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ABSTRACT. This study investigates the adsorption of neutral red (NR)
on the natural clayey material of Adilcevaz/ Bitlis located the northwest
of Van Lake in Eastern Anatolia (Turkey). The adsorbent used was
characterized by XRD, XRF, FTIR, SEM and TG-DTA analyzes. The
effect of various parameters such as pH, contact time, initial
concentration and temperature on NR removal was investigated using a
batch process to optimize the maximum adsorption conditions.
Equilibrium data for NR adsorption were analyzed using nonlinear two-
parameter isotherms such as Langmuir, Freundlich, Dubinin-
Radushkevich, and Tempkin, and three-parameter isotherm models,
such as nonlinear Redlich-Peterson, Sips, and Koble-Corrigan. The
modelling results showed that it was best adapted to the Freundlich
isotherm model for the NR dye, with relatively higher R? values and
smaller S.E. The maximum adsorption capacity obtained from the
experimental data was determined to be 4.2810 mg g!. The adsorption
process follows pseudo-second-order kinetics with a rate constant of
0.0110 g mg! min!. The thermodynamic parameters indicate that a
physical mechanism controls the NR adsorption on the natural clay and
spontaneously occurs.
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1. INTRODUCTION

The supply of fresh water is becoming increasingly difficult due to
industrial, urban, or agricultural human activities. As water pollution
reaches unavoidable levels over time, international interest in water-
related studies is increasing. Dye aggregation in waste water from
different industries such as textile, paper, cosmetics, printing and
plastics is one of the primary sources of water pollution [1]. These are
divided into three according to their nuclear structure: anionic dyes
(acidic and reactive), non-ionic dyes (disperse) and cationic dyes (basic)

[2].

Neutral Red (NR) is a cationic dye (C1sH1sN+HCI) that is often used as a
pH indicator in analytical laboratories and in case of decomposition,
which produces hazardous products such as carbon monoxide (CO),
carbon dioxide (COs), nitrogen oxides and hydrogen chloride [3]. These
products threaten not only people but also animals and the natural
environment. For this reason, waste containing neutral red should be
removed [4]. Some methods such as ion exchange [5], chemical
precipitation [6], photocatalysis [7], membrane technologies [8] and
adsorption [9] are widely used in dye removal. The adsorption method is
particularly desirable among these methods due to its simplicity of
design, high removal efficiency, and ease of use [10]. Basically, any solid
material having a porous structure can be used as an adsorbent. Some
researchers have studied dye adsorption from aqueous solutions using
many adsorbents such as activated carbon, clay, peat, chitin, silica and
others. In particular, commercial activated carbon has been used
effectively in the process of removing dye and heavy metals from aqueous
phases [11]. Unfortunately, the use of commercial activated carbon is not
economical due to high cost and regeneration problems. Apart from the
adsorption capacity of the adsorbent, other parameters such as cost of
production and regeneration, availability, environmental compatibility
and energy consumption are also crucial in the choice of adsorbent [9].
For this reason, the related studies aim to find a more cost-effective and
effective adsorbent when compared to activated carbon [11]. Clays have
a great potential for removing contaminants such as heavy metals, waste-
water dyes and organic compounds due to their interesting
physicochemical properties (layer structure, high surface area and high



ADSORPTION OF NEUTRAL RED DYE FROM AQUEOUS SOLUTIONS BY NATURAL ADSORBENT:
AN EQUILIBRIUM, KINETIC AND THERMODYNAMIC STUDY 29

cation exchange capacity) [12,13]. Many studies in recent years have
focused on the investigation of locally available clay as low-cost
adsorbents [14]. Van lake basin is rich in some industrial raw materials.
Clayey soils in the region are used by the people of the region for personal
cleaning applications and for the production of an oven called “tandir”
which is used for baking bread [15]. It is very important to determine the
chemical, physicochemical and adsorptive properties of the materials
that can be used as industrial raw material in the region and to use the
raw material without pretreatment, i.e. without energy expenditure and
secondary chemical waste. Adsorption and desorption of organic
molecules onto clay are primarily concerned with the properties of the
clay surface and the chemical properties of the molecules [13]. Cationic
dye molecules have a very high affinity for clay surfaces and are easily
adsorbed when treated with clay suspensions.

