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Background: Industrialization consumes a significant amount of water, and the textile sector rapidly expands globally using vast quantities of water.
Textile products undergo various procedures such as bleaching, dyeing, printing, and stiffening. Dyeing factories are the major polluters in this industry,
generating waste that contains unused organic compounds and colours. Dyes can pose a risk to environmental components and public health, potentially
causing harm to vital human organs. Even in small amounts, reactive black 5 dye (RB5) can block light in water, reducing photosynthesis and affecting
aquatic plant growth, possibly leading to eutrophication. Prolonged exposure to RB5 has been linked to serious health issues, including skin rashes,
cancer, kidney and respiratory failures, and other severe conditions. Objectives: The current study aims to establish the effectiveness of using a new,
affordable, and environmentally friendly adsorbent, namely kaolin filter cake (KFC), for the removal of reactive black 5 dye from textile
wastewater. Methods: The prepared kaolin filter cake (KFC) activated carbon was characterized using Fourier Transform Infrared (FTIR), Scanning
Electron Microscopy (SEM), X-ray diffraction (XRD), point of zero charge (pHpzc), and Brunauer—-Emmett—Teller (BET) surface area. The
effectiveness of KFC's decolorization was assessed by adsorption tests that looked at batch process variables, such as pH, ad sorbent dosage, contact
time, and beginning dye concentration. Response Surface Methodology (RSM) was employed to optimize the RB5 removal. Results: The
adsorption data closely fit the Langmuir isotherm model, indicating a maximum adsorption capacity of 60.24 mg-g*. Kinetic studies revealed that
the adsorption process followed a pseudo-second-order model. Remarkably, KFC demonstrated excellent regeneration potential, retaining 60.52%
of its adsorption capacity after five cycles. Conclusion: KFC is a highly promising adsorbent with significant potential for sustainable, cost-effective,
environmentally friendly, and efficient applications in textile wastewater treatment.

Keywords: waste water; organic pollutants; activated carbon; adsorption; kaolin filter cake; optimization; reactive black 5 dye; textile industry.

INTRODUCTION

Industrialization consumes a significant amount of water, and
the textile sector rapidly expands globally using vast quantities
of water. Various pollutants released by this industrial sector
contaminate freshwater bodies around the world (Gonen &
Biger, 2022). Textile products undergo various procedures such
as bleaching, dyeing, printing, and stiffening. Dyeing factories
are the major polluters in this industry, generating waste that
contains unused organic compounds and colours. Pollution
levels are affected by the chemicals and dyes used and their
adherence to the fabric (Vojnovi¢ et al., 2022). The main
contaminant in textile industry effluent is a highly visible dye that
can have detrimental toxicological and aesthetic effects even in
trace concentrations of less than 1 ppm in the environment
(Worku et al., 2023). Dyes may pose health risks, potentially
damaging the human vital organs (Hamad & Idrus, 2022). The
global market offers around 100,000 distinct kinds of dyestuffs,
with an approximate yearly production rate of 700,000 tons.
Annually, over a thousand tons of dyes are released into water
bodies from various industries, and 45% of this amount is a
reactive dye (Kalkan et al., 2014; Nure et al., 2023).

An azo-reactive dye is commonly used in textiles, paper, and
cosmetics since it is inexpensive and a vibrant colour
(Adamu, 2008). Reactive dyes bind to materials through
covalent bonds, enhancing colorization efficiency (Eren &
Acar, 2006). However, even in small amounts, reactive black 5
dye (RB5) can block light in water, reducing photosynthesis
and affecting aquatic plant growth, possibly leading to
eutrophication (Kalkan et al., 2014; Das, & Mishra, 2017).
Prolonged exposure to RB5 has been linked to serious health

issues, including skin rashes, cancer, kidney and respiratory
failures, and other severe conditions (Dutta, 2013). For these
reasons, effectively removing RB5 from wastewater is crucial for
environmental health (Eren & Acar, 2006; Obaid & Ali, 2023).

Different methods are employed in the treatment of textile
wastewater to eliminate dyes, including chemical oxidation
(Alnasrawy, 2023), photocatalytic degradation (Nure et al.,
2023), ozonation (Eren & Acar, 2006), coagulation/flocculation
(Amin et al., 2015), biological treatment, membrane separation,
environmental bacteria, and physical adsorption (Khan & Khan,
2016). Adsorption is an efficient method for textile wastewater
removal because of its low operating costs, minimal waste, and
simplicity (Ishak et al., 2022). Although activated carbon is
widely used for pollutant removal, it is costly and challenging
to regenerate (Obaid & Ali, 2023). Consequently, cost-effective
alternatives have been explored for removing the RB5, including
sugar cane bagasse, red mud, kaolin, rice husk, termite mound,
and bentonite (Eren & Acar, 2006; Ishak et al., 2022;
Li et al., 2018; Munagapati et al., 2020; Abewaa et al., 2023).

Kaolin filter cake (KFC), a by-product of the Aluminum
Sulphate, and Sulphuric acid industry, is mainly composed of
aluminosilicate materials of Al20s and SiO2 with a percentage
of 75 — 85% and minor oxides (Hamri et al., 2024; Angerasa et
al., 2021). KFC is the by-product generated during the filtration
unit operation. The improper disposal of KFC waste can lead to
environmental and public health (Aragaw & Kuraz, 2018;
Mulushewa et al., 2021). Furthermore, several research groups
studied the elimination of textile wastewater using clay-based
adsorbents such as kaolin, bentonite, metakaolin, modified
kaolin, and red mud (Erasto et al., 2023). To the best of our
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knowledge, researchers have not studied industrial by-products
from KFC as potential adsorbents for removing RB5.

