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Adsorption Capacity, Isotherm, Kinetics, and
Thermodynamics Examinations on the Removal of a Textile
Azo Dye by Local Natural Adsorbent

Fatih Sevim,* Ömer Laçin, Fatih Demir, and Ömer Faruk Erkiliç

The discharge of industrial wastewater containing toxic dyes has significantly
increased, posing risks to human health and aquatic ecosystems. The growing
demand for dyes in the textile industry has driven research into effective and
economical removal methods. Adsorption is widely preferred due to its low
cost, non-toxic by-products, and eco-friendly nature. This study investigates
the removal of Reactive-Blue-160 textile azo dye using a local natural clay
mineral. The effects of contact time, pH, adsorbent dosage, and temperature
on adsorption are examined, along with adsorbent characterization. Optimal
conditions (pH 5.70, adsorbent dosage 2.0 g L−1, contact time 60 min, and
dye concentration 150 mg L−1) achieve 93.05% removal. Characterization
reveals a heterogeneous clay surface dominated by smectite and chlorite. The
adsorption data are evaluated using isotherm and kinetic models, with
Freundlich and pseudo-second-order providing the best fit. Thermodynamic
analysis indicates spontaneous and endothermic adsorption, with a negative
Gibbs free energy and a positive enthalpy change of 15.71 kJ mol−1,
confirming physical adsorption. These findings highlight the potential of
natural clay minerals for dye removal, offering a sustainable solution for
industrial wastewater treatment.

1. Introduction

Dyes are generally used to color products in the textile, phar-
maceutical, cosmetic, plastic, leather, and rubber industries and
cause toxicity due to the discharge of wastewater containing large
amounts of dye.[1] The toxicity levels vary depending on the va-
riety of organic and inorganic compounds used in dyeing and
other processes.When suchwastewater is discharged into the en-
vironment, light transmittance in the aqueous environment de-
creases, photosynthetic activity is adversely affected, and toxicity
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increases. In addition, it causes many ad-
verse effects in humans, such as cancer,
reproductive and neurological disorders,
severe allergies, rashes, and shortness of
breath.[2–4] One of the dyes widely used
in the textile industry is azo dyes due to
their excellent processing qualities, high
photolytic stability, and resistance to mi-
crobial degradation. If these dyes are re-
leased into lakes and rivers without being
removed, they will reduce the amount of
dissolved oxygen in the water and will be
highly toxic due to their carcinogenic and
mutagenic properties.[5–9] Azo dyes con-
stitute the largest group of all synthetic
colorants and have high discharge levels
in wastewater from leather, pharmaceuti-
cal, cosmetic, and textile (silk, nylon, wool
yarn, etc.) industries.[10] The molecular
structure of azo dyes is polyaromatic and
containsmultiple functional groups such
as hydroxyl, amino, chlorotriazines sul-
fonate, and carboxylate. Due to the pres-
ence of these groups, the azo dye is very

soluble in aqueousmedia and becomesmobile in soil. Therefore,
it is very difficult to treat wastewater containing azo dyes.[11–14]

Rapid and effective removal of azo dyes before discharge into wa-
ter is a very important problem to not harmhumanhealth and the
ecosystem. For this purpose, studies have been carried out to re-
move such dyes from textile wastewater using different methods
such as coagulation/flocculation, ultrafiltration,membrane sepa-
ration, electrolysis, chemical oxidation, and photocatalysis. How-
ever, thesemethods have some disadvantages; these include high
treatment costs, rapid fouling of the membrane, sludge produc-
tion, formation of toxic by-products during the process, etc.[15]

Today, the adsorption process is used more widely than other
methods in the removal of dyes due to its ease of use, low cost,
not forming sludge and toxic intermediates, and environmentally
friendly structure.[16–18] Themost important advantage of adsorp-
tion is that it completely separates the dye from the wastewater
without breaking it down. Therefore, removing dyes also reduces
the risk of cancer.[19,20] Activated carbon is widely used as an ad-
sorbent in the adsorption process because it has a high surface
area, microporosity, adsorption capacity, and surface reactivity.
However, its high cost and difficulties encountered in its regen-
eration have directed researchers to more economical alternative
adsorbents. To solve this problem, low-cost adsorbents have also
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Figure 1. NGCM: a) XRD, b) SEM before adsorption, c) SEM after adsorption.

been investigated,[21–25] but most of them have been subjected
to chemical activation. Therefore, the application of natural and
unprocessed adsorbents for the removal of azo dyes is missing
in the literature.[26]

A typical example of natural and unprocessed adsorbents is
clay minerals, which are used in the removal of dyes from
wastewater. Since clay minerals are hydrated alumina silicates
with colloidal particles smaller than 2 μm, they have high adsorp-
tion capacity, low cost, environmental friendliness, and a hetero-
geneous surface.[27]

Clay minerals also include other minerals such as cal-
cite, feldspar, and quartz. On the surface of minerals, ions
such as Ca2+, Mg2+, K+, H+, Na+, NH4

+ and NO3
−, SO4

2−,
PO4

3−, Cl− can easily exchange places with other ions in the
environment.[28]

The novelty of this study is to propose a low-cost and effec-
tive adsorbent for toxic azo dyes that have a wide range of ap-
plications and are difficult to remove from wastewater. Thus,
the removal of azo dye will be greatly reduced in time and cost.
In this study, the adsorption of Reactive-Blue-160 (RB160) dye
found in textile industry wastewater by local natural and un-

treated green claymineral (NGCM) was investigated. NGCMwas
characterized in terms of structure and morphology using X-
ray diffractometry (XRD), electron microscope (SEM), thermo-
gravimetry/differential thermal analysis (TG-DTA) and Brunauer
Emmett-Teller (BET) method. Fourier transform infrared spec-
troscopy analysis (FTIR) was performed to observe the structure
of RB160 azo dye. The effects of NGCM dosage, mixing speed,
initial RB160 concentration, contact time, and solution pH on
adsorption were investigated. In addition, using the results ob-
tained fromexperimental studies, themost suitable isotherm and
kinetic models and thermodynamic parameters for the adsorp-
tion process were determined.

