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a b s t r a c t

Various studies were reported for the evaluation of the adsorption performance of kaolin clay using
single dye types. This paper aimed to evaluate the comparative adsorption capacity of prepared adsor-
bents from Ethiopian kaolin for different dye types (Basic Yellow 28 (BY 28), Congo Red (CR), and
Reactive Red 120 (RR 120)). Because different dye classes may have a significant impact on the removal
efficiency by the prepared adsorbent. Moreover, we intended to investigate the interaction effect of
adsorbent-sorbate in the adsorption phenomenon for the three different class dyes. The adsorbents from
kaolin clay were prepared via mechanical treatment, beneficiation, and calcination (700 �C). The effect of
operating parameters (pH, adsorbent dose, contact time, dye concentration, and adsorption temperature)
was evaluated. before and after adsorption of the adsorbents were characterized using FTIR spectroscopy.
Furthermore, adsorption isotherm, kinetic models, and the thermodynamic processes in the adsorption
phenomenonwere computed. The percentage removal efficiency of dyes was recorded as 92.08%, 88.63%,
and 73.33% for BY 28, CR, and RR 120 dyes, respectively at the experimental condition: adsorbent
dosage¼ 1 g/100 mL, solution pH ¼ 9 (BY 28), and pH ¼ 3 (CR, and RR 120), contact time ¼ 60 min, initial
dyes concentrations ¼ 20 mg/L, and temperature ¼ 30 �C. The adsorption of adsorbates onto kaolin
adsorbents was well fitted with pseudo-second-order kinetics and Langmuir isotherm models. The
thermodynamic parameters indicate that the adsorption process is spontaneous and exothermic for all
dyes. The comparative percentage removal of, with the same operational parameters and kaolin
adsorbent, was recorded as BY 28 > CR > RR120 resulting from their surface charge and molecular size/
structure dyes properties. We confirm that the adsorption at each operational parameter and peak in-
tensity of FTIR spectra, before and after adsorption, revealed that the different dye types have varied
removal efficiency onto the prepared kaolin adsorbent. This is due to that being dominantly influenced
by the electrostatic interaction and steric effects at the surface of the sorbent and sorbate characteristics.
We deduced that the kaolin clay used as an adsorbent is highly dependent on the dye types and their
featured characteristics.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Nowadays, in addition to eutrophication, responsible nutrients
such as phosphate and nitrate [1], contaminants from industrial
wastewater effluents containing dyes are a serious problem to the
environment and water bodies due to their toxicity. Dyes are
).
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engaged in many industries like textile, tannery, food, and chemical
for different purposes. Wastewater that contains the dyes can harm
the human being and aquatic life because many dyes are toxic and
non-biodegradable as well as they are the main causes of muta-
genesis, carcinogenesis, and respiratory toxicity [2].

Therefore, treatment of wastewater containing dye before dis-
charges to the environment is critical because their color, even at
extremely low quantities (less than 1 mg/L), has a significant
impact onwater quality [3]. Dyes can be removed fromwastewater
by different methods like filtration [4], flotation [5], adsorption [6],
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and photocatalysis [7]. From thesemethods, many types of research
were reported alternative adsorbents as effective, cheap, and
promising for eliminating organic contaminants such as dyes [8],
and nutrients such as phosphate [9] from wastewater. Kaolin is a
clay type that is used as an adsorbent to remove pollutants from
wastewater due to its availability, non-toxicity, and low cost [10].
Additionally, it is effective to treat dye-contaminated wastewater
[11].

By saying the low-cost sorbents, its inclusivity ascertains
different dimensions, such as the sustainable resource availability
of different materials, the simple and least cost preparation
methods without affecting the sorbent quality, their regeneration
potentials, and the capability of producing them [12]. Based on the
first criteria (sustainable resource availability), most of the devel-
oping countries, in this study case, Ethiopia's natural resources
have not been exploited more to date. One of the best examples of
these available materials, the kaolin clay can be considered as a
suitable and sustainable resource for the potential adsorbent. The
geological survey office of Ethiopia reported (unpublished docu-
ment) that many regional places surveyed and found a huge
reserver of kaolin clay. However, negligibly utilized as a commercial
raw material for different applications. As a result, the present
study can address for the county government to use the available
resources for wastewater treatment by examining their efficiency.

Many researchers were used modified and unmodified kaolin as
an adsorbent to remove different dyes, such as Congo red [13e15],
basic yellow 28 [16], basic yellow 2 [17], reactive red 120 [18e20],
basic red 46 [21], direct yellow 50 [22], methylene blue [15,23],
malachite green [24], crystal violet [15,25], natural annatto [26],
violet 5R and acidic blue 25 [27], methyl violet 10B [28], amino
black [29], cyanide [30], basic blue 41 [31], Methyl Orange [32],
auramin, azins and rhodamine B [13], brilliant green [31,33,34],
coriacide Bordeaux 3B, derma blue R67, and coriacide brown 3J [2]
from aqueous solution. The removals capacity and/or percentage
removal for each type of dye onto the kaolin adsorbent is different.
This difference is due to the effects of dye types (acidic, basic, or
reactive dye) that have surface interactions with the adsorbent
surface due to their anionic, cationic, and neutral nature. Also, the
modification of the untreated kaolin (raw) adsorbents is an
important factor for the removal efficiency.

The characteristics of a potential Ethiopian kaolin adsorbent in
terms of thermal, functional groups, crystallinity, surface
morphology with its elemental distribution, and oxide composi-
tions were explained from our previous study [16,35]. Based on the
characteristics of Ethiopian kaolin, this paper aimed to evaluate the
adsorption capacity of wet treated adsorbent from Ethiopian
kaolinite clay as comparative and cost-effective sorbent for
different dye types: Basic Yellow 28 (BY 28), Congo Red (CR), and
Reactive Red 120 (RR 120). The basic batch experimental conditions
such as solution pH, adsorbent dose, contact time, initial dye con-
centration, and adsorption temperature were conducted and eval-
uated. Moreover, the structural and/or molecular weight, arisen
due to different dye classes, effects for the prepared adsorbents.
Furthermore, adsorption isotherm, kinetic models, and the ther-
modynamic processes in the adsorption phenomenon were
computed.

