Google Scholar] [Publisher Link]

[15] S. Mustapha et al., “Potential of using Kaolin as a Natural Adsorbent for the Removal of Pollutants from Tannery Wastewater,” Heliyon,
vol. 5, no. 11, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[16] Neeraj Kumari, and Chandra Mohan, “Basics of Clay Minerals and Their Characteristic Properties,” Clay and Clay Minerals, IntechOpen,
2021. [CrossRef] [Google Scholar] [Publisher Link]

[17] Mohamed Abd El-Aal et al., “Modified Natural Kaolin Clay as an Active, Selective, and Stable Catalyst for Methanol Dehydration to
Dimethyl Ether,” Scientific Reports, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[18] Ali H. Jawad, and Ahmed Saud Abdulhameed, “Mesoporous Iraqi Red Kaolin Clay as an Efficient Adsorbent for Methylene Blue Dye:
Adsorption Kinetic, Isotherm and Mechanism Study,” Surfaces and Interfaces, vol. 18, 2020. [CrossRef] [Google Scholar] [Publisher
Link]

[19] Nadia Hamri et al., “Enhanced Adsorption Capacity of Methylene Blue Dye onto Kaolin through Acid Treatment: Batch Adsorption and
Machine Learning Studies,” Water, vol. 16, no. 2, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[20] Nelly Wahyuni, Gusrizal, and Yeni Juliawati, “Calcined Kaolin as Adsorbent for Organic Compounds in Peat Water,” Proceedings of the
2" International Conference on Science Education and Sciences 2022 (ICSES 2022),2023. [CrossRef] [Google Scholar] [Publisher Link]

[21] Gregor Kravanja, and Zeljko Knez, “Carbonization of Class G well Cement Containing Metakaolin under Supercritical and Saturated
Environments,” Construction and Building Materials, vol. 376, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[22] Nyemaga Masanje Malima et al., “Development of Cost-effective and Eco-friendly Adsorbent by Direct Physical Activation of Tanzanian
Malangali Kaolinite for Efficient Removal of Heavy Metals,” MaterialsToday: Proceedings, vol. 38, pp. 1126-1132, 2021. [CrossRef]
[Google Scholar] [Publisher Link]

[23] Karima Rouibah et al., “Exploring the Efficiency of Algerian Kaolinite Clay in the Adsorption of Cr(II) from Aqueous Solutions:
Experimental and Computational Insights,” Molecules, vol. 29, no. 9, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[24] Mohamad Ezzedine El Dandachy et al., “Effect of Elevated Temperatures on Compressive Strength, Ultrasonic Pulse Velocity, and
Transfer Properties of Metakaolin-Based Geopolymer Mortars,” Buildings, vol. 14, no. 7, 2024. [CrossRef] [Google Scholar] [Publisher
Link]

[25] H.M. Ismail et al., “Using of Untreated and Thermally Treated Kaolin Clay as Adsorbent and Coagulant in the Treatment of Wastewater,”’
1IOSR Journal of Applied Chemistry, vol. 12, no. 9, pp. 39-51, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[26] Zawawi Daud et al., “Experimental Approach for Chemical Oxygen Demand and Ammonia Nitrogen Removal from Natural Rubber
Wastewater via Adsorption by Kaolin,” IOP Conference Series: Earth and Environmental Science, 2020. [CrossRef] [Google Scholar]
[Publisher Link]

[27] Shaymaa Talib Hussain, and Seroor Atalah Khaleefa Ali, “Removal Lead Pb (II) from Wastewater using Kaolin Clay,” IOP Conference
Series: Materials Science and Engineering, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[28] Esther Chioma Udochukwu, and CU. U Akpoviri, “Morphological Characterization of Banana Peel Powder as a Bio- Adsorbent for Waste
Water Treatment,” International Journal of Engineering Applied Sciences and Technology, vol. 7, no. 6, pp. 289-295, 2022. [Google
Scholar]

[29] C2CAT, BET Surface Area Measurement and Its Importance in Heterogeneous Catalysis, 2023. [Online]. Available: https://c2cat.eu/bet-
surface-area/