The central aim of this study is to thoroughly investigate KFC's
capacity for adsorbing RB5 from textile wastewater. Thus, the
study aims to: (i) identify the features and provides a
comprehensive description of the crystal structure, surface
morphology, functional groups and specific surface area of the
adsorbent; (ii) analyse the impact of various experimental
parameters on the adsorption percentage of RB5, including pH,
adsorbent dosage, contact time, and initial dye concentration;
(iii) provide Kinetic and isothermal modelling analysis
performed using the experimental adsorption data; and finally
(iv) optimize the adsorption process using a central composite
design (CCD) within the framework of response surface
methodology (RSM).

MATERIALS AND METHODS
Materials and chemicals

The adsorbent was prepared using various mechanical size
reduction tools, including jaw crushers, disk mills, and mortars,

Waste kaolin
filter cake

Crusher

Calcined kaolin
filter cake (CKFC)

Muffle furnace

as well as traditional thermal equipment like muffle furnaces
and hot air ovens. For the batch adsorption experiments, a range
of analytical tools and glassware were typically employed, such
as pipettes, test tubes, centrifuges, magnetic stirrers, pH meters,
and measuring cylinders. During the batch experiments, sodium
hydroxide, concentrated sulfuric acid, and RB5 were used to
create the synthetic dye solution and to adjust the pH.

Preparation of adsorbents

KFC was collected from the Awash Melkassa Chemical
Factory in Awash, Ethiopia. The plant comprises five primary
units: filtration, evaporation, crystallization, grinding, and
neutralization. During the operation of the filtration machine,
the by-product known as KFC was produced. To process the
KFC, a grinder, a disk mill, electrical sieves with mesh sizes
less than 0.075 mm, and a muffle furnace were used for
crushing, grinding, and sieving the collected filter cake. The
KFC was then treated at 700 °C for two hours to produce the
calcined adsorbent. A schematic representation of the adsorbent
preparation for both the raw KFC (RKFC) and calcined KFC
(CKFC) samples is shown in Figure 1.

Electrical sieve

Grinder (0_075 um)

Raw kaolin
filter cake (RKFC)

Figure 1. A schematic representation of the adsorbent preparation

Preparation of RB5 solutions

Every chemical utilized in the experiment was analytical
grade and unpurified. Kombolcha Textile Share Company, an
export-focused textile plant situated in the Amhara region
of Kombolcha, approximately 380 km northeast of Addis
Ababa, Ethiopia, provided RB5 (MF: C26H21N5Na4019S,
MW: 991.8 g/mol). This dye is used extensively in the dying
process in the textile industry. A stock dye solution of 1000 mg/L
(1.0 g diluted in 1000 mL) was prepared and used to create the
required concentration. The anionic RB5's Amax was 597 nm
(Ishak et al., 2022).

Adsorbent characterization

By utilizing the salt addition method, we can accurately
determine the point of zero charge (PZC). To effectively raise
the initial pH from 2 to 10, we strategically added 0.01 M HCI
and 0.01 M NaOH as needed. Each flask received 0.5 g of
KFC adsorbent and the solution was vigorously agitated at
room temperature 25 °C for 36 hours, maintaining a consistent
speed of 150 rpm on an orbital shaker to ensure optimal mixing
and effectiveness. After recording the final pH, the pH change
(pHf — pHi) was calculated. The PZC was then determined by

plotting a graph and finding the x-intercept (Amin et al., 2015;
Fito et al., 2023).

Brunauer, emmett, and teller (BET)

The surface area determination was conducted using the
Brunauer, Emmett, and Teller method as follows: Approximately
4 g of activated carbon were placed in three degassed sample
tubes and subjected to heating at 100 °C for 2 hours.
Subsequently, the surface area was assessed by analysing the
adsorption and desorption of nitrogen (N2) gas at an atmospheric
pressure of 700 mm, utilizing a surface area analyser (SA-9600,
Horiba, Japan) (Amin et al., 2015; Alemayehu et al., 2017).

Scanning electron microscope (SEM)

A scanning electron microscope was employed to investigate
the morphological characteristics of the KFC. The
morphological features of both the raw and calcined KFC were
evaluated at various resolutions. A small quantity of the
adsorbent was positioned on the sample holder coated within
the vacuum chamber of the SEM and analysed under the
specified conditions. Adherence to standard operating
procedures for the examination of surface morphologies with
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the JCM-6000PLUS BENCHTOP SEM (JEOL, Japan)
was maintained throughout the preparation and scanning of
both samples, which were operated at a voltage of 5.00 kV
(Carmen & Daniela, 2012; Hassan et al., 2022).

Fourier transform infrared (FTIR)

The Fourier Transform Infrared spectrophotometer was
employed to identify the functional groups present in the
adsorbent. The analysis was conducted on the functional groups
of the adsorbents before and following the adsorption process,
utilizing the FTIR spectrophotometer (Shimadzu IRAffinity-1s,
Japan) across a spectral range of 4000 to 400 cm..

X-ray diffraction (XRD)

The X-ray diffraction (XRD) technique was utilized to
characterize the crystalline nature of the adsorbent using an
XRD instrument (Olympus BTXH, Japan). This analysis
sought to identify the presence of both amorphous and
crystalline structures within activated carbon (AC) by measuring
the diffraction angle (26) ranging from 5 to 90 degrees. The
X-ray system was operated at a current of 15 mA, utilizing
Cu Ko radiation at a voltage of 40 kV/40 mA.