2. Material and methods

2.1. Kaolin sample collection and adsorbent preparation

Beneficiated kaolin adsorbents were prepared according to the
techniques presented by Aragaw and Angerasa [16,35]. Kaolinite
samples were collected from Debre Tabor town, Ethiopia. Drying
ovens, mills, crushers, and sieves were employed for adsorbents
60
preparation. Moreover, electronic balance, pH meter, hot plate,
magnetic stirrer, pipette, measuring cylinder, test tubes, and
Whatman filter paper were used for batch adsorption experiments.
One molarity (1 M) Sodium hydroxide and Hydrochloric acid so-
lutions were used for solution pH adjustment. In our previous work,
we found and confirmed that beneficiated kaolin adsorbents out of
the calcined and raw kaolin were recorded as the highest removal
efficiency [16]. Therefore, a beneficiated kaolin adsorbent was
selected in this paper for further study as a potential adsorbent.
2.2. Standard calibration curve preparation

Basic yellow 28 (BY28), Congo red (CR) called Direct Red 28, and
reactive red 120 (RR120) dyes, as model dye pollutants, were
collected from Bahir Dar Textile Share Company, Ethiopia, and used
without further purification. The chemical formula, molecular
weight, Lambda max (lmax), and molecular structures of the dyes
have been presented in Fig.1. BY 28 is a cationic dyewhereas CR and
RR 120 are anionic dyes. The physical state of the three dyes was
powdered solids. 0.5 g of powder dye taken from each type and
well mixed in 1 L of distilled water separately, to prepare dye so-
lution. The lmax is obtained by scanning the dye solutions, 50 mg/L,
using a UV/VIS spectrometer (Lamda 35 Ferkin Elmer), and ob-
tained as 438 nm, 540 nm, and 495 nm for BY 28, RR 120, and CR
dye, respectively. The known dye concentrations were prepared
and their absorbency values were measured for each dye solution.
Linear calibration curves with corresponding squared correlation
coefficients (R2) were computed from absorbency values versus
their respective concentration of the solution Fig. 2. The linear
calibration curve of this data was served as the basis for deter-
mining the final dye concentration.
2.3. Design of experiments

For each batch experiment, the 250 mL Erlenmeyer flask was
employed with the distilled water. The amount of initial dye con-
centration (100 mL) and measured prepared adsorbents was added
to the 250 ml Erlenmeyer flask and stirred at 200 rpm with a
magnetic stirrer. The dye solutions pH values were adjusted with
1 M NaOH/HCl solutions. The basic operating parameters of the
adsorption experiments were optimized with contact time ranging
from 20 to 100 min at a 20 min interval, initial dye concentration of
20, 40, and 60mg/L, at a temperature of 30 �C, 50 �C, and 70 �C). The
solution pHwas employed at the acidicmedia (pH 3), neutralmedia
(pH 7), and basic media (pH 9). The adsorbent dose was taken in a
range from 0.1 to 2.0 g at a 0.5 g interval. At the predetermined
batch experiments, a small amount of solution was withdrawn and
centrifuged for absorbance measurement. Thereafter, the residual
dye concentrationwas calculated from the calibration curve of each
dye value.

The removal efficiency of the dye was calculated by Eq. (1) [36].
The equilibrium concentration (load) of adsorbate in the solid
phase (qe, mg/g) and concentration (load) of adsorbate in the solid
phase at any time (qt, mg/g) were determined by Eqs. (2) and (3),
respectively, [37].

Dye removal efficiency ð%Þ¼CO � Ct
CO

x 100 (1)

qe

�
mg
g

�
¼ðCO � CtÞ

m
*V (2)



Fig. 1. Description of (a) BY 28, (b) CR and (c) RR 120 dyes.
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qt
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¼ðCO � CtÞ

m
*V (3)

where, Co: initial dye concentration (mg/L), Ce: solute (dye) con-
centration in liquid phase at equilibrium (mg/L), Ct: dye concen-
tration in liquid phase at any time (mg/L), m: amount of adsorbent
(g) and V: volume of solution (L).

2.4. Dye solutions stabilities determination with UV/VIS scanning

The stability of BY 28, CR, and RR 120 dye solutions was deter-
mined via awavelength scan to determine the disappearance of the
lmax using a UVeVis spectrophotometer [38]. The dye solutions
absorption spectra were recorded before and after adsorption at
various initial concentrations (20, 40, and 60 mg/L of 100 mL),
pH ¼ 9 (BY 28) and pH ¼ 3 (CR, RR 120), adsorbent dose (1 g),
temperature (30 �C). The scanningwas conducted samples at a time
(0 min, before adsorption and 60 min, after adsorption).

2.5. FTIR analysis of kaolin adsorbent

Fourier transform infrared, FTIR (JASCO-6600) spectrophotom-
eter was used to analyze the surface, functional groups of benefi-
ciated kaolin adsorbent, before and after dye adsorption (dye
loaded adsorbents) with a range of 4000 to 400 cm�1. Pellet for-
mation was performed with standard KBr reagent; powdered uni-
formly using mortar and pestle at the sample to KBr ratio of 1:100.
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3. Result and discussion

3.1. Calibration curve and residual dye stability determination

The calibration curves have been plotted for each standard so-
lution of BY 28, CR, and RR 120 dyes (Fig. 2) to determine the final
concentration on each batch experiment. The linear regression
curve values with its extinction coefficients were obtained as BY 28
(Y ¼ 0.0237xþ0.01682, R2 ¼ 0.99952), CR (Y ¼ 0.0115xþ0.03677,
R2 ¼ 0.99585), and RR 120 (Y ¼ 0.00947 þ 0.00183, R2 ¼ 0.99982).
This suggested that the standard curve allows forwarding for each
batch experiment due to the correlation coefficient values being in
the scientifically recommended ranges (R2 > 0.99).