[30] Ochieng Ombaka, “Characterization and Classification of Clay Minerals for Potential Applications in Rugi Ward, Kenya,” African Journal
of Environmental Science and Technology, vol. 10, no. 11, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[31] Pawel Bernard et al., “Demonstration of the Influence of Specific Surface Area on Reaction Rate in Heterogeneous Catalysis,” Journal of’
Chemical Education, vol. 98, no. 3, pp. 935-940, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[32] Ziad Khaled et al., “Optimization of Kaolin into Metakaolin: Calcination Conditions, Mix Design and Curing Temperature to Develop
Alkali Activated Binder,” 4in Shams Engineering Journal, vol. 14,no. 6, p. 102142, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[33] Lukas Fliri et al., “Identification of a Polyfuran Network as the Initial Carbonization Intermediate in Cellulose Pyrolysis: A Comparative
Analysis with Cellulosic Hydrochars,” Journal of Analytical and Applied Pyrolysis, vol. 181, p. 106591, 2024. [CrossRef] [Google
Scholar] [Publisher Link]

[34] H.E. Mgbemere et al., “Synthesis of Zeolite-A Using Kaolin Samples from Darazo, Bauchi State and Ajebo, Ogun State in Nigeria,”
Nigerian Journal of Technology, vol. 37, no. 1, 2018. [CrossRef] [Google Scholar] [Publisher Link]