2. Results and Discussion

2.1. NGCM Characterization

The X-ray diffraction (XRD) pattern used to determine the crys-
tal structure of the NGCM is shown in Figure 1a. According to
the XRD data of the ethylene glycol and natural clay samples,
the peak corresponding to the mineral Smectite was measured

Figure 2. TG-DTA analysis of the NGCM.
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Figure 3. The FTIR spectra of the RB160.

to reach 17.65 Å at 14 Å. Moreover, the fracture angle of the
ethylene glycol sample shifts to the left in the graph. According
to the XRD analysis of clay fired at 550 °C, the mineral smectite,
which lost its water, exhibited a peak at approximately 10 Å.
According to the XRD analyses of the illite minerals, the illite

peak (10.15 Å) of the clay and natural clay samples saturated with
ethylene glycol at 550 °C does not change.
Kaolinite: XRD analysis of the natural clay sample revealed a 2-

theta (12.5°) peak (d = 7.01 Å), while kaolinite has an amorphous
structure when baked at 550 °C, and kaolinite peaks disappeared
during XRD analysis.[29]

The surface of the adsorbent was imaged by scanning elec-
tron microscopy (SEM) before and after the adsorption process
(Figure 1b,c). The images reveal that the natural green clay has
a porous structure and that its outer surfaces have a heteroge-
neous structure with indentations and protrusions (Figure 1b).
An examination of the SEM image of natural green clay after
adsorption reveals that RB160 is adsorbed on natural green clay
(Figure 1c).
TG-DTA- analysis of the NGCM sample revealed that the

clay lost free water in the range of 80–100 °C (Figure 2). The
clay sample lost the crystalline water between the clay layers
at 100–300 °C and above 300 °C. Dehydroxylation occurred
in the clay sample due to endothermic reactions. Due to de-
hydroxylation, the red clay lost its structural water. Figure 2
shows the dehydroxylation peaks of illite minerals at 390 °C
and montmorillonite minerals at 682 °C in natural green clay
adsorbents.[30–32]

For NGCM pores, N2 adsorption/desorption analysis was per-
formed at 75.9 K. As a result of the analysis, an isotherm with
both type I and type IV properties was formed for NGCM. A
steep increase was observed at relative pressures lower than
0.01, which is a typical feature of micropores. At higher rela-
tive pressures, desorption hysteresis and a mesoporous struc-
ture were observed. Brunauer-Emmett-Teller (BET) analysis de-
termined that the surface area of NGCM was 83.94 m2 g−1,
pore volume was 0.10 cm3 g−1, and average pore diameter was
4.57 nm.
The FTIR spectra of the RB160 is given in Figure 3, and the re-

sults obtained from the spectra are presented in Table 1. Accord-
ing to the results obtained, it can be said that RB160 is an aro-
matic substance containing functional groups such as hydroxyl,
amino, chlorotriazine, sulfonate, and carboxylate. FTIR results
confirmed the open structural formula of the RB160 azo dye in
Figure 11.

Table 1. FTIR spectrum results of the RB160.

Wavenumber
(cm−1)

Functional group

3739
3430
2932
1673
1463
1317
1127
1029

─OH stretch vibration

N─H primary amin stretch vibration

O─H carboxylate stretch vibration

N─H amin stretch vibration

N═N nitrosamine stretch vibration

S═O stretch vibration (from SO3

groups)

S═O stretch vibration (from SO3

groups)

S─O sulfoxide stretch vibration

900-700 Aromatic structure

637 C─Cl stretch vibration

2.2. Adsorption Equilibrium Studies

2.2.1. Effect of Contact Time and Initial RB160 Concentration on
the Adsorption Capacity

The effect of the initial RB160 concentration on the NGCM is
shown in Figure 4. This figure shows that the rate of adsorption
is high at the beginning of the process and then becomes station-
ary at equilibrium. The high adsorption rate at the beginning can
be explained by the elevated number of active zones on the adsor-
bent surface, after which the reaction speed decreases due to the
reduction in these zones. The adsorption capacity increased with
increasing initial NGCM concentration. This increase demon-
strated that the dye ions between the liquid and the solid over-
come the resistance to mass transfer and are due to the higher
concentration gradient.[33–35]

When the data obtained for RB160 adsorption on the NGCM
adsorbent at different initial concentrations were analyzed, the
equilibrium time was 60 min. For this reason, the equilib-
rium time was taken as 60 min for all subsequent adsorption
experiments.
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Figure 4. Determination of the equilibrium time (free pH 5.70, adsorbent
dosage 2.0 g L−1, temperature 20 °C, stirring speed 225 rpm, 50–250 ppm
RB160 concentration).
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Figure 5. Determination of the suitable pH (contact time 60 min, adsor-
bent dosage 2.0 g L−1, temperature 20 °C, stirring speed 225 rpm, and
RB160 concentration 150 mg L−1).

2.2.2. Effect of Initial Solution pH on the Adsorption Capacity

In this experiment, the adsorbent amount, contact time, temper-
ature and concentration were held constant. The effect of pH on
the adsorption of RB160 dye on NGCMwas investigated, and the
results are shown in Figure 5.
The adsorption capacities at pH 2-4-6-8-10 were examined un-

der constant conditions.
As shown in Figure 5, there was not much change in the ad-

sorption capacities with increasing pH.
This can be explained by the fact that due to the sulfonate

groups in the RB160 dye (pK ≈ 1.0),[36–38] a pH approaching the
pK of sulfonate groups through ionic interactions between the ad-
sorbent and cationic dye molecules creates competition between
H-bonds, charge‒charge repulsion interactions, and RB160 ad-
sorption against H+ ions.
On the other hand, with an increase in pH, the deterioration

in hydrogen bond interactions due to excess OH− ions may be
the reason for the observed low decrease in adsorption capacity.
Since the change in adsorption capacity with increasing pH was
negligible, 5.70 was used as the free pH in all the experiments.