The known concentrations (20, 40, and 60 mg/L) of BY 28, CR,
and RR 120 before and after adsorption were scanned, as shown in
Fig. 3(aec), to confirm the decolorization at their respective lambda
max. The scans were recorded at the scan range from 300 to
600 nm, 400e600 nm, and 400e650 nm for BY 28, CR, and RR 120,
respectively. As can be observed, in the initial dye (before adsorp-
tion), the peaks of absorbance at their lambda max were high in
concentration and colored. However, the peaks at their lambdamax
were significantly reduced and even completely disappeared,
suggesting that the colors were removed by the prepared adsor-
bent. Comparatively, the lambda max peaks for BY 28 and CR were
completely disappeared even at their high dye concentration
(60 mg/L). This suggested that the prepared kaolin adsorbent is
efficient for the basic (cationic) and acidic (anionic) dyes due to the
adsorbent surface charge nature (positively charged at the alumina



Fig. 2. Calibration curve (10e100 mg/L) for (a) BY 28, (b) CR and (c) RR 120 dyes.
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face and negatively charged at the silica face) capable of the elec-
tron affinity of the ions in the solution by the electrostatic inter-
action. However, the RR 120 lambdamax peak was not disappeared
even at the low concentration (20 mg/L). This is due to the reactive
dyes having lower ionic solution features as compared with acidic
and basic dyes resulted in ions of dyes unable to attach to the
adsorbent surface [39]. Thus, it can be deduced that the kaolin clay
used as an adsorbent is highly dependent on the dye types and
characteristics which the present study is aimed.

3.2. Characterization of kaolin adsorbent

The thermal, surface morphology with elemental distribution,
functional groups, crystalline structures, and oxide composition of
adsorbents from Ethiopian kaolinite was characterized using TGA-
DSC, SEM/EDS, FTIR, XRD, and XRF, respectively in our previously
published papers [16,35]. The thermal property via thermogravi-
metric analysis of sampled Ethiopian kaolin was determined and
confirmed that metakaolinization occurred up to 700 �C with the
loss of ignition (LOI) 2.6%. The surface morphology and porosity of
wet treated Ethiopian kaolin adsorbent have been determined us-
ing scanning electron microscopy (SEM) and confirmed that
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essentially unstructured, irregular in shape, and porous on the
surface with uneven edges, with the high surface elemental dis-
tribution of aluminum, silicon, and oxygen. Also, the oxide
composition of the largest proportion of the beneficiated kaolin
adsorbent has been recorded as SiO2 (61.13%) and Al2O3 (20.97%)
with the SiO2/Al2O3 molar ratio in the pure kaolinite standard
range, is 2.92 tells that this kaolin clay can be classified into sili-
ceous one (kaolinite) [40]. Moreover, the diffraction patterns that
have been dealt with multiple reflections found mainly at
2q ¼ 16�,32�,49� which are a characteristic diffraction pattern of
kaolinite clay, suggesting that sampled kaolin has a crystalline
structure and is an ideal kaolin clay with a high kaolinite content.

3.3. FTIR analysis before and after adsorption

The surface characteristics (before and after adsorption) in
terms of functional groups of kaolin adsorbent and adsorbate
loaded powder (adsorbent-BY 28, adsorbent eCR, and adsorbent-
RR120) in the range of 4000e400 cm�1 were analyzed as shown
in Fig. 4. Also, each spectral peak with the corresponding assign-
ment functional groups is presented as shown in Table 1. The pre-
pared adsorbent showed that the small peak at 3616 cm�1 is



Fig. 3. UV/Vis scanned spectra of before and after adsorption of dye solution (20e60 mg/L) for stability determination for (a) BY 28, (b) CR, and (c) RR 120 dyes.

Fig. 4. FTIR spectral analysis of adsorbents and adsorbate-loaded dyes (BY 28, CR, and RR 120).
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Table 1
FTIR spectral bands of the adsorbents before adsorption, and adsorbent-BY 28, adsorbent-CR, and adsorbent-RR120 with the corresponding functional group assignments.

Sample Adsorbent Adsorbent-BY 28 Adsorbent-CR Adsorbent-RR 120 Assignments References

Wavenumber (cm¡1) 3616 3695 3626 3620 -Al-OH, SieOH stretching [42,48]
3456 3439 3462 3450 -O-H stretching (HeOeH) [49]
1637 1637 1642 1637 -O-H deformation (HeOeH) [49]
1117 1123 1128 1123 SieO-, AleO-stretching [50]
1031 1025 1024 1031 SieO-, AleO-stretching [49]
776 776 776 782 SieO, AleO [50]
568 574 574 574 -Al-O-Si- [27]
467 450 450 450 -Si-O-Si- [27]
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attributed to the internal surface of hydroxyl groups (eO-H) in the
AleOH, and SieOH that can form the bond between octahedral and
tetrahedral sheet in the kaolinite clay [41]. The characteristic peaks
at 3456 and 1637 cm�1 are corresponding to eO-H stretching vi-
brations and deformation band of water molecules, respectively
[42]. Absorption peaks at 1117, 1031, and 776 cm�1 are supposed to
be silicon oxide (SieO), and aluminum oxide (AleO) stretching
vibrations indicate that silicon oxide is contained dominantly in the
studied kaolin [43]. The peaks around 568 and 467 cm�1 corre-
spond with SieOeAl and SieOeSi bending vibrations, respectively
[44].

The characteristic surface absorption peaks of kaolin adsorbent
and adsorbent-loaded dyes (BY 28, CR, and RR 120) were observed
as they have no significant percentage transmittance variation
resulting in the basic structure remaining unchanged through
adsorbent-dyes interactions [45]. But, slight shifts/changes from
their positions and the intensity of peaks were observed because of
adsorbed dye molecule quantities that can affect the percentage
transmittance. These slight position shifts can be related to the
involvement of surface properties, adsorbent interaction to surface
functional groups, of the dyes (BY 28, CR, and RR 120 dyes). This
interaction could be through electrostatic or weak van der Waals
forces due to the dyes having ionic features in solution and the
physical interaction of dyes-adsorbents at the surfaces [46,47].
Moreover, the intensity of peak variation or the bending shape
before and after the adsorption of dyes on the adsorbent was
observed as an important indicator of the adsorbate loads. Thus,
before the adsorption process, the percentage transmittance of the
bending shape of the adsorbent was maximum. This shows that the
surface of the adsorbent was not occupied by dye ions. However,
the percentage transmittance of bending shape was minimum for
the adsorbent after adsorption suggested that the surface of the
adsorbent was occupied with dyes that can block the infrared sig-
nals. The bending shape for BY 28 loaded adsorbent was the lowest
as compared with CR and RR 120 loaded adsorbents suggested that
BY 28 dye ion was most attached to the surface of the prepared
adsorbents.
3.4. Effects of operating conditions