Batch adsorption experiment

Adsorption experiments were conducted through a batch
experimental technique. This study aimed to investigate the
adsorption capacity of the anionic RB5 in an aqueous solution
utilizing KFC as the adsorbent. The experimental procedures
were performed in a closed beaker equipped with a magnetic
stirrer. Several parameters were analysed, including pH levels
(ranging from 3 to 9), adsorbent dosage (between 2.5 and
4.5 g), contact time (evaluated within a range of 40 to 80 min),
and the initial concentration of RB5 (ranging from 80 to
160 mg/L). Upon completion of each experiment, the resulting
supernatant was analysed using a visible spectrophotometer

at the specific wavelength corresponding to RB5. The
quantification of the amount and percentage of RB5 ions
adsorbed by KFC was achieved through the application of
Equations (1) and (2) (Hasan et al., 2024).

R (%) === 100, @)
mg) _ (Co—Ce) .
qe (BF) = 2w, @

where R is the percentage removal; q. is the uptake capacity;
Co and Ce are initial and equilibrium concentrations of RB5 in
the solution, mg/L; m is the adsorbent mass, g; v is the volume
of the solution, L.

Optimization of RB5 adsorption

The response surface methodology (RSM) Central Composite
Design (CCD) technique was used to examine the influence of
certain factors on the adsorption process. The RSM is a helpful
statistical technique for designing experiments (DOE) and
optimizing a variety of parameters (Mutambyi et al., 2023). The
empirical equation 2n + 2n + c served as the basis for 30 tests
generated by the RSM-CCD in Design Expert® software
version 13.0. where "n" is the number of independent
parameters and "c" is the number of centre point experiments.
Equation (3) provided a quadratic model for the analysis of
response surface regression for the design response.

y = b0 + XK biXi + Z:ilbiiXiZ + 25, 25 bijXiXj + £ (3)

where y is the response variable; b0 is the intercept constant;
K is the number of variables; bi are the coefficients of linear
parameters; € is the between the calculated and experimental
results; Xi and Xj are variables; bii is the coefficient of
quadratic parameters; bij is the coefficient of the interacting
parameters. Table 1 gives the levels of each parameter for this
study.

Table 1. Adsorption factors and corresponding levels for RSM-CCD experiments

Factors Factor symbol Unit Levels

Lower Upper
pH A - 3 9
Adsorbent dose B g 25 45
Contact time C min 40 80
Initial RB5 concentration D mg/L 80 160

Adsorption phenomenon study

Isotherm models are utilized to describe the equilibrium
between the quantity of adsorbate adsorbed onto the surface of
an adsorbent and the concentration of the adsorbate in a
solution. Among the various adsorption isotherms, the
Freundlich and Langmuir models are the most widely
recognized. The Langmuir adsorption isotherm, in particular, is
well suited for monolayer adsorption as it posits that adsorption
occurs at specific, uniform sites on the adsorbent's surface
(Seleman et al., 2023). The Freundlich adsorption isotherm
model indicates that the formation of multilayer and
heterogeneous systems is attributed to the non-uniform
distribution of adsorption affinities, rather than being confined
to single-layer formation (Srivastava et al., 2022).

Equation (4) represents the linear form of Langmuir’s isotherm
used to determine the adsorption parameters.

1 1 1 1

de KLdmax Ce  dmax’

(4)

where qmax IS represents the maximum adsorption capacity,
mg/g; qe is the uptake capacity; KL is Langmuir’s isotherm

constant, which shows the binding affinity between dye and
KFC, L/mg.

Equation (5) represents the linear form of Freundlich’s isotherm:
Logq. = LogKf + %LogCe, (5)
where Kf is Freundlich’s constant and is used to measure the
adsorption capacity, and i is the adsorption intensity,
% demonstrates the adsorption process is either favourable
(0.1< % < 0.5) or unfavourable (i > 2).

The kinetics rate at which the adsorbate (RB5) was adsorbed on
the surface of the adsorbent (CKFC) was investigated using
pseudo-first-order and second-order kinetic models. These

kinetics models demonstrate the adsorbent's effectiveness by
displaying how quickly or slowly it adsorbs the adsorbate.

The pseudo 1st order is represented in Equation (6):
In (qe = q¢) = Inge + K1 -1, (6)

where q, represents the adsorption capacity at time t, mg/g;
K1 is the equilibrium rate constant, min-.
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Pseudo 2nd order is represented in Equation (7):

t 1 1

= + —
e K2qe? qe’

™

where K2 is the equilibrium rate constant, g-mg*-min. The
values of linear coefficient regression (R?) were used to predict
the most suited isotherm and kinetic model for the adsorption
process (Hasan et al., 2022).

Regeneration of adsorbent

Evaluating the potential for regeneration and reuse is crucial for
demonstrating the usefulness and sustainability of adsorbents.
To recycle the adsorbent once the adsorption equilibrium is
reached, it is necessary to desorb the adsorbed molecules. In the
studies conducted, 3.5g/L of dye-loaded KFC (Kinetic
Activated Carbon) was agitated for two hours at 180 rpm in
100 mL of 0.1 M hydrochloric acid (HCI). After this process,
the dye-loaded KFC was rinsed with deionized water and dried
in an oven at 80 °C for one hour before being reused. The
effectiveness of the KFC adsorption was tested over five cycles
using this procedure (Abdu et al., 2024).

RESULTS AND DISCUSSIONS
Characteristics of a KFC adsorbent
The point of zero charge (pHpzc)

An important factor in understanding surface-active centres and
binding capabilities is the point of zero charge (pHpzc), which
is the pH level at which an adsorbent exhibits a neutral surface
charge. Higher pH values than the PZC are preferable for
adsorbing cationic dye, whereas lower pH levels than the PZC
are better for anionic dye adsorption techniques.