2.2.3. Effect of the Adsorbent Dosage on the Adsorption Capacity

The NGCM adsorbent was added to 100mL of 150mg L−1 RB160
solutions at concentrations of 1, 2, 3, 4, and 5 g L−1. The pH, con-
tact time, and temperature were kept constant. The removal per-
centage and adsorption capacity of RB160 are shown in Figure 6.
According to the data obtained from the experiments, when the
dosage of adsorbent was 1–5 g L−1, the removal percentage in-
creased from 85.64 to 93.05%. The increase in the removal per-
centage is due to the increase in the number of adsorption sites.
Nevertheless, an increase in the dosage of adsorbent between 1

2.0

Figure 6. Effect of adsorbent dosage (contact time 60 min, temperature
20 °C, free pH 5.7, stirring speed 225 rpm, and RB160 concentration
150 mg L−1).

Figure 7. Effect of temperature change on RB160 adsorption (free pH
5.7, adsorbent dosage 2 g L−1, stirring speed 225 rpm, concentration of
150 mg L−1).

and 5 g L−1 is associated with a low removal rate. For this rea-
son, the adsorption capacity decreased with increasing adsorbent
dosage.[39]

2.2.4. Temperature Effect

The adsorption capacity at different temperatures (20, 30, 40, 50
°C) for a concentration of 150 mg L−1 is shown in Figure 7. The
experiments were carried out with a fixed adsorbent dosage of 2 g
L−1 and a stirring speed of 225 rpm at a free pH of 5.7. The re-
sults indicated that the uptake of the RB160 dye was favored at
high temperatures. Adsorption may increase due to an increase
in the rate of diffusion of the adsorbate molecules across the sur-
face boundary layer and the presence of internal pores in the ad-
sorbent particles.[40] It was determined that temperature had a
positive effect on the adsorbed amount, which demonstrated that
the adsorption process was endothermic in nature.[41]

2.3. Analysis of the Adsorption Isotherms

The equilibrium correlations between the adsorbent and adsor-
bate are defined by adsorption isotherms.[42] It is important to
establish the most appropriate correlation for equilibrium curves
to optimize the design of an adsorption system.[43] Themost com-
monly used isothermmodels for aqueous solutions are the Lang-
muir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm
models.
This experiment was carried out at a temperature of 20 °C.

The four isotherm equations were applied to experimental equi-
librium data for RB160 at 20 °C, an adsorbent dosage of 2 g L−1,
and a free pH of 5.70. From Equation (1), the Langmuir isotherm
parameters KL and qm were found from the intercept and slope
of the linear relation between Ce/qe and Ce. The other isotherm
constants in Equations (3–5) can be calculated in the same way.
The calculated isotherm parameters for the adsorption of RB160
onto NGCM are shown in Figure 8, and the details of the other
parameters and correlation coefficients (R2) are given in Table 2.
When Table 2 and Figure 8 are examined, it can be said that

the Freundlich isothermmodel (R2 = 0.99), which has the highest
correlation coefficient, is themodel that best fits the experimental
data.
Moreover, Figure 9 shows a comparison of the experimental

isotherm curve with the curves obtained from these isotherm
models. When this graph is examined, it is seen that the exper-
imental and Freundlich isotherm curves overlap while the other
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Figure 8. Isotherm curves for different isotherm models (a- Langmuir, b- Freundlich, c- Temkin, and d- Dubinin-Radushkevich) (contact time: 60 min;
free pH: 5.70; adsorbent dosage: 2.0 g L−1; temperature: 20 °C; stirring speed 225 rpm).

curves deviate. This ultimately confirms that the experimental
data fits the Freundlich isotherm model.
Additionally, the fact that the n value of the model parameters

is greater than 1 indicates that the NGCM adsorbent can be used

Table 2. Parameters and correlation coefficients of the equilibrium
isotherm models for the adsorption of RB160 onto NGCM at 20 °C.

Isotherm parameters RB160 dye

Langmuir

qm (mg g−1) 11.63

KL(L mg−1) 2.13

RL 0.003

R2 0.91

Freundlich

Kf [(mg g−1)(L mg−1)−1/n] 5.85

N 2.23

R2 0.99

Temkin

KT (L mg−1) 1.04

BT 4.16

R2 0.90

Dubinin‒Radushkevich

𝛽DR (×10−6mol2 kj−2) 0.4

qm (mg g−1) 15.23

R2 0.91

for the removal of RB160 dye. The Langmuir isotherm parame-
ters reveal that the maximum monolayer adsorption capacity of
the NGCM adsorbent at equilibrium is 11.63 mg g−1. Addition-
ally, because the RL parameter value (0.003) in this model is in
the range of 0–1, this adsorption process is suitable.[44,45]

2.4. Analysis of the Adsorption Kinetics

In adsorption processes, kinetics must be examined to ob-
tain important information about the adsorption rate and

Figure 9. The comparison of isotherm curves.
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Figure 10. Kinetics curves for different kinetics models (a- Pseudo-first-order, b- Pseudo-second-order, c- Elovich, d- Intraparticle diffusion) (adsorbent
dosage 2.0 g L−1, free pH 5.70, stirring speed 225 rpm and temperature 20 °C).

adsorption mechanism. In kinetic studies of dye removal, the ac-
cepted mechanism in the literature includes the following steps:
penetration of dye molecules from the solution to the adsor-
bent surface, diffusion of the dye from the pore surface into the
pore, and interaction between dyemolecules and reactive regions
(chemical bonding, electrostatic interactions, ion exchange, hy-
drogen bonds, etc.).[36,46]

In light of this information, the suitability of the experimen-
tal data for the pseudo-first-order, pseudo-second-order, Elovich,
and intraparticle diffusion kinetic models accepted in the litera-
ture was investigated. According to the pseudo-first-order kinetic
model given in Equation (6), the graphs of log(qe-qt) versus t are
plotted in Figure 10. The kinetic parameters k1 and qe in this
model were found from the intercept and slope of the linear re-
lationship. The parameter values of the other kinetic models in
Equations (7–9) were also calculated in the same way.
The suitability of the experimental data obtained from the ad-

sorption process to the kinetic models is shown in Figure 10,
and details regarding the parameter values and correlation co-
efficients (R2) in the kinetic models are given in Table 3. When
Table 3 and Figure 10 are examined, it can be said that the pseudo-
second-order kinetic model (R2 = 0.99), which has the highest
correlation coefficient, is the model that best fits the experimen-
tal data.
In addition, Figure 11 shows a comparison of the experimental

data with the curves obtained from the kineticmodels. When this
graph is examined, it is seen that the experimental data and the

pseudo-second-order kinetic model curve overlap while the other
curves deviate. This ultimately confirms that the experimental
data fits the pseudo-second-order kinetic model.