3.4.1. Effect of solution pH
The adsorption process is strongly affected by changes in solu-

tion pH. The effect of the pH of a solution usually depends on the
electrostatic interaction with the ions' adsorption surface present
in the reaction mixture. The pH of the solution can affect both the
solution chemistry and surface binding sites of the adsorbents [10].
In the present study, the pH values of the solution were adjusted as
acidic, neutral, and basic media at 3, 7, and 9, respectively for all
batch adsorption experiments as shown in Fig. 5. The maximum
percentage of dye removed for basic yellow 28 (BY 28) dye was
obtained at basic media (pH ¼ 9). However, for congo red and
reactive red dyewere at acidic media (pH¼ 3) suggested that as the
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pH value increases, the surface charge of the particles becomes
more negative. This explains why the adsorption of basic dyes, BY
28 molecules was better adsorbed at higher pH due to having
cation in the solution. However, congo red and reactive red dye
molecules' adsorption were favored at the low pH values is due to
having the anions in the solution.

Usually, at low pH, the percentage removal of anionic dye from
solution is increased due to the electrostatic attraction between the
anionic dyes and the positive surface charge of the silica tetrahedral
face of kaolinite but is negatively charged at pH > 4, whereas the
alumina octahedral face of kaolinite is positively charged at pH < 6
[51]. Thus, there is an electrostatic attraction between the nega-
tively surface charge of the kaolinite adsorbent and ions of dyes in
the high pH (basic) solution, causing a decrease in the percentage
removal of anionic dyes. Whereas, when the solution has high pH
the adsorption capacity and removal of basic dyes have been
increased because of the cationic charges dye ensured that they are
attracted by the negative surface charge of the kaolinite adsorbent.
Hence, it can be assured that there are electrostatic attractions
between adsorbents and sorbates in the solution.

The adsorption process is basically due to the coulombic
attraction between the negatively charged surface and the positive
charge of the dye ions due to the alumina octahedral face of
kaolinite is mostly negatively charged surfaces at pH> 8. This is also
due to the percentage composition of the kaolinite surface is riched
in silica with a small percentage of alumina. Because of this, its
surface charge is likely to be SieOH2

þ, AleOH2
þ, and SieO-, AleO- in

acidic and alkaline medium, respectively [52]. The presence of Hþ

ions in the acidic media can make the lower removal efficiency of
the kaolinite adsorbent due to the destabilization of cationic dye
with excess proton resulted in the electrostatic repulsion of the
active adsorption sites. The same result is obtained by Ref. [42] the
basic yellow 28 is more removed at basic media onto the surface of
smectite-rich natural clays.

Furthermore, the kaolinite particle interactions may occur be-
tween the silica face–alumina face interaction makes kaolinite
particle aggregation at low acidic and medium acidic pH values.
This may disturb the active cites of the adsorbent by the shear yield
stress resulting in the low percentage removal for the basic type of
dyes [53]. All the three compartments of the kaolinite: surface
charge densities of the silica and alumina sheet, and the edge in
between the sheet particle interactions are important influencing
factors thereby hindering the mechanical features of kaolinite
suspensions.
3.4.2. Effect of adsorbent dose
The removal of BY 28, CR, and RR 120 impacted by the adsorbent

dose was determined, as shown Fig. 6, in the batch mode experi-
ment with adsorbent dosage range (0.1e2 g)/100 mL with the 0.5 g
interval at a pH of 9 (for BY 28) and pH of 3 (for CR and RR 120),
initial dye concentration of 20, 40 and 60 mg/L, contact time of
60 min, and at the adsorption temperature of 30 �C. The percentage



Fig. 5. Effect of solution pH on the percentage removal of BY 28, CR, and RR 120 dyes onto prepared adsorbent (adsorbent dose ¼ 1 g/100 mL, contact time ¼ 60 min, initial dye
concentration ¼ 20 mg/L, temperature ¼ 30 �C, and agitation speed ¼ 200 rpm).
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removal of all types of dyes is increased with increasing adsorbent
dosage up to 1 g/100ml and reached 92.08%, 88.63%, and 73.33% for
BY 28, CR, and RR 120, respectively. Increasing removal efficiency
with increasing adsorbent dosage dyes is due to the availability of
more active binding sites and greater sorption surface area [54].
However, the percentage removal of dyes becomes constant
beyond 1 g/100 ml for all dyes concentration suggests that the
splitting effect of the concentration gradient between adsorbent
and dye molecules is optimal at 1 g adsorbent. The adsorption ef-
ficiency of different dyes (BY 28, CR, and RR120) as a function of
kaolin adsorbent is different due to the differences in chemical
structures, properties, molecular size, and adsorbent-dye in-
teractions [54].
3.4.3. Effect of contact time
The adsorptive percentage removal of dyes onto kaolin adsor-

bent was examined, as shown in Fig. 7, by varying the mixing time
ranging from 20 to 100 min with 20 min intervals at an initial dye
concentration of 20, 40, and 60 mg/L), adsorbent dose of 1 g/
100 mL, solution pH of 9 (for BY 28), and solution pH of 3 (for CR
and RR120), and at the adsorption temperature of 30 �C. The
adsorption of all types of dyes for the concentration of 20, 40, and
60 mg/L is increased with increasing the contact time up to 60 min.
This indicates that the adsorbents' active sites/surfaces were
vacant/unoccupied with enough concentration of dyes in the so-
lution [47]. However, after 60 min contact time (optimal), the
removal efficiency almost remains constant up to 100 min sug-
gested that the lack of availability of active sites on the adsorbent
surface in that the adsorbate tends to desorb into the liquid phase
[55]. Thus, it can be concluded that the optimal contact time for the
prepared dye solutions onto the prepared adsorbent is 60 min at
the given experimental conditions.
3.4.4. Effect of initial dye concentration
The effect of initial dye concentrations was examined in the