The pHpzc value of KFC is 7.1 (Figure 2), indicating that it has
a positive charge at pH values lower than 7.1. This
characteristic makes KFC useful for anionic dye adsorption
(Magdy et al., 2017). Consequently, negatively charged dyes,
such as RB5, are better absorbed at pH values lower than
pHPZC. Research indicates that RB5 performs best at

"SEDPCistd, 15 Ky WKL

Raw;c‘:' b

a pH range of 4 to 6, which is below the pHPZC, suggesting a
higher binding affinity at these levels (Hamri et al., 2024).

PZC =171

N
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-
T
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T

Figure 2. Point of Zero charges
for calcinated kaolin filter cake (CKFC)

Brunauer-Emmett-Teller (BET) surface area analysis

Measuring the specific surface area (SSA) is essential for
describing the characteristics of materials, particularly in fields
like material science, adsorption, and catalysis (Ribeiro et al.,
2022). The Brunauer-Emmett-Teller (BET) method is
frequently used because it is reliable when evaluating SSA,
especially in porous materials (Azha et al., 2021). This
approach produces adsorption isotherms by assessing the
nitrogen gas adsorption at different pressure levels. It was
discovered that the BET of the activated KFC adsorbent was
36 m?/g and that of the studded raw KFC adsorbent was 19 m?/g
(Souhassou et al., 2024). The produced CKFC has a large
specific surface area, a huge pore volume, and a high degree of
porosity, as indicated by the data above. It also offers a
significant number of active sites that may interact with RB5
molecules, increasing its adsorption capability.

Scanning Electron Microscopy (SEM) Analysis

SEM Analysis was utilized to investigate the morphology of the
RKFC and CKFC adsorbents, as shown in Figure 3a and 3b.

! £20m
) A L
D vc-!td.q}g‘s;k‘v.* vxthog;/ o1

Figure 3. SEM analysis: a — raw kaolin filter cake; b — calcinated kaolin filter cake

The images reveal a porous surface with irregular shapes and
unstructured regions characterized by uneven edge aggregation.
This analysis highlighted the differences in surface
morphologies and porosity between the two adsorbents. The
CKFC adsorbent exhibits a greater surface area and porosity,
which can be attributed to its preparation and activation
procedures. This phenomenon, where the activated adsorbent
shows a significantly larger surface area, has also been
documented in the physicochemical properties of kaolin clay
(Aragaw & Kuraz, 2018; Slatni et al., 2020). The micrograph
showed a structure with significant porosity, which was marked
by a diverse range of sizes and shapes that were irregular. This

allows for the successful and efficient adsorption of various
sizes of adsorbates. The surface magnification for both raw and
activated kaolin filter cake (KFC) was set at 20 pm. As illustrated
in Figure 3a, the pore openings on the sorbent surface of the raw
kaolin filter cake are not consistently visible. The distinct layered
rectangular shape indicates that the natural kaolinite, which is
untreated, consists of a double layer of aluminosilicate clay,
which could be identified as RKFC (lke et al., 2024).

Additionally, the calcined kaolin exhibits a complex structure
characterized by its adsorptive properties and porosity. The
photograph indicates that the calcined adsorbents display more
agglomerated and less structured morphologies. As shown in
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Figure 3b, the calcined adsorbent has significantly more
available pores. Consequently, these adsorptive properties
enhance the effective adsorption of RB5 ions from the solution
(Slatni et al., 2020; Johin et al., 2024).

Fourier Transform Infrared (FTIR) analysis

Figure 4 presents the results of an analysis of the FTIR surface
functional group properties of the CKFC sorbent and the
powder adsorbent loaded with adsorbate RB5 in a spectrum,
typically from 4000 cm™ to 400 cm™. The produced CKFC
adsorbent contains hydroxyl groups “O'H from Si'OH and
AI'OH, which can create connections between the tetrahedral
and octahedral sheets of kaolinite. This is indicated by a small
peak at 3610 cm™ (Ike et al., 2024). The peaks observed in the
spectrum at 3450 and 1624 cm correspond to the tension
vibrations of "O'H groups and the bending band of water
molecules, respectively (Aragaw & Alene, 2022). Stretching
vibrations of aluminum oxide suggest that Si-O is the main
constituent of the kaolin under study, and the absorption peaks
at 1112, 1020, and 756 cm® are thought to be caused by Si-O
(Li et al.,, 2021). The peaks at roughly 558 and 462 cm?,
respectively, show the bending vibrations of Si‘O'Si and
Si'O'Al (Angerasa et al., 2021).

—— After Adsorption
Before Adsorption

120

100

80

60

40

Transmittance (%)

20
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4. FTIR analysis for Calcined kaolin filter cake before
and after adsorption

The characteristic absorption peaks of kaolin adsorbent and
the adsorbent-loaded dyes RB5 showed no significant
variation in percentage transmittance, indicating that the basic
structure remained unchanged during the interactions between
the adsorbent and dyes (Aragaw & Alene, 2022). Minor shifts
and changes in the positions and intensities of peaks were
observed, influenced by the number of adsorbed dye
molecules. These variations can impact the percentage
transmittance. The slight shifts in position are associated with
the surface properties and the interactions of the adsorbent
and the functional groups present on the RB5's surface. These
interactions may arise from electrostatic forces or weak van
der Waals forces, as the dye has ionic characteristics when in
solution. Additionally, these observed shifts are a result of the
physical relationship with the dye and the adsorbent at their
surfaces (Hamri et al., 2024; Caponi et al., 2017).