Table 3. Comparison of the kinetic models for different initial concentra-
tions of RB160 at 20 °C.

Dye C0 qe,exp Pseudo-first-order Pseudo-second-order
OrderOrder

k1 qe,cal R2 k2 qe,cal R2

50 2.06 0.17 2.21 0.80 0.03 2.06 0.99

RB160 100 4.43 0.17 5.12 0.81 0.01 4.42 0.99

150 6.95 0.09 7.19 0.98 0.02 6.98 0.99

200 9.34 0.15 10.06 0.81 0.01 9.35 0.99

250 11.72 0.08 12.12 0.98 0.01 11.76 0.99

Dye Co Elovich Intraparticle diffusion

𝛼 𝛽 R2 kdif C R2

50 0.58 2.15 0.94 0.16 0.73 0.90

100 1.56 1.08 0.93 0.32 1.75 0.88

RB160 150 4.72 0.79 0.89 0.42 3.49 0.79

200 8.64 0.63 0.88 0.53 5.01 0.77

250 9.42 0.48 0.95 0.70 6.03 0.87
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2.5. Adsorption Thermodynamics

The experiments were performed at temperatures ranging from
20–50 °C to determine the thermodynamic parameters of the ad-
sorption processes. During the determination of the adsorption
thermodynamics, parameters such as a free pH of 5.70, an initial
concentration of 150 mg L−1 RB160 solution, a 225 rpm stirring
speed, and an adsorbent dosage of 2.0 g L−1 were studied. The
values of ΔH° and ΔS° can be found as the intercept and slope
of the linear fit from the ln Kc versus 1/T plot (Figure 12), respec-
tively, and can be used to calculate ΔG° via Equation (13). All the
calculated parameters are presented in Table 4.
According to Table 4, the change in ∆H° (15.71 kJ mol−1 for

NGCM) is positive and less than 20 kJ mol−1, indicating that
the adsorption process occurs endothermically and physically
with weak Van Der Waals bonds, respectively. Since dyestuffs
are hydrated in water, they support the endothermic and phys-
ical achievement of the adsorption process. The positive change
in ∆S° (0.07 J mol−1) indicates that the randomness at the solid–

1.4

1.6

1.8

2

2.2

3 3.1 3.2 3.3 3.4 3.5

ln
(K

c)

1/T(K-1)x103

Figure 12. lnKc versus 1/T.

Table 4. Thermodynamic parameters for the adsorption of RB160 onto
NGCM.

T [K] ΔH○ [kJ
mol−1]

ΔS○ [kJ
mol−1]

ΔG○ [kJ mol−1]

293 15.71 0.07 −4.80

303 15.71 0.07 −5.50

313 15.71 0.07 −6.20

323 15.71 0.07 −6.90

liquid interface increases during the adsorption of the RB160 dye
to the active regions of the NGCM surface, and the dye has good
affinity for the adsorbent.[47]

The fact that the ∆G° change is negative at all experimental
temperatures shows that the adsorption reaction occurs sponta-
neously by the 2nd law of thermodynamics.[48]

2.6. Cost Analysis of NGCM

For the usability of NGCM as an economical adsorbent in large-
scale industrial applications, a production cost analysis was car-
ried out considering chemical and energy costs. The cost analysis
of RB160 per kg is given in Table 5. The total production cost of
NGCM was found to be 11.49 USD/to remove RB160.kg.[2]

2.7. Comparison Study of NGCM on RB 160 Azo Dye Adsorptive
Removal

Rapid and effective removal of azo dyes before discharge into wa-
ter is a very important issue in order not to harm human health
and ecosystem. In the removal of azo dyes with different adsor-
bents, the isotherm and kinetic models and maximum adsorp-
tion capacity of the previous studies and this study are compared
in Table 6. When Table 6 is examined according to maximum ad-
sorption capacity values, it can be seen that they have low values
in almost all studies. This result confirms the difficulty of treat-

ment of azo dyes mentioned in the introduction. When Table 6
is examined according to adsorbents, most of the adsorbents in
other studies were activated and used. However, approximately
similar adsorption capacity values were achieved with the nat-
ural adsorbent used in this study. This result can be said that
this study is especially advantageous in terms of economy. When
Table 6 is examined according to isotherm and kinetic models,
it can be seen that in other studies, Langmuir and Freundlich
isothermmodels and pseudo-first and second order kinetic mod-
els are suitable. In the light of the data obtained from the experi-
mental results in this study, the isotherm and kinetic models and
the maximum adsorption capacity were found to be Freundlich,
pseudo-second order and 11.63 mg g−1, respectively. Similar re-
sults have been obtained when compared with the studies pub-
lished in the literature.

2.8. Adsorption Isotherm and Kinetic Models: Statistical Analysis

The statistical method was analyzed with nonlinear regression
inMicrosoft Excel program. Adsorption isothermmodels are uti-
lized to understand the equilibrium relationship between the ad-
sorbent surface and the adsorbate. This study evaluated the com-
patibility of the Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) isothermmodels using R2, P-test, and F-test
values given in Table 7.
The Langmuir isotherm model assumes that adsorption oc-

curs as a monolayer process on homogeneous surfaces and that
there are no interactions between adsorption sites. In this study,
the compatibility of the Langmuirmodel with the adsorption pro-
cess was evaluated using R2 = 0.917, P = 0.0068, and F = 45. The
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Table 5. The cost analysis to remove RB160 per kg.