range of 20e60 mg/L at 20 mg/L intervals for BY 28, CR, and RR 120
dyes. As can be seen from Fig. 8, the percentage removal of dyes is
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decreased as the initial dye concentration increased from 20 to
60 mg/L with the maximum removal efficiency as 92.08%, 88.63%,
and 73.33% for BY 28, CR, and RR 120 dyes, respectively. These
percentage removals of dyes were achieved at the experimental
conditions of initial dye concentration ¼ 20 mg/L, at a contact
time¼ 60 min, adsorbentdose¼ 1 g/100 mL, and temperature ¼ 30
�C. The maximum percentage removal efficiencies of BY 28 and RR
120 dyes were the highest and lowest, respectively. This is due to
the chemical and physical characteristics of each type of dye, which
have varied interaction features on the prepared adsorbent. Thus, it
was confirmed that unoccupied active sites exist on the adsorbent
surface even at low concentrations due to the low interaction ca-
pacity of the adsorbate onto the adsorbent resulted in the
desorption of dyes into the liquid phase made the solution shed.

As observed from Fig. 8, the adsorption sites were available for
dye adsorption at the low initial dye concentration, especially for
RR 120 dye due to some weak electrostatic interaction. Addition-
ally, the obtained result confirmed that for a given mass of adsor-
bent material; the amount of dye that can be adsorbed is fixed. The
same results were reported for adsorption of Basic Red 46 (BR46)
and Reactive Red 196 (RR196) onto sawdust adsorbent [56]. A
similar result was reported on the adsorption of acidic dye type,
called congo red (common name: direct red 28) onto adsorbents
prepared from electro-coagulated sludges having the surface
charge feature [57].
3.4.5. Effect of adsorption temperature
To determine the effect of adsorption temperature in the

adsorption phenomenon emerged by the prepared adsorbents for,
BY 28, CR and RR 120 dye were conducted, as shown in Fig. 9, at a
temperature of 30, 50, 70 �C at an initial dye concentration of
20 mg/L, adsorbent dose of 1 g/100 mL, contact time of 60 min, and
pH of 9 (for BY 28) and pH ¼ 3 (for CR and RR 120). The removal
efficiency for all dyes is decreased as the adsorption temperature
increases from 30 to 70 �C. The results suggested that the adsorp-
tion of those dyes onto prepared adsorbent was favorable at low
adsorption temperature and exothermic nature adsorption



Fig. 6. Effect of adsorbent dose on the percentage removal of (a) BY 28, (b) CR, and (c) R 120 dyes in solution onto prepared adsorbent (solution pH ¼ 9 (for BY 28) and pH ¼ 3 (for
CR, RR 120), contact time ¼ 60 min, initial dye concentration ¼ 20 mg/L, temperature- ¼ 30 �C, and agitation speed ¼ 200 rpm).
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phenomenons to occur [58]. This means that the adsorbent active
sites become expanded and the dye ions and/or molecules in the
solution tend to release back to the liquid phases from the adsor-
bent surface at high temperatures [59]. Comparatively, the BY 28
dye has the highest removal efficiency amongst CR and RR 120
suggested that they have high electrostatic attraction at high
adsorption temperatures [16].

3.5. Adsorption kinetics, thermodynamic, and isotherm

3.5.1. Kinetic models
To determine the rate of adsorption mechanism of BY 28, CR,

and RR 120 dyes onto the prepared adsorbents, two commonly
used adsorption kinetic models (the pseudo-first-order and
pseudo-second-order), as governed by Eq. (4) and Eq. (5), were
employed to explain the experimental results [45,55].
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logðqe � qtÞ¼ logqe � k1
2:303

t (4)

t
qt

¼ 1
k2qe2

þ t
qe

(5)

where, qe and qt are the amounts of adsorbate adsorbed at equi-
librium (mg/g) and at any time t (mg/g), respectively. k1 (min�1)
and k2 (g.mg�1min�1) are the pseudo-first-order and pseudo-
second-order rate constants, respectively. The kinetic parameters
for each model (Table 2) were calculated by plotting graph log (qe-
qt) vs. t and t/qt vs. t, as shown in Fig. 10 and Fig. 11, for pseudo-first-
order and pseudo-second-order, respectively.

To evaluate the most appropriate kinetic model fitting for the
experimental data, the correlation coefficient (R2) was computed



Fig. 7. Effect of contact time on the percentage removal of (a) BY 28, (b) CR, and (c) RR 120 dyes onto prepared adsorbent (adsorbent dose: 1g/100 mL, solution pH ¼ 9 (for BY 28)
and pH ¼ 3 (for CR, RR 120), initial dye concentration: 20 mg/L, temperature ¼ 30 �C, and agitation speed ¼ 200 rpm).
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and considered. A relatively higher R2 value from the predicted
model tells that their applicability in the adsorption processes.
According to the kinetic parameters, it can be explained that the
adsorption of BY 28, CR, and RR 120 by the kaolin adsorbent follows
pseudo-second-order kinetic model due to the higher correlation
coefficient (R2 > 0.91) values, which is higher as compared with
that of pseudo-first-order predicted model. Also, this can express
and given information for the positively/negatively linear fitting
equations, and in this study, more favor kinetic models (pseudo-
second-order) are expressed in the positive fitting. From this, it can
be concluded that the adsorption phenomenon is subject more to a
chemical adsorption process in the solid-liquid phases for all types
of dyes [57]. This tells that dye molecules/ions removal in the so-
lution is favored the chemical interaction between the adsorbent
and adsorbate in addition to the physical surface attachments.
3.5.2. Thermodynamic study
Standard free Gibbs energy change (DGo), standard enthalpy

change (DHo), and standard entropy change (DSo) as thermody-
namic parameters are important to study the thermodynamic
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parameters in the adsorption phenomenon. The parameters were
calculatedwith the governing equation, as presented from Eq. (6) to
Eq. (9), to examine the spontaneity and feasibility behaviors in the
adsorption process for kaolin adsorbents at different temperature
profiles (303.15, 323.15, and 343.15 K) [60]. Moreover, the values of
enthalpy change, DHo (KJ/mol) and entropy change, DSo (KJ/mol)
were calculated from the slope (�DH�/R) and intercept (DS�/R) of
the linear plot of Ln (kc) versus 1/T as shown in Fig. 12. Thermo-
dynamic parameters for the adsorption of BY 28, CR, and RR 120
dyes onto beneficiated kaolin adsorbent are summarized in Table 3.