A significant indicator of the adsorbate load is the change in
peak intensity or the bend in shape seen before and following
the adsorption of dye onto the surface of the adsorbent. The
adsorbent's bending shape's percentage transmittance was at
its highest before the sorption process, indicating that dye ions
unoccupied the adsorbent's surface. However, after the
adsorption process, the percentage transmittance of the
bending shape decreased significantly, suggesting that the
surface was occupied by the dyes, which blocked the infrared
signals.

Analysis of X-ray diffraction (XRD) results

Analysis of XRD was conducted on the raw RKFC and CKFC
samples to verify the conversion to an amorphous state.
Figure 5 shows that the RKFC contains three phases: illite,
quartz, and kaolinite, with kaolinite identified by reflections at
20 angles of 12.3°,20.3°, and 24.8°, and illite at 23.05°, 29.8°,
and 47.4°. The pre-treated RKFC displays several peaks,
indicating crystalline phases. In contrast, the calcinated sample
has a broad hump around 26°, confirming that heating at 700 °C
for 2 hours and rapid quenching transformed the crystalline
phases into an amorphous state, as noted in previous studies
(Aragaw, 2020). The calcination stage was effective, leading to
the de-hydroxylation step that damaged the kaolinite surface
structure. As a result, an amorphous material was recognized by
its rise displayed on the diffractogram background, as already
discussed (Li et al., 2021; Kassa et al., 2022).

600
w0 —— CKFC

—  RKFC
400
300

200

Intensity/Count

100

0 A A

L)

10 20 30 40 50 60 70 80
2 Theta degree

Figure 5. XRD result: a — raw adsorbent;
b — calcined adsorbents

The study involved the production of amorphous silica through
the calcination of filter cake at 700 °C for 2 hours, following
water cooling. The same finding has been observed for
metakaolin materials, which exhibited higher free energy and
pozzolanic characteristics, turning them into the most reactive
clay (Kassa et al., 2022). Metakaolin clay has strong reactivity
and is appropriate for applications in the production of binding
materials, due to its reduced content of illite and quartz
(Mustapha et al., 2021). Results of XRD of the raw and calcined
kaolin filter cake adsorbent in this study resemble those found
in earlier research.

Effect of individual factors on RB5 removal

The main adsorption parameters investigated include adsorbent
dose, contact time, pH, and initial RB5 concentration. These
parameters were analyzed by the one-factor-at-a-time method
to assess their effects on the sorption process. The pH levels
were varied from 3.0 to 9.0, the adsorbent dose was adjusted
between 2.5 to 4.5 g, the contact time was set within a range of
40 to 80 min, and the initial RB5 concentration (80 to
160 mg/L). The effects of each parameter on the adsorption
process are illustrated in Figures 6a to 6d.

Effect of pH

In any adsorption study, the pH factor is an important
parameter. As shown in Figure 6a, the highest retention rate is
achieved at acidic pH levels, particularly starting from
a pH of 4. In contrast, the sorption capacity of RB5 decreases
slightly at alkaline pH. The explanation for this decline is that
when the pH falls below the point of zero charge (pHpzc), extra
H* ions occupy some adsorption sites at acidic pH values,
leading to a positively charged clay surface (Worku et al., 2023;
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Abdu et al., 2024). The adsorbent surface exhibits a positive
charge at lower pH levels, which enhances the electrostatic
attraction with the negatively charged RB5. This observation
aligns qualitatively with findings from other researchers and
is supported by the outcomes related to the (pHzpc)
(Kosmulski, 2021).

Effect of sorbent dose

The amount of adsorbent used is a crucial factor because it
determines the adsorbent's ability to handle a specific initial
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concentration. As shown in Figure 6b, the sorption rate of the
RB5 increased with a higher mass of adsorbent. This increase
can be attributed to a greater number of available adsorption
sites as the adsorbent dosage rises (Farrokhzadeh et al., 2020).
As the dose of adsorbent used exceeds 4.5 g/L, the extracted
dyes remain largely unchanged. At a dye concentration of
120 mg/L, it appears that when the dosage surpasses 3.5 g, the
available adsorbate molecules are already saturated, resulting
in the removal efficiency stabilizing at a constant level
(Nure et al., 2023).
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Figure 6. Effect on removal efficiency percentage: a — pH; b — adsorbent dose; ¢ — contact time; d — dye concentration

Effect of contact time

The study investigated the removal of RB5 through adsorption
using KFC material over time. Figure 6c illustrates the effect of
time on the dye solution during batch mode adsorption. It was
observed that equilibrium is reached after 60 min, at which
point the rate of adsorption stabilizes following an initial rapid
increase. The rise in removal percentage over time suggests that
adsorption is a process that requires time to occur. According
to the previous study, the adsorption mass transfer phenomenon
consists of three main steps: external diffusion, internal
diffusion, and attachment to the active site. Consequently,
there is a certain time required to adsorb a specified amount
of adsorbate until all available surface sites are occupied or
equilibrium is reached. The presence of many free active sites
at the beginning of the adsorption may have influenced this
outcome. Depending on the kinds of sorbent and dye being
utilized, as well as their adsorption behavior, the amount of
time required to efficiently remove the majority of the dye
may be short or long (Angerasa et al., 2021).

Effect Initial RB5 concentration

The efficiency of the CKFC for adsorbing RB5 is influenced by
the initial dye concentration. As shown in Figure 6d, increasing
RB5 concentration from 80 to 120 mg/L enhances the dye's
sorption capacity until saturation is reached. Once saturated, no

further adsorption takes place because the binding sites for the
dye are fully occupied. Conversely, as the concentration
increases, the dye's adsorption capacity may decline due to the
early saturation of the adsorbent's surface sorption sites. The
saturation of these active sites leads to a reduction in removal
effectiveness at higher dye concentrations (lke et al., 2023).