Name Cost (USD) Required
amount

Cost (USD) of required amount

Sieved NGCM 1 kg 0.1143a) 100 kg 11.43

Muffle furnace (5000 W) 1 kWh 0.063 1 h 0.315

Magnetic stirrer (15W) 1 kWh 0.063 1 h 9.450×10−4

Spectrophotometer (80 W) 1 kWh 0.063 20 min 1680×10−3

Dirty water submersible pump (4 kW) 1 kWh 0.063 1 h 0.252

Total production cost 11.49
a)
This value was determined according to the cement price in Turkey for 2025.[49]

high R2 value indicated that the model provides a certain degree
of fit to the adsorption data. However, the relatively low F-test
value and the P-test result being at the 0.01 level suggested that
the model was statistically weaker compared to the Freundlich
model. This indicates that the adsorption process was not strictly
monolayer and that deviations from surface homogeneity may
exist.
The Freundlich isotherm model assumes that adsorption oc-

curs as a multilayer process on heterogeneous surfaces and that
interactions may exist between adsorption sites. For this model,
the obtained values were R2 = 0.992, P = 0.0006, and F = 228.
The high R2 and F-test values indicated that this model best ex-
plained the adsorption process. Additionally, the low P-test value
demonstrated the strong statistical significance of themodel. The
results suggest that the adsorption process took place on a hetero-
geneous surface and that the multilayer adsorption mechanism
is predominant.

The Temkin isotherm model assumes that the heat of adsorp-
tion is evenly distributed across the surface and that there is a
specific interaction between adsorbate molecules. The obtained
values for this model, R2 = 0.889, P = 0.0162, and F = 24, indi-
cated that it described the adsorption process with lower accuracy
compared to other isotherm models. In particular, the low F-test
value suggested that the model did not exhibit strong statistical
significance. This finding implied that the heat of adsorption was
not uniformly distributed and that the adsorption process did not
occur on a homogeneous surface.
The Dubinin-Radushkevich isotherm model is used to deter-

mine the physical or chemical nature of adsorption and plays
a significant role in understanding the adsorption mechanism,
particularly in porous materials. The obtained values for this
model were R2 = 0.906, P= 0.0007, and F= 107. The high R2 and
F-test values indicated that the model effectively described the
adsorption process. The strong fit of the Dubinin-Radushkevich

Table 6. Comparison of this study with studies on the adsorption of azo dyes in the literature.

Adsorbents Azo dyes Isotherm
models

Kinetics models Capacity [mg
g−1]

Refs.

Activated
wheat husk

Yellow ME7
GL

Langmuir − 0.46 [4]

Graphene oxide–chitosan nanocomposite Acid blue 74 Langmuir Pseudo-second-
order

85.70 [5]

Acid yellow 36 Langmuir Pseudo-second-
order

68.86

Rice husk biomass activated carbon Acid Yellow 36 Freundlich and
Langmuir

Lagergren first order 86.9 [6]

Lignocellulosic waste biomass activated
carbon

Amido Black
10B

Freundlich Pseudo-second-
order

4.033 [8]

Peanut husk biomass activated carbon Yellow BG Langmuir Pseudo-second-
order

25.9 [9]

Sugarcane bagasse
Sugarcane bagasse (HCl-treated)

Direct Violet
51

Langmuir Pseudo-second-
order

17.28
39.6

[10]

Anthracite Acid yellow 42 Freundlich Pseudo-second-
order

47.00 [26]

Magnetic composite Fe3O4/CeO2 Acid black 210 Langmuir Pseudo-second-
order

93.00 [50]

Nanoparticles tin oxide Congo red azo
dye

Langmuir Pseudo-second-
order

48.30 [51]

NGCM RB160 Freundlich Pseudo-second-
order

11.63 In this
study
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model suggested that the adsorption process may have a physical
characteristic. This finding implied that the adsorption mecha-
nismwas not solely limited to chemical bonding but that physical
interactions also played a crucial role.
Adsorption kinetics is a crucial parameter for understanding

the rate of the adsorption process and its controlling mecha-
nism. In this study, the pseudo-first-order, Pseudo-second-order,
Elovich, and intraparticle diffusion models were evaluated, and
model fitting was determined through statistical analyses given
in Table 8.
When Table 8 is examined; R2 values very close to 1, p val-

ues less than 0.0001 and very large F values indicate that all
kinetic models are statistically significant and in agreement with
experimental data. However, in the pseudo-2nd order model, it
can be said that it is the most suitable kinetic model because the
p value is very small compared to other model values and the
F value is very large compared to other model values. This result
also confirms the result in Section 2.4.

3. Conclusion

The adsorption of RB 160 azo dye, which is reported to be very
difficult to remove fromwastewater,[11–14] was studied with a local
and natural clay (NGCM) adsorbent, which is thought to be eco-
nomical and effective. In the adsorption process; adsorbent char-
acterization, adsorption capacity, isotherm and kinetic models,
thermodynamic parameters, cost analysis and comparison with
other adsorbents used in azo dyes were investigated.
For NGCM characterization, SEM, XRD, TG-DTA and BET

analyses were performed and from the obtained results, it was
determined that the adsorbent was alumina silicate containing
smectite, kaolinite, illite and chlorite clay minerals, had a porous
structure with heterogeneous surfaces, lost its structural water at
682 °C, had a surface area of 83.94 m2 g−1, a pore volume of
0.10 cm3 g−1 and an average pore diameter of 4.57 nm. From the
FTIR spectra of the RB160 azo dye, it can be said that the adsor-
bate is an aromatic substance containing functional groups such
as hydroxyl, amino, chlorotriazine, sulfonate, and carboxylate.
The effects of adsorbent amount, contact time, temperature,

solution pH, and initial solution concentration on the adsorption
process were investigated. In the effect of contact time, the ad-
sorption equilibrium time was determined to be 60 min. In the
effect of pH, although the removal of RB160 was 90.77% at the
highest pH 2 and 88.49% at the lowest pH 10, since there was
no effective change, the experiments were carried out at the free
solution pH for economic purposes. Other conditions: tempera-
ture was 20 °C, initial solution concentration was 150mg L−1 and
the amount of adsorbent was determined as 2 g L−1. RB160 ad-

Table 7. Isotherm models regression analysis.