DG� ¼ � RTLn ðKcÞ ¼ �2:303RTLog ðKcÞ (6)

KC ¼
qe
Ce

(7)

DG� ¼DH� � TDS� (8)



Fig. 8. Effect of initial dye concentration on the percentage removal of BY 28, CR, and
RR 120 dyes onto prepared adsorbents (adsorbent dose: 1g/100 mL, contact
time ¼ 60 min, solution pH ¼ 9 (for BY 28) and pH ¼ 3 (for CR, RR 120),
temperature ¼ 30 �C, and agitation speed ¼ 200 rpm).

Fig. 9. Effect of adsorption temperature on the percentage removal of BY 28, CR, and
RR 120 dyes onto prepared adsorbent (adsorbent dose: 1g/100 mL, contact time:
60 min, solution pH ¼ 9 (for BY 28) and pH ¼ 3 (for CR, RR 120), initial dye
concentration ¼ 20 mg/L, and agitation speed ¼ 200 rpm).

Table 2
Kinetic parameters for BY28, CR, and RR120 adsorption onto kaolin adsorbent.

Kinetics models Parameters BY28 CR RR120

Pseudo-lst-order qe exp.(mg/g) 1.8958 1.7722 1.4667
R2 0.90249 0.9094 0.90029
k1 (min�1) 0.0352 0.0621 0.0629
qe cal.(mg/g) 2.0305 3.8753 2.4272

Pseudo-2nd-order R2 0.9117 0.9126 0.93574
qe cal. (mg/g) 2.0029 2.6371 1.9631
k2 (g/mg.min) 0.1767 0.0091 0.0179

Fig. 10. Pseudo-first-order kinetic model for adsorption of BY 28, CR, and RR120 dyes
onto kaolin adsorbent.

Fig. 11. Pseudo-second-order kinetic model for adsorption of BY 28, CR, and RR120
dyes onto kaolin adsorbent.
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LnðKcÞ¼ � DH�

RT
þ DS�

R
(9)

where, Ce (mg/L) is the equilibrium concentration of the solute, R is
the universal gas constant (8.314 J/mol K), kc is the equilibrium
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constant, qe (mg/L) is the amount of dye adsorbed on the adsorbent
at equilibrium and T (K) is the temperature.

The negative DGo values at low temperature for BY 28 and CR
indicate that the adsorption of dyes onto prepared adsorbents is
spontaneous and thermodynamically favorable at minimum
(negative) values [46,61]. However, at high temperature, the DGo

values are positive and high in magnitude suggested that the
adsorption process at the high temperature becomes non-
spontaneous, and the removal efficiency of dyes are not efficient.
Comparatively, BY 28 dye recorded as high DGo values indicating
that the spontaneity is highest. The DGo values are positive for RR
120 dye even at the low temperature indicated that the adsorption
process was non-spontaneous and the percentage removal by the
prepared adsorbent is not efficient. This is also confirmed at the
effect of the operating conditions. Moreover, the DGo values of
BY28, CR, and RR120 increase (more positive) with an increased
temperature, these values confirmed that the adsorption of dyes
onto kaolin adsorbent has an effect on their spontaneity and
thermodynamically favorability, show greater adsorption potential



Fig. 12. Thermodynamic study for BY 28, CR, and RR 120 dyes onto kaolin adsorbent.

Table 3
Thermodynamic parameters for kaolin adsorbent upon BY28, CR, and RR120 dyes.

Dyes Thermodynamic parameters R2

DGo (kJ/mol) DHo(kJ/mol) DSo(kJ/mol)

Temperature (K)

303.15 323.15 343.15

BY28 �1.243 1.576 4.396 �43.9965 �0.141 0.92499
CR �0.382 1.396 3.472 �29.5445 �0.096 0.99560
RR120 2.805 4.424 5.653 �18.8399 �0.072 0.98167

Fig. 13. Langmuir isotherm for BY28, CR, and RR120 onto kaolin adsorbent.
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at lower temperatures [62].
The negative values of DH� (�43.9965 kJ/mol) for BY 28,

(�29.5445 kJ/mol) for CR, and (�18.8399 kJ/mol) for RR 120 indi-
cated that the adsorption is exothermic during the adsorption of
dyes onto the prepared kaolin adsorbent. Negative values of DS�

(�0.141 kJ/mol) for BY 28, DS� (�0.096 kJ/mol) for CR and DS�

(�0.072 kJ/mol) for RR 120 indicates that the randomness (disor-
dered nature) at the solution-adsorbent interface decreased during
the adsorption process of dyes onto kaolin adsorbent [62]. The
disordered nature at the interface may be due to the higher
translational entropy by the water molecule and with the loss of
dyes uptaking.

Simultaneously, the magnitude of DHo and DGo indicates the
adsorption process as physisorption (DGo, 0 to�20 kJ/mol and DHO,
< 40 kJ/mol) and chemisorption (DGo,�80 to�400 kJ/mol and DHo,
40e120 kJ/mol) [63]. In this study, the values of DGo and DHo for BY
28, were favored the chemisorption process, and physisorption
process for CR, and RR1 20 dyes.

3.5.3. Adsorption isotherms
An adsorption isotherm explains the mechanism of the sorption

process which is the adsorbate (dyes) molecules interact with
adsorbent and attain equilibrium. Most common and suitable
adsorption isotherms are Langmuir and Freundlich [64]. Langmuir
adsorption isotherm assumes that the adsorption occurs at specific
homogenous sites and is the most suitable for monolayer adsorp-
tion, while the Freundlich adsorption isothermmodel assumes that
the formation of multilayer and heterogeneous systems due to non-
uniform distribution of adsorption affinities and is not confined
within the formation of monolayers [65].