RSM model fitting and summary statistics

To optimize the removal of RB5 from textile industrial
wastewater, we examined the effects of four key factors: initial
dye concentration, contact time, pH, and adsorbent dosage. We
analysed the independently selected factors by utilizing the RSM
design combinations derived from a Central Composite Design
(CCD) with Design Expert 13 software. In this study, we focused
on four factors at three levels using CCD to assess and improve
the CKFC preparation process variables for the RB5 textile dye
removal. As shown in the Table 2, we conducted a total of
30 experimental runs for the RSM analysis. The actual and
predicted percentages of RB5 removal are provided in Table 2.

Analysis of variance

The summary was generated utilizing a quadratic model from
Design-Expert version 13.0, as shown in Table 3. ANOVA
was applied to evaluate model fit and compare various models
through sequential sums of squares. A comprehensive
analysis of model statistics was conducted to determine the
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effectiveness of different models regarding the percentage
removal efficiency of RB5 by the CKFC adsorbent. The
model's F-value of 306.99 indicates that the proposed model
is statistically significant, with only a 0.01% likelihood that
an F-value of this magnitude would arise due to random

variation. Furthermore, the lack of fit was determined to be
insignificant, exhibiting an F-value of 1.68. This
insignificance in the lack-of-fit test reinforces the adequacy
of the proposed model, suggesting a 29.4% probability that an
F-value this large for lack of fit could occur purely by chance.

Table 2. The experimental and predicted values of RB5

Run  A:pH  B: Adsorbent C: Time, min D: Initial RB5 RB5 removal, % Predicted RB5
dose, g concentration, mg/L removal, %
1 4 45 40 80 89.78 90.12
2 8 45 80 80 86.36 86.58
3 8 45 40 160 82.93 82.76
4 6 35 60 120 98.87 98.22
5 6 35 60 120 98.16 98.22
6 8 45 40 80 88.31 88.68
7 8 25 40 160 79.92 80.09
8 6 35 60 200 85.48 86.35
9 4 45 80 160 91.68 91.37
10 8 25 80 160 83.67 83.04
11 4 25 40 80 90.64 90.87
12 4 45 80 80 90.73 90.77
13 6 35 20 120 92.58 92.40
14 4 25 40 160 88.36 87.86
15 6 35 60 120 97.94 98.22
16 4 45 40 160 86.95 86.77
17 6 35 60 120 97.63 98.22
18 6 15 60 120 88.43 88.69
19 8 25 40 80 85.65 85.67
20 4 25 80 80 92.74 92.62
21 6 35 60 40 92.12 91.33
22 6 35 60 120 98.48 98.22
23 6 35 100 120 95.74 96.00
24 4 25 80 160 93.73 93.56
25 6 5.5 60 120 89.68 89.50
26 8 25 80 80 84.28 84.67
27 6 35 60 120 98.21 98.22
28 2 35 60 120 83.56 83.86
29 8 45 80 160 84.64 84.61
30 10 35 60 120 72.12 71.90
Table 3. ANOVA for the RSM quadratic model
Source Sum of squares  df Mean square  F-value p-value Note
Model 1151.68 14 82.26 306.99 < 0.0001 Significant
A: pH 214.38 1 214.38 800.03 <0.0001
B: Adsorbent dose 0.9963 1 0.9963 3.72 0.0730
C: Time 19.46 1 19.46 72.61 <0.0001
D: Initial RB5 concentration 37.23 1 37.23 138.92 <0.0001
AB 14.16 1 14.16 52.83 < 0.0001
AC 7.58 1 7.58 28.27 <0.0001
AD 6.59 1 6.59 24.60 0.0002
BC 1.22 1 1.22 4.54 0.0502
BD 0.1139 1 0.1139 0.4251 0.5243

A non-significant lack of fit is preferred because it shows that
the model fits the data well. Model terms are considered
significant when the P-values < 0.05. The relationship between
the input variables and the percentage of RB5 removal, in terms

of both coded and actual factors, is demonstrated in the
equations resulting from the analysis of the observed data using
the Central Composite Design (CCD).

The final equation in terms of coded factors:

Y = 98.215 — 2.98875A + 0.2038B + 0.900417C — 1.24542D + 0.940625AB — 0.688125AC — 0.641875AD +

+ 0.989375CD — 5.08385A2 — 2.2801B% — 1.00385C2 — 2.34385D2.

®)
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In this context, Y represents the percentage of RB5 removal,
while A denotes the pH level, B is the adsorbent dose,
C indicates the contact time, and D refers to the initial dye
concentration. The terms AB, AC, AD, CD, A%, B2, C%, and D?
represent the interaction effects between pH and adsorbent
dose, pH and contact time, pH and initial dye concentration,
contact time and initial concentration, as well as the squared
terms for contact time, pH, initial concentration, and
adsorbent dose, respectively. In the equation, positive
coefficients indicate a synergistic effect, whereas negative
coefficients suggest an antagonistic effect. The standard
deviation for Equation (8) is 0.5177, indicating that the
predicted values align closely with the actual values,
suggesting high accuracy. In this model, the terms A, C, D, AB,
AC, AD, CD, A?, B?, C?, and DZ?are considered significant.
However, the interaction terms BC and BD are deemed
insignificant (P > 0.05).

Consequently, to enhance the model's accuracy, these
insignificant interaction terms were removed from the equation.

Evaluation of RSM model results

Regression coefficients were utilized to assess the fit of linear,
quadratic, and cubic models (R?). As indicated in Table 4, the
cubic model was found to be aliased. The quadratic regression
model, which had an R? value of 0.9965, provided the best fit for
the experimental data. Consequently, the removal rate of RB5
was predicted using this quadratic model.