Isotherm model R2 P-test F-test

Langmuir 0.917 0.0068 45

Freundlich 0.992 0.0006 228

Temkin 0.889 0.0162 24

Dubinin–Radushkevich 0.906 0.0007 107

Table 8. Kinetic models regression analysis.

Kinetic model R2 P-test F-test

Pseudo-first-order 0.993 0.0001010 768

Pseudo-second-order 0.999 <0.0000001 249802

Elovich 0.994 0.0000860 861

Intraparticle diffusion 0.998 0.0000007 20162

sorption increased with increasing solution temperature, contact
time, and initial dye concentration.
By comparing the correlation coefficient and the curves ob-

tained from the experimental data and the models, it was de-
cided that the most suitable isotherm and kinetic models for the
adsorption process were the Freundlich isotherm and pseudo-
second order, respectively. According to the values of the
isotherm constants, it can be said that the surface of the adsor-
bent is heterogeneous and is suitable for use as an adsorbent.
The thermodynamic parameter values of ΔG°, ΔHo, and

ΔS° were calculated as −4.80 to −6.90, 15.71, and 0.07 kJ mol−1,
respectively. According to these results, it can be said that the ad-
sorption process was spontaneous as theΔG° value was negative
and endothermic reaction and physical adsorption as ΔH° value
was positive and less than 20 kJ mol−1. By cost analysis, it was
found that the removal cost of NGCM per kg of RB160 was ap-
proximately 11.49 US dollars.
In this study, the adsorption capacity, isotherm, and kinetic

model were compared with the results of azo dye removal with
different adsorbents in the literature. Due to the difficulty of azo
dye purification, it was observed that the maximum adsorption
capacity values were low in almost all studies, including this
study. However, while most of the adsorbents in other studies
were activated and used, a similar capacity value was reached
with the natural adsorbent in this study. Therefore, it can be said
that this adsorption process is advantageous especially in terms
of economy.
In recent years, due to the high CO2 emissions in cement pro-

duction, geopolymer concrete studies have been carried out quite
a lot by activating clay minerals containing alumina silicate with
alkaline solutions instead of cement. It can be suggested that the
NGCM used in this study, which contains alumina silicate, will
also eliminate possible environmental risks if used as a geopoly-
mer concrete after adsorption.[52–55]

4. Experimental Section
Clay Material: A natural green clay mineral (NGCM) taken from the

Erzurum-Oltu/Turkey region was used as an adsorbent. Mineral analysis
of the NGCM sample is shown in Table 9. Table 10 shows the quantitative
analysis of the NGCM. The NGCMs were passed through a -200 mesh
sieve and washed with deionized water before the experiments. The sam-
ple was then dried in an oven at 105 °C overnight.

Adsorbate: RB 160 azo dye was purchased from Alfa Chemical Com-
pany in Adana/Turkey with the brand Sigma-Aldrich and 100% purity.
RB 160 has a chemical formula of C38H23Cl2N14Na5O18S5, a molecular
weight of 1309.86 and a CAS number of 71872-76-9. The open structure
of RB 160 is given in Figure 13. Deionized water was used while preparing
the aqueous solutions of RB160. The RB160 dyestuff was scanned with a
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Mapada 1100 series UV spectrophotometer in the range of 400–800 nm,
and the wavelength was measured at 620 nm.

Adsorption Studies: The experiments were carried out in batch mode
on an Edmund Bühler Gmbh KS-15 model shaker at a shaking speed of
225 rpm at determined temperatures by adding the adsorbent to dyestuff
solutions at different concentrations in 250ml capped flasks. At the end of
the experiment, each suspension was centrifuged at 5000 rpm for 15 min
in a Nuve NF 1215 model centrifuge, and the concentrations of the RB160
solutions at equilibrium were determined by examining the absorbance
values of the samples taken from the solutions in certain volumes on a
UV spectrophotometer and using a calibration curve. The pH of the solu-
tions was adjusted by adding 0.1mHCL and 0.1mNaOH solution, and the
solutions were monitored with the Thermo Orion 3 Star model, a digital
pH meter. All chemicals used in the experiments were of analytical purity.
The values of the parameters such as contact time (min), initial dye con-
centration (mg L−1), temperature (°C), solution pH and adsorbent dosage
(g L−1) investigated in NGCM adsorption processes are 10-30-45-60*-65-
70-75-80; 50-100-150*-200-250; 20*-30-35-40; 2-4-5.7*-6-8-10 and 10–20*-
30-40-50, respectively (*Fixed values selected in the experiments for the
effect of parameters).

Characterizations: Characterization of the NGCM surface was per-
formed using ZEISS SIGMA 300 type field emission scanning electron mi-
croscopy (SEM). The NGCMs were characterized via XRD using Rigaku
2200D/max an X-ray diffractometer equipment with a Cu-K𝛼 radiation
source. A Fourier transform infrared spectroscopy image of RB160 was
obtained by scanning in the frequency range 4000–400 cm−1 with Bruker
Vertex 70v model spectroscopy to determine structural changes and func-
tional groups containing oxygen entering the basal plane (sulfonate, hy-
droxyl, etc.).

Thermogravimetry/differential thermal analysis (TG-DTA) was per-
formed on a NETZSCH STA 409 PC Luxx instrument at high resolution.
Under atmospheric pressure, the NGCMwas analyzed from 20 to 1000 °C
at 10 °C m−1 in heating rates. The surface areas and pore sizes of the ad-
sorbents were measured using the Brunauer-Emmett-Teller (BET) method
in the Micrometrics 3Flex instrument, which includes the adsorption-
desorption isotherm of N2 at 75.9 K.

Adsorption Isotherm: To develop mathematical models, the equilib-
rium data obtained from adsorption experiments and from the removed
dyestuff need to be analyzed. Adsorption isotherms are used to accurately
describe adsorption for design purposes.