The BY 28, CR, and RR120 dyes adsorption isotherms were
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obtained using the linear form models Langmuir and Freundlich
with governing equation presented in Eq. (10) and Eq. (11),
respectively. Moreover, the essential characteristics of Langmuir
isotherm can be also expressed in terms of their dimensionless
equilibrium parameter, RL as described in Eq. (12).

Ce
qe

¼ 1
KLqm

þ Ce
qm

(10)

logqe ¼ logkF þ
logCe
n

(11)

RL ¼
1

1þ KLCo
(12)

where, Ce is the concentration of the dye solution (mg/L) at equi-
librium, qe is the amount of dye adsorbed on the adsorbent (mg/g)
at equilibrium, KL is the constant related to the free energy of
adsorption (L/mg) and qm is the monolayer adsorption capacity
(mg/g).

The values of Langmuir isotherm constants qm and KL are ob-
tained from the slope (1/qm) and intercept (1/KLqm) of the straight-
line plot of Ce/qe versus Ce. RL is a dimensionless equilibrium
parameter, indicates the shape of the isotherm and the nature of
the adsorption process (RL > 1: unfavorable; RL ¼ 1: linear;
0<RL < 1: favorable; RL ¼ 0: irreversible). KF (mg/g) is a Freundlich
constant (relative adsorption capacity of the adsorbent). n is a
Freundlich constant that represents the adsorption intensity
(strength). The value of n ranging from 1 to 10 indicated that the
adsorption process is favorable. The values of KF and n were
calculated from the slope (1/n) and intercept (logKF) of the linear
plot logqe versus logCe.

The Langmuir isotherm is more favored for the uptake of BY 28,
CR, and RR 120 dye onto prepared kaolin adsorbent having the
correlation coefficient (R2) value of 0.99713, 0.9991, and 0.998325,
respectively. This indicates that adsorbents are monolayered that
favored the chemical adsorption processes that take place. This is
also confirmed with the pseudo-second-order kinetic model. The
Langmuir and Freundlich isotherm plots are shown in Fig. 13 and
Fig.14, respectively with their corresponding correlation coefficient
(R2) with the calculated parameters (Table 4). The correlation co-
efficient (R2) in the Langmuir isotherm model was relatively higher



Fig. 14. Freundlich isotherm for BY28, CR, and RR120 onto kaolin adsorbent.

Table 4
Isotherm parameters for the adsorption of BY28, CR, and RR120 onto kaolin
adsorbent.

Isotherm models Parameters Dyes

BY28 CR RR120

Langmuir R2 0.99713 0.9991 0.998325
qm (mg/g) 5.71 5.41 1.09
KL (L/mg) 0.578 0.315 0.454

Freundlich R2 0.9662 0.9390 0.9894
Kf (mg/g) 1.95 1.58 0.76
n 3.46 2.51 2.03
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(closer to unity) than the Freundlich isotherm model. This implied
that the adsorption of BY 28, CR, and RR120 onto kaolin adsorbent
is better described by the Langmuir isotherm model than the
Freundlich isotherm model with the adsorption capacity of BY
28 ¼ 5.71 mg/g, CR ¼ 5.41 mg/g and RR 120 ¼ 1.09 mg/g. These
removal efficiencies and adsorption capacity differences may be
attributed due to the unique chemical structure, physicochemical
properties, and size (molecular weights) of the dye molecules [66].
In this work, the size of dye molecules in descending order are: BY
28 < CR < RR120 their corresponding adsorption capacity value of
BY 28 > CR > RR 120 onto kaolin adsorbents which can be attrib-
uted due to their steric hindrance or crowdedness of the dyes
molecules. Moreover, RL values less than unity (Table 5), and n
values greater than unity, revealed that the adsorption behavior of
BY 28, CR, and RR 120 onto kaolin adsorbent was favorable (lie
within the favorable limits) [67].

The removal efficiency of the presently studied dyes may be
higher than previous reports and conversely may have low
Table 5
RL (Dimensionless constant separation factor) values at different initial
concentrations.

Dyes RL values

Concentration (mg/L)

20 40 60

BY28 0.079 0.041 0.028
CR 0.139 0.075 0.051
RR120 0.099 0.052 0.035

70
adsorption capacity with similar adsorbents. In this regard, the
variation may be happened due to the solid-liquid (adsorbent
amount to solution) ratio in the predetermined adsorption process.
In addition to this, the number of active sites on the adsorbent and
their surface area arises these controversies. Moreover, the ten-
dency of dye molecule and/or ions in the solution to be loaded onto
the prepared adsorbents ratio to that of stayed in solution. As
described in the methodology section, used dyes are cationic and
anionic in the solution that can be highly dependent on the ionic
information, affinity, the hydration-free energy of dyes-kaolin
adsorbent. The other important reason may be due to the volume
of the solution and grams of the adsorbents. Furthermore,
increasing the adsorption density onto the kaolin adsorbent may
minimize further to adsorption of dyes by the adsorbates ion
competition resulted in decreasing the void active sites on the
surface of the adsorbent. Thus, in general, knowing the tenacity
(whether the adsorption process is chemical or physical) of adsor-
bates binding onto the prepared adsorbents is critical for the
evaluation of the maximum removal efficiency of each dye. As a
result, it can be deduced the removal efficiency of the contami-
nants, in this study dyes, may not directly be related to the
adsorption capacity which may result from the operating param-
eters, the adsorbents characteristics, and the solid-liquid interac-
tion during the adsorption processes [68].