The predicted R? value of 0.9834 is reasonably close to the
adjusted R? value of 0.9933, with a difference of less than 0.2.
Adequate precision measures the signal-to-noise ratio, and a ratio
greater than 4 is considered desirable. Your ratio of
71.886 indicates a strong signal, as shown in Table 5. Therefore,
this model can effectively be used to navigate the design space.

Table 4. Model Summary Statistics

Source Std. dev. R? Adjusted R? Predicted R? Press Note
Linear 5.95 0.2354 0.1131 -0.0066 1163.30
2FI 6.64 0.2746 -0.1072 -0.1979 1384.42
Quadratic 0.5177 0.9965 0.9933 0.9834 19.18 Suggested
Cubic 0.4108 0.9990 0.9958 0.9663 38.96 Aliased
Table 5. Fit statistics
Std. dev. Mean CV., % R? Adjusted R? Predicted R? Adeq. precision
0.5177 89.65 0.5774 0.9965 0.9933 0.9834 71.8857

Residual plots for response yield

Figure 7a displays a linear plot of the normal probability
where the residual studentization is contrasted with the
residual variance, indicating that the data follows a normal
distribution. If the data were not linear, the underlying model's
assumptions would be violated, resulting in certain error
terms becoming irregularly distributed. In Figure 7b, when the
residuals are plotted against the predicted responses, it shows
that the residuals are randomly dispersed. Figures 7c and 7d
illustrate a high level of conformity between the observed data
and the predicted values, so validating the applicability of the
model (Bello et al., 2023).

The interaction effects and parameter optimization

In this research, three-dimensional response surface plots
(3D) along with relevant contour plots utilizing the RSM
model to examine the interactive impacts of chosen variables
on dye removal percentage were developed. Specifically, we
aimed to determine the optimal values for each factor to
maximize the removal efficiency of the RB5. Out of the six
interactions examined, four were found to be statistically
significant. These significant interactions include: AB: the
interaction between pH and adsorbent dose, AC: pH and
contact time, AD: pH and the initial concentration of RB5, CD:
contact time and the initial RB5concentration.

Adsorbent dose and pH

The interaction effect of pH and adsorbent dose on the
removal of RB5, conducted at a constant contact time
of 60 min and an initial RB5 concentration of 120 mg/L, is
illustrated through contour and 3D plots, as depicted
in Figure 8. The percentage of dye removal of the CKFC
adsorbent for dye molecules increases with the adsorbent dose
and decreases with pH. This trend suggests that a higher

amount of adsorbent creates more opportunities for dye
molecule adsorption until the process reaches equilibrium.
The maximum RB5 removal achieved in the experiment was
98.87%, while the predicted removal percentage was 98.22%.
This indicates that the predicted and experimental removal
percentages are in good correlation.

pH and contact time

The interaction of initial concentration and time on the
removal efficiency of RB5 at a fixed pH of 6 and a dose
of 3.5 g is illustrated through 3D and contour plots, as shown
in Figure 9. Removal efficiency increases significantly as the
adsorption time rises from 40 to 60 min and the pH decreases
from 8 to 4. This increase in removal efficiency under these
specific conditions can be attributed to the favourable
environment that allows for rapid mass transfer due to the
increased contact time and lower pH. Additionally, it appears
that the bio-sorbent, which was activated, provided sufficient
surface area to effectively take up the dye molecules.
However, as the process approached equilibrium, the rate of
adsorption began to slow, resulting in the removal efficiency
stabilizing at a nearly constant level (Njuhou et al., 2023).

pH and initial RB5 concentration

The interaction of pH and RB5 concentration on the removal
percentage of CKFC adsorbent during the adsorption of dye
molecules is illustrated in Figure 10. As anticipated, the
removal percentage is more significantly affected by the dye
concentration when the time is held constant at 60 min and the
adsorbent dosage is maintained at 3.5 g. The removal efficiency
increased to 95.8% when the dye concentration was reduced to
120 mg/L, with the adsorbent amount still set at 3.5 g. A higher
RB5 concentration can exceed the available surface area of the
3.5 g of adsorbent; consequently, some dye molecules may
remain unremoved from the synthetic solution.
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Contact time and Initial RB5 concentration

Figure 11 illustrates how the removal percentage of the CKFC
adsorbent changes with varying contact time and RB5
concentration at pH 6, using an adsorbent dose of 3.5 g. The
removal percentage increases as the adsorption time extends
from 40 to 80 min and as the dye concentration decreases from
160 to 120 mg/L. According to the model's predictions, the
removal efficiency gradually rises to 92.8% as the adsorption
time reaches 80 min and the RB5 concentration drops to
80 mg/L. This indicates that the initial dye concentration
significantly influences the percentage of removal. This higher
value of the percentage of removal at lower concentrations
suggests that the activated adsorbent has more sorption capacity
for RB5.