The adsorption isotherm models widely used in aqueous solutions to
analyze experimental data include the Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich (D–R) models.[57]

The Langmuir Isotherm: The Langmuir isotherm is applied as single-
layer adsorption from the solution to the surface containing the same re-
gion. The adsorption capacity is the maximum amount that covers the ad-
sorbent surface in a single layer. The Langmuir isotherm[58] is expressed
as Equation (1):

Ce
qe

=
Ce
qm

+ 1
KL × qm

(1)

The Langmuir isotherm is given according to the dimensionless equi-
librium parameter (RL), expressed in Equation (2): The basic properties

Table 9.Mineral analysis of the natural green clay sample.

NGCM [%]

Smectite 34

Kaolinite 18

İllite 22

Chlorite 26

Table 10. Chemical components of the natural green clay sample.

NGCM [%]

Na2O 2.36

MgO 7.29

Al2O3 13.70

SiO2 45.12

K2O 2.61

CaO 7.48

TiO2 0.52

Fe2O3 5.62

LOI 13

SiO2/Al2O3 3.29

SiO2/Fe2O3 8.02

SiO2/MgO 6.18

SiO2/CaO 6.03

of a Langmuir isotherm are given according to a dimensionless balance
parameter (RL),

[59] which is expressed by Equation (2).

RL =
1

1 + KLC0
(2)

The RL values represent the type of isotherm: unfavorable (RL > 1),
linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0)).[60]

The Freundlich Isotherm: The Freundlich isotherm is widely used to
describe multilayer sorption as well as nonideal adsorption on heteroge-
neous surfaces. Adsorption is predicted to occur in regions of different
energies. The value of the Freundlich constant (n) varies between 1 and
10 and is given by Equation (3).[61]

log (qe) = log (Kf ) +
1
n
log (Ce) (3)

The Temkin Isotherm: The Temkin isotherm is used to best explain
adsorbate–adsorbent interactions and binding energies. It is expressed in
Equation (4).[62]

qe = BT × ln (KT) + BT × ln (Ce) (4)

where BT = RT/bT.
The Dubinin–Radushkevich Isotherm: The Dubinin–Radushkevich

isotherm is used to estimate the porosity of the adsorbent, the Gaussian
energy distribution of a heterogeneous surface and apparent adsorption
energies (especially in porous adsorbents). This model equation is given
in Equation (5).[63]

ln (qe) = ln (qm) − 𝛽 × 𝜀2 (5)

where 𝜖, is the Polanyi potential, 𝜀 = RgT ln(1 +
1
Ce
).

Adsorption Kinetics: To determine how dye adsorbs onto the adsorbent
surface, the compatibility of several previously developed kinetic models
with the experimental data was investigated.

The adsorption kinetic models widely used in aqueous solutions in-
clude the pseudo-first-order, pseudo-second-order, Elovich and intraparti-
cle diffusion models.[64] To determine the kinetic models are shown in
Equations (6–9)

Pseudo-First-Order Kinetic Model: The pseudo-first-order model as-
sumes that the adsorption process is controlled by physical diffusion and
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Figure 13. Structure of C.I. Reactive Blue 160.[56]

that equilibrium is reached at a certain rate on the adsorbent surface. The
pseudo-first-order equation is defined by Equation (6):[65]

log (qe − qt) = logqe −
k1t
2.303

(6)

here, qe is the amount of adsorbed substance per gram of adsorbent at
equilibrium (mg g−1); qt is the amount of substance adsorbed per gram
of adsorbent at any given time (mg g−1);

k1 rate constant (min−1); t is the contact time.
The rate constant k1 is calculated by graphing log (qe-qt) against t, and

the theoretical qe value is calculated from its slope and the intersection
point of the graph.

Pseudo-Second-Order Kinetic Model: The pseudo-second order model
assumes that in the adsorption process, electrostatic interactions or
stronger bonds play an important role on the adsorbent surface. This
model was developed by Ho et al. The linear equation is obtained and
defined by Equation (7).[66]

t
qt

= 1
k2q2e

+ 1
qe

t (7)

In this equation, k2 rate constant (g mg−1 min−1).
Elovich Kinetic Model: The Elovich model is a kinetic model that con-

siders variations in activation energy on the adsorption surface and ac-
counts for heterogeneous surface properties. This model is used to de-
scribe chemical adsorption kinetics. The Elovichmodel is defined by Equa-
tion (8).[67] It is expressed as follows.

qt =
ln (𝛼𝛽)

𝛽
+ lnt

𝛽
(8)

here, 𝛼: Initial adsorption rate constant (mg g−1 min−1);
𝛽: Desorption constant (g mg−1);
qt: the amount of substance adsorbed at time t (mg g−1)
If ln(t) is plotted against qt, 𝛽 and 𝛼 are calculated from the slope and

shift of the graph, respectively.
Intraparticle Diffusion Model: The intraparticle diffusion model as-

sumes that the adsorption process in porous materials is controlled by
an internal diffusion mechanism. This model is the diffusion hypothesis
that occurs through the pore structure developed by Weber and Morris.
The intraparticle diffusion model is defined by Equation (9).[68]

Equation:

qt = kdif
√
t + C (9)

here, kdif: Intraparticle diffusion rate constant (mg g−1 min−2);
C: An expression of the boundary layer thickness during adsorption;
t: time.
The rate constant kdif is calculated from the slope of the graph drawn

against qt versus t
1/2. C is calculated from the shift of the graph.

Adsorption Thermodynamics: The Gibbs free energy (ΔG°) determines
whether the adsorption process will occur spontaneously. If ΔG° is posi-
tive, adsorption occurs via an external effect; ifΔG° is negative, the adsorp-
tion process occurs spontaneously without any external influence. ∆G°

ranges from -20 to 0 kJ mol−1 during physical adsorption, while it varies
from -80 to -400 kJ mol−1 during chemical adsorption.[69]

According to Equation (10), entropy and enthalpy changes can also be
found. If the enthalpy change during adsorption is negative, the reaction
is exothermic; if it is positive, the reaction is endothermic.