https://doi.org/10.1080/24749508.2017.1361128
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Environmental+characteristics+of+clay+and+clay-based+minerals&btnG=
https://www.tandfonline.com/doi/full/10.1080/24749508.2017.1361128
https://www.tandfonline.com/doi/full/10.1080/24749508.2017.1361128
https://doi.org/10.1016/j.rechem.2025.102027
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+Ethiopian+kaolin+treatment+on+the+performance+of+adsorptive+removal+of+methylene+blue+dye&btnG=
https://www.sciencedirect.com/science/article/pii/S2211715625000104
https://doi.org/10.1016/j.heliyon.2019.e02923
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Potential+of+using+kaolin+as+a+natural+adsorbent+for+the+removal+of+pollutants+from+tannery+wastewater&btnG=
https://www.cell.com/heliyon/fulltext/S2405-8440(19)36582-X
https://doi.org/10.5772/intechopen.97672
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Basics+of+Clay+Minerals+and+Their+Characteristic+Properties&btnG=
https://www.intechopen.com/chapters/76780
https://doi.org/10.1038/s41598-022-13349-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Modified+natural+kaolin+clay+as+an+active%2C+selective%2C+and+stable+catalyst+for+methanol+dehydration+to+dimethyl+ether&btnG=
https://www.nature.com/articles/s41598-022-13349-0
https://doi.org/10.1016/j.surfin.2019.100422
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mesoporous+Iraqi+red+kaolin+clay+as+an+efficient+adsorbent+for+methylene+blue+dye%3A+Adsorption+kinetic%2C+isotherm+and+mechanism+study&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2468023019306534
https://www.sciencedirect.com/science/article/abs/pii/S2468023019306534
https://doi.org/10.3390/w16020243
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Enhanced+Adsorption+Capacity+of+Methylene+Blue+Dye+onto+Kaolin+through+Acid+Treatment%3A+Batch+Adsorption+and+Machine+Learning+Studies&btnG=
https://www.mdpi.com/2073-4441/16/2/243?utm_campaign=releaseissue_waterutm_medium=emailutm_source=releaseissueutm_term=titlelink56
https://doi.org/10.2991/978-94-6463-232-3_27
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Calcined+Kaolin+as+Adsorbent+for+Organic+Compounds+in+Peat+Water&btnG=
https://www.atlantis-press.com/proceedings/icses-22/125989932
https://doi.org/10.1016/j.conbuildmat.2023.131050
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Carbonization+of+Class+G+well+cement+containing+metakaolin+under+supercritical+and+saturated+environments&btnG=
https://www.sciencedirect.com/science/article/pii/S0950061823007626
https://doi.org/10.1016/j.matpr.2020.06.469
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+cost-effective+and+eco-friendly+adsorbent+by+direct+physical+activation+of+Tanzanian+Malangali+kaolinite+for+efficient+removal+of+heavy+metals&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2214785320349476
https://doi.org/10.3390/molecules29092135
https://scholar.google.com/scholar?q=Exploring+the+Efficiency+of+Algerian+Kaolinite+Clay+in+the+Adsorption+of+Cr(III)+from+Aqueous+Solutions:+Experimental+and+Computational+Insights%E2%80%99&hl=en&as_sdt=0,5
https://www.mdpi.com/1420-3049/29/9/2135
https://doi.org/10.3390/buildings14072126
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+Elevated+Temperatures+on+Compressive+Strength%2C+Ultrasonic+Pulse+Velocity%2C+and+Transfer+Properties+of+Metakaolin-Based+Geopolymer+Mortars%E2%80%99&btnG=
https://www.mdpi.com/2075-5309/14/7/2126
https://www.mdpi.com/2075-5309/14/7/2126
https://doi.org/10.9790/5736-1209013951
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Using+of+untreated+and+thermally+treated+kaolin+clayas+adsorbent+and+coagulant+in+the+treatment+of+Wastewater&btnG=
https://www.iosrjournals.org/iosr-jac/papers/vol12-issue9/Series-1/F1209013951.pdf
https://doi.org/10.1088/1755-1315/616/1/012070
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+Approach+for+Chemical+Oxygen+Demand+and+Ammonia+Nitrogen+Removal+from+Natural+Rubber+Wastewater+via+Adsorption+by+Kaolin&btnG=
https://iopscience.iop.org/article/10.1088/1755-1315/616/1/012070/meta
https://doi.org/10.1088/1757-899X/1058/1/012069
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Removal+lead+Pb+%28II%29+from+wastewater+using+kaolin+clay&btnG=
https://iopscience.iop.org/article/10.1088/1757-899X/1058/1/012069/meta
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Morphological+Characterization+of+Banana+Peel+Powder+as+a+Bio-+Adsorbent+for+Waste+Water+Treatment&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Morphological+Characterization+of+Banana+Peel+Powder+as+a+Bio-+Adsorbent+for+Waste+Water+Treatment&btnG=
https://c2cat.eu/bet-surface-area/
https://c2cat.eu/bet-surface-area/
https://doi.org/10.5897/AJEST2016.2184
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Characterization+and+classification+of+clay+minerals+for+potential+applications+in+Rugi+Ward%2C+Kenya&btnG=
https://www.ajol.info/index.php/ajest/article/view/147991
https://doi.org/10.1021/acs.jchemed.0c01101
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Demonstration+of+the+Influence+of+Specific+Surface+Area+on+Reaction+Rate+in+Heterogeneous+Catalysis&btnG=
https://pubs.acs.org/doi/full/10.1021/acs.jchemed.0c01101
https://doi.org/10.1016/j.asej.2023.102142
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+of+kaolin+into+Metakaolin%3A+Calcination+Conditions%2C+mix+design+and+curing+temperature+to+develop+alkali+activated+binder&btnG=
https://www.sciencedirect.com/science/article/pii/S209044792300031X
https://doi.org/10.1016/j.jaap.2024.106591
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Identification+of+a+polyfuran+network+as+the+initial+carbonization+intermediate+in+cellulose+pyrolysis%3A+A+comparative+analysis+with+cellulosic+hydrochars%E2%80%99&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Identification+of+a+polyfuran+network+as+the+initial+carbonization+intermediate+in+cellulose+pyrolysis%3A+A+comparative+analysis+with+cellulosic+hydrochars%E2%80%99&btnG=
https://www.sciencedirect.com/science/article/pii/S0165237024002468
https://doi.org/10.4314/njt.v37i1.12
https://scholar.google.com/scholar?q=Synthesis+of+zeolite-A+using+kaolin+samples+from+Darazo,+Bauchi+state+and+Ajebo,+Ogun+state+in+Nigeria&hl=en&as_sdt=0,5
https://www.ajol.info/index.php/njt/article/view/165038