Adsorption Phenomenon Study
Adsorption kinetics

The adsorption kinetics of the RB5 onto CKFC are illustrated
in Figure 12. In the first 5 min, there was a rapid increase in
RBS5 adsorption, reaching its maximum. After this initial phase,
equilibrium was reached within 30 min. This quick kinetic
phenomenon suggests that the adsorption process was
influenced by the number of available binding sites on CKFC
for the adsorption of the RB5 (Harfaoui et al., 2022). After
30 min, the sorbent surface became saturated with the dye,
eventually reaching a state of dynamic equilibrium. In this
study, the pseudo-first and pseudo-second order rate equations
(Equations 6 and 7, respectively) were employed to conduct a
comprehensive analysis of the kinetic parameters associated
with the adsorption of RB5 onto KFC. The application of two
kinetic models to the equilibrium data concerning the RB5 is
depicted in Figures 12a and 12b. The pseudo-second-order

RB5 removal, %

160- r
2

D: Initial RB5 concentration, mg/L

T

50 60 70 80

C: Time, min

kinetics model was determined to be the most suitable for
describing the adsorption kinetics of RB5 on CKFC, as it
demonstrated a superior linear regression coefficient (R? > 0.999)
in comparison to the pseudo-first-order model (R* < 0.6029).
There is a significant correlation between the experimental and
calculated values of adsorption capacity (q.), reinforcing the
credibility of the pseudo-second-order kinetic model. These
findings suggest that the concentrations of both the adsorbent
and the RB5 play crucial roles in the rate-limiting step of the
dye attachment process on CKFC. This observation also implies
that dye uptake onto activated carbon occurs via a chemisorption
mechanism (Mustapha et al., 2020; Sarma et al., 2019). The
results of our study are in line with those previously reported as
(Khunjan & Kasikamphaiboon, 2021) used a pseudo-second-
order model for the treatment of reactive azo dye wastewater
using activated kaolin clay.

Adsorption isotherms

An adsorption isotherm provides valuable insights into loading
capacity, binding affinity, and the surface properties of the
adsorbent, which help in understanding the binding mechanism
between the adsorbate and the adsorbent. The two popular
mathematical models, Langmuir and Freundlich isotherms,
were used to analyse the adsorption behaviour of CKFC for the
uptake of RBS5, as illustrated in Figures 13a and 13b. The
Langmuir isotherm assumes that dye wastewater adsorbs onto
the KFC surface in a monolayer, suggesting there is a limited
number of adsorption sites available. In contrast, The
Freundlich equation is an empirical model that considers the
adsorption surface of the adsorbent material to be
heterogeneous, indicating that there are multiple distinct
adsorption sites with varying sorption energy (Celebi, 2019;
Seleman et al., 2023).

3D surface

RB5 removal, %

D: Initial RB5 120 %
concentration, mg/L 80 40 50 ¢ Time, min

Figure 11. Interaction effect of contact time and initial RB5 concentration
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The results presented in Figure 13a show that the Langmuir
model is the best fit for the data, as indicated by a linear
regression coefficient (R?) greater than 0.998. This value
greatly exceeds that of the Freundlich isotherm, which has
an R? value of over 0.955. This finding confirms the
monolayer adsorption of RB5 on CKFC. The maximum

sorption capacity of CKFC for RB5 is 60.24 mg/g.
Additionally, the separation factor (RL) values for CKFC < 1,
which indicates that the adsorption process is favoured. A
comparison of the RB5 adsorption capacity of RB5 with
CKFC and other bio-sorbents documented in the literature is
shown in Table 6.

Table 6. Comparison of the adsorption capacity of CKFC towards RB5s with different ACs

Adsorbents Dye

Qmax: MY/g References

Residue from the aluminium industry RB5
NaOH-treated activated sludge RB5
Beneficiated Kaolin BY 28
Natural untreated clay BY 28
Calcinated kaolin filter cake RB5

0.98 Jalali Sarvestani & Doroudi, 2020
118.2 Vojnovi¢ et al., 2022

1.896 Aragaw & Angerasa, 2020

76.92 Azhaet al., 2021

60.24 This Study

Regeneration of adsorbent

In this investigation, KFC was regenerated five times using a
0.1 M HCl solution. Figure 14 illustrates the results of washing
the RB5-loaded adsorbent with 0.1 M HCI in each cycle. The
adsorption efficiency of activated carbon (AC) remained
largely unchanged during the first and second recycling
processes. However, after the third regeneration phase, the
adsorption efficiency of AC significantly decreased for RKFC
and showed a moderate decrease for CKFC. Unfortunately, the
removal efficiency of KFC dropped from 98.24% to 60.52% for
CKFC and from 92.53% to 46.25% for RKFC after five cycles.
Compared to RKFC, the CKFC adsorbents demonstrated better
adsorption and regeneration efficiency. Considering the
availability of raw materials and ease of use, KFC can be
regarded as a potential alternative adsorbent for practical
applications (Mustapha et al., 2020).
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Figure 14. RB5 removal (%) with RKFC and
CKFC adsorbent as a function of regeneration cycles
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CONCLUSION

Our environment is significantly impacted by contaminated
wastewater from textile industries. Utilizing natural resources,
specifically clay-based absorbents for dye removal, presents a
cost-effective alternative. Kaolin filter cake (KFC), an abundant
industrial by-product, has shown improved adsorption results
after modification. Removal studies have demonstrated KFC's
excellent performance in eliminating reactive blue 5 dye. The
dye removal process is notably affected by factors such as
contact time, pH, initial dye concentration, and the dosage of
adsorbent. The optimal pH for KFC in removing RB5 from dye
wastewater was found to be 6, with equilibrium achieved after
60 min of contact time. The Langmuir isotherm model
indicated substantial sorption capacity, with a maximum of
60.24 mg/g. The experimental data showed the best alignment
with the pseudo-second-order kinetic model. Isotherm analysis
confirmed a monolayer adsorption mechanism, indicating that
the Langmuir model accurately describes the adsorption of RB5
onto KFC. With a high R? correlation coefficient of 0.99, the
ANOVA response highlights the reliability of the data.
Additionally, KFC demonstrated excellent removal
performance and can be reused for five cycles. Consequently,
kaolin filter cake from industrial solid waste represents a
practical, affordable, and locally accessible method for treating
coloured industrial wastewater. It is also suitable for expanding
to an industrial scale and is an eco-friendly material for
environmental restoration.
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