3.6. Removal efficiencies comparisons for BY 28, CR, and RR 120

The surface functional groups, the intensity of FTIR peaks of
adsorbents (before adsorption of dyes), Adsorbent-BY 28,
Adsorbent-CR, and Adsorbent-RR 120 before and after adsorption
and adsorption results at each operational parameters were clearly
explained that the adsorption mechanisms as shown in Fig. 15.
According to adsorption results recorded, the percentage removal
efficiency or adsorption capacity of BY 28, CR, and RR 120 dyes onto
beneficiated kaolin adsorbent is probably caused by the molecular
structure, molecular size, structure complexity of the type/nature
of the dyes (cationic, and anionic) and with their basic, acidic, or
reactive categories. The smaller molecular size, less crowded BY 28
probably may have better penetration into the internal pore
structure of kaolin adsorbent and favored easier adsorption than
higher molecular size dyes (CR and RR 120). For RR 120, with a
larger molecular size, sterically hindered and minimal penetration
into the internal pore structure of the adsorbents, and this partly
explains why the removal efficiency of RR 120 is slightly poor and
less efficient than that of BY 28 and CR. Hassani et al. (2014) re-
ported a similar finding in that the molecular size and structural
features of the adsorbates have a significant effect on the removal
efficiency by certain adsorbents [69]. In addition, the mechanism of
BY 28, CR, and RR 120 adsorption can be ascribed via electrostatic
attractions between silanol (SieOH) and aluminol (AleOH) at the
edges sites of the beneficiated kaolin adsorbent surfaces, as
confirmed also with FTIR spectra, and the dyes molecules. Benefi-
ciated kaolin has dominantly negatively charged surfaces during
water activation, based on the high composition of silicon oxides
[16], indicates BY 28 adsorption was high due to the electrostatic
interaction of the cationic dye (-Nþ-) with the anionic groups
(Si��O) that appeared on the kaolin surface. In the case of CR and RR
120, adsorption is due to the electrostatic interaction between the
negatively charged sulfonate (SO3ˉ) surface of the dye and the
positively charged surface, aluminum oxides, of kaolin adsorbent
(hydrated cations present in the interfoliar space) [42]. However,
the dominant negatively charged surface of the beneficiated kaolin
adsorbent (Si��O and Al��O) and CR (anionic, 2SO3ˉ) and RR 120
(highly anionic, 6SO3ˉ) were exhibited electrostatic repulsionwhich
retards the adsorption process.



Fig. 15. Proposed adsorption mechanism (electrostatic interaction) of cationic (BY 28) and anionic (CR, RR 120) dyes onto kaolin adsorbents.
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3.7. Comparison of dye adsorption capacity by the prepared
adsorbents with some previous reports

The adsorption capacity of this study was compared with the
effects of dyes onto kaolin adsorbent are shown in Table 6. As can be
seen from Table 6, it was found varied adsorption capacities with
varied experimental conditions. The dyes' adsorption capacity in
the present study was varied with other kaolin adsorbents. In the
comparison analysis, the adsorbent dosage, initial dye concentra-
tion, kinetic models, isotherms, and thermodynamics values and
models were included. Moreover, dye types and classes used are
varied. However, in the present study, three classes of dyes, each
one from different classes were employed to evaluate the kaolin
adsorbents capacity, hence it is critical compared with those dyes
previously reported.
Table 6
Some previous studies comparison of adsorption capacities of dyes onto kaolin adsorben

Dyes Dye class Dosage Dye con. qmax (mg/

Crystal violet Cationic 1 g/L 20 mg/L 47.3
Brilliant green Cationic 2 g/L 10 mg/L 65.42
Methylene blue Cationic 0.5 g/L 100 mg/L 52.76
Basic Yellow 28 Cationic 2 g/L 10 mg/L 16.23
Methylene Blue Cationic e 10 mg/L 29.85
Malachite Green Cationic e 10 mg/L 52.91
Acid green 25 Anionic 0.6 g/L 75 mg/L 23.26
Congo red Anionic 100 g/L 150 mg/L 5.44
Basic yellow 28 Cationic 10 g/L 20 mg/L 5.71
Congo red Anionic 10 g/L 20 mg/L 5.41
Reactive red Anionic 10 g/L 20 mg/L 1.09

**L-Langmuir isotherm; PSO-Pseudo-Second-order.
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4. Conclusion

Natural clay minerals are recently attracting attention to be
utilized as an alternative adsorbent contaminant purification in
wastewater. The wet process was carried out for kaolin adsorbents
preparation using Ethiopian kaolinite clay for the removal of three
different modal dyes.

In this study, the adsorptive removal of BY 28, CR, and RR 120
dyes onto beneficiated kaolin adsorbents was evaluated. The
adsorptive percentage removal efficiency of BY 28 (92.08%), CR
(88.63%), and RR 120 (73.33%) were achieved with the prepared
kaolin adsorbents under the optimum conditions of operating pa-
rameters, as adsorbent dosage ¼ 1 g/100 mL, solution pH ¼ 9 (for
BY 28) and pH ¼ 3 (for CR, RR 120), contact time ¼ 60 min, initial
dyes concentrations ¼ 20 mg/L, and temperature¼ 30 �C. Based on
t.

g) Isotherm Kinetics Thermodynamics References
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the adsorption results, the adsorption process was mainly influ-
enced by the molecular size through the effect of steric hindrance
and surface charge upon the electrostatic interaction between the
silanol (SieOH) and aluminol (AleOH) groups of kaolin and the
surfaces of dyes. The dye BY 28 has a smaller molecular size and
positively charged favored greater adsorption efficiency than CR
and RR 120 due to the greater computation between the dye and
kaolin adsorbent. While RR 120 has a bulk molecular size and is
highly negatively charged shows the least percentage removal ef-
ficiency than BY 28 and CR due to minimal involvement between
the dye and kaolin adsorbent. The adsorption rate and isotherm
were better fitted by pseudo-second-order kinetics and Langmuir
isotherm with R2 > 0.997, which are close to unity. The thermo-
dynamic study also indicates that the adsorption of dyes by kaolin
is spontaneous and exothermic. Overall, we can conclude that all
types of dyes, cationic (BY 28) and anionic (CR, RR 120) is removed
by the prepared kaolin adsorbent from aqueous solutions and
therefore is suitable for dye removal in wastewater treatment.
However, it has been confirmed that the adsorbents from kaolin
clay are highly dependent on the dye types and characteristics due
to the surface charge nature of the kaolinite clay face that can make
electrostatic interaction with ions of the dyes in the solution. Thus,
we recommend an investigation through preliminary examination
before utilizing the kaolinite clays as adsorbents for any type of
dyes in the solution.
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