To determine the thermodynamics parameters, the mathematical ex-
pressions for enthalpy change (ΔH°, kJ mol−1), Gibbs free energy change
(ΔG°, kJ mol−1), and entropy change (ΔS°, kJ mol−1) are shown in Equa-
tions (10–13).[70–72]

ΔGo = ΔHo − TΔSo (10)

The enthalpy value determines whether the adsorption is physical or
chemical. According to the literature, a∆H° value of<20 kJmol−1 in the re-
action indicates physical adsorption, and a ∆H° value of 80–200 kJ mol−1

indicates chemical adsorption. ∆H° is related to the various interactions
that occur in the reaction. The distance between the adsorbent and the
adsorbed dye is established.[73]

ΔG◦ = −RgT × ln (Kc) (11)

Kc is the linear sorption distribution coefficient or single point as fol-
lows (Equation 12):

Kc =
qe
Ce

(12)

∆H° and ∆S° were calculated from the following formula (van’t Hoff
equation) (Equation 13):

ln (Kc) =
(
ΔS◦∕Rg

)
−

(
ΔH◦∕RgT

)
(13)

Rg: Gas constant (8.314 J mol−1 K−1).
By using these equations, the effect of temperature on the adsorption

process of RB 160 onto NGCM was examined.

Global Challenges. 2025, 9, 2500024 2500024 (11 of 13) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.global-challenges.com


www.advancedsciencenews.com www.global-challenges.com

A preprint of this paper was previously published at Research Square
in 2024.[74]

Acknowledgements
The authors gratefully thank Atatürk University for their financial support.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
adsorption, adsorption isotherm, adsorption kinetics, textile dye

Received: January 13, 2025
Revised: March 17, 2025

Published online: April 10, 2025

[1] S. Bibek, A. Debnath, B. Saha, J. Indian Chem. Soc. 2022, 99, 100635.
[2] D. Subhajit, A. Pal, A. Debnath, ChemistrySelect 2023, 8, 202300928.
[3] A. Mittal, L. Kurup, Ecol., Environ. Conserv. 2006, 12, 186.
[4] M. Alok, R. Jain, J.Mittal, S. Varshney, S. Sikarwar, Int. J. Eng. Pedagogy

2010, 43, 323.
[5] P. Banerjee, S. R. Barman, A. Mukhopadhayay, Chem. Eng. Res. Des.

2017, 117, 43.
[6] K. T. Chung, J. Environ. Sci. Health, Part C 2016, 34, 233.
[7] J. Forss, U. Welander, Int. Biodeterior. Biodegrad. 2011, 65, 237.
[8] M. Berradi, R. Hsissou, M. Khudhair, M. Assouag, O. Cherkaoui, A.

El Bachiri, Heliyon 2019, 5, E02711
[9] R. Katal, H. Zare, S. O. Rastegar, P. Mavaddat, G. N. Darzi, Environ.

Eng. Manage. J. 2014, 13, 43.
[10] S. Barathi, C. Karthik, S. Nadanasabapathi, A. I. Padikasan, Toxicol.

Rep. 2020, 7, 16.
[11] P. N Sy, L. T. Nguyen, H. T. Nguyen, V. Q. Nguyen, V. X. Le, D. T.

Chung, B. N. Nguyen, N. H. Nguyen, H. N. Vu Hoa, A. Q. Khuong
Nguyen, Desalin. Water Treat. 2004, 317, 100095.

[12] S. Bibek, S. Shaji, A. Debnath, J. Dispersion Sci. Technol. 2023, 45, 15.
[13] D. Subhajit, S. Rudra Paul, A. Debnath, J. Water Process Eng. 2024, 64,

105699.
[14] D. Payel, A. Debnath, J. Dispersion Sci. Technol. 2023, 44, 2598.
[15] D. Akash, S. Das, A. Debnath, Chem. Phys. Lett. 2023, 830, 140820.
[16] R. H. Khudhur, N. S. Ali, E. H. Khader, N. S. Abbood, I. K. Salih, T. M.

Albayati, Desalin. Water Treat. 2023, 306, 245.
[17] M. Asna, J. Mittal, F. Sakina, R. T. Baker, A. K. Sharma, Desalin. Water

Treat. 2021, 229, 402.
[18] P. Sharan, V. Kumar, I. Kaushal, A. Mittal, S. K. Shukla, D. Kumar, A.

K. Sharma, H. Om, Environ. Sci. Pollut. Res. Int. 2023, 30, 45700.
[19] J. Yang, S. Shojaei, S. Shojaei, npj Clean Water 2020, 5, 5.
[20] A. Khasri, M. A. Ahmad, AIP Conf. Proc. 2019, 2124, 020022.
[21] P. K. Malik, Pigment 2003, 56, 249.
[22] A. A. Ahmad, B. H. Hameed, J. Hazard. Mater. 2010, 175, 298.
[23] S. Nethaji, A. Sivasamy, Chemosphere 2011, 82, 1367.

[24] S. Sadaf, H. N. Bhatti, S. Nausheen, Arch. Environ. Contam. Toxicol.
2014, 66, 557.

[25] J. I. Ike, A. K. Babayemi, T. C. Egbosiuba, C. G. Jin, S. Mustapha,
A. Yusuff, S. C. A. Igwegbe, ACS Appl. Energy Mater. 2024, 2,
1046.

[26] N. D. Mattos, C. R. Oliveira, L. G. B. Camargo, R. S. R. Silva, R. L.
Raval, Sep. Purif. Technol. 2019,209, 806.

[27] F. Sevim, O. Lacin, E. F. Ediz, F. Demir, Environ. Prog. Sustainable En-
ergy 2021, 40, 13471.

[28] B. Krishna Gopal, S. S Gupta, Adv. Colloid Interface Sci. 2008, 140,
131.

[29] D. M. Moore, R. C. Reynolds, X-Ray Diffraction and the Identification
and Analysis of Clay Minerals, 2nd ed., Oxford University Press, New
York 1997.

[30] W. Xie, Z. Gao, K. Liu, W. P. Pan, R. Vaia, D. Hunter, A. Singh, Ther-
mochim. Acta 2001, 367, 350.

[31] H. Noyan, M. Önal, Y. Sarıkaya, J. Therm. Anal. Calorim. 2008, 1, 303.
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