This study focuses on the use of a local raw material containing natural
clay minerals as an adsorbent for Neutral Red (NR) adsorption from
aqueous solutions. The adsorbent was characterized by X-ray
fluorescence (XRF), Fourier transform infrared spectroscopy (FT-IR), X-
ray diffraction (XRD), thermogravimetric and differential thermal
analysis (TG-DTA) and scanning electron microscope (SEM) techniques.
Batch experiments were carried out to determine the equilibrium time,
and experimental data were applied to different isotherms and kinetic
models to understand the adsorption process of NR on natural clay.

2. MATERIALS AND METHODS
2.1. Adsorbent

The natural clay samples collected from the Adilcevaz/Bitlis region were
powdered in a mortar. No pretreatment has been applied to the material.
After passing through a 350-mesh sieve, it was stored in the polymer
bags. The natural pH value of the clay suspension was determined as
~8.3+0.1 by pH meter.



30 A.R.KUL, E. GOKIRMAK SOGUT, N. CALISKAN KILIC

2.2. Adsorbate

Neutral Red (NR), a cationic dye, was obtained from Fluka. The dye
structure containing a secondary amine group is presented in Figure 1.
The initial concentrations were prepared by diluting 1000 mg L stock
solution with pure distilled water [16].

CH, N
AN CI-
N +
H,N H N(CH,),

FIGURE 1. Chemical structure of NR.

2.3. Sample characterization

Chemical analysis of the Adilcevaz/Bitlis adsorbent was made using the
Philips 2400 XRF instrument. Natural adsorbent is composed of 48.3%
Si102, 9.1% CaO, 7.2% MgO, 13.1% Al203, 9.4% Fez03, 0.9% TiOgz, 1.3%
Na20, 2.9% K20, 0.1% MnO and 0.1% P20s. The surface area of the
adsorbent was determined to be 37.118 (m2gl) using the BET method
(Quantachrome Nova 2200E Surface Area & Pore Size Analyzer). The
pore diameter was determined to be 21.756 nm and 17.686 nm
respectively by the BJH (Barrett-Joyner-Halenda) adsorption and
desorption method based on the conventional Kelvin equation. By means
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of BJH analysis, pore area, mean pore diameter and specific pore volume
can be determined by using adsorption and desorption techniques. Pore
size distribution of mesoporous solid material can also be obtained [17].
The cation exchange capacity (CEC) was determined to be 45 meq (100
2)1. by the methylene blue adsorption method, which is a reliable and
simple method for the presence and properties of the clay minerals in soil
and rocks [18,19]. The cation exchange on montmorillonite and related
smectites arise from the permanent structural charge resulting from the
displacements in the crystal lattice [20]. Thermal analysis (TG-DTA) data
were obtained by Rigaku 2.22E1 instrument with heating from room
temperature to 1099 ° C temperature at a rate of 20 K min?'. XRD
analysis was obtained using a Philips PW 1830-40 X-ray diffractometer
with Ni-filtered Cu X-ray tube devices at 2-40 degrees. Feldspar, quartz,
calcite, amorphous substance, smectite (montmorillonite), tridymite,
mica mineral, mixed layered clay mineral, small amount of kaolinite and
gypsum were determined in mineralogical structure. FT-IR analysis was
performed using a Thermo Scientific Nicoleti S10 FT-IR spectrometer
with a bandwidth of 400-4000 cm™. The morphology of the natural
adsorbent was provided using a scanning electron microscope (SEM, LEO
440 computer controlled digital).

2.4. Methods

Batch adsorption experiments were performed in a temperature-
controlled shaking water bath with a solution of 0.1 g of adsorbent in 10
ml aqueous solution of different concentrations of Neutral Red (NR) (25,
45, 65 and 85 mg L1). The pH of the suspension was adjusted to
approximately (~ 7.1 + 0.1) by dropwise addition of 0.1 mol L't HCl or 0.1
mol L1 NaOH solutions using a WI'W pH meter (Series 720, Germany).
A constant agitation speed of 125 rpm was applied at a temperature of
298, 310 and 322 K. After the desired contact period, the samples were
withdrawn from the mixture using a micropipette and centrifuged at
5000 rpm for 5 minutes. A contact time of 110 minutes was sufficient to
achieve the adsorption equilibrium. After centrifugation, the
supernatants were analyzed to determine the final concentration of
Neutral Red (NR) by using a UV/VIS Spectrophotometer (PG
Instruments T80) adjusted to a maximum absorbance of 533 nm. The
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amount of dye adsorbed by the adsorbent was calculated according to the
following Eq. 1. [21].

Qe = (Co—Ce) V 1)

m

where “qe is the amount of dye adsorbed (mg g1). Co and Ce are the initial
and equilibrium liquid-phase concentrations of dye (mg g1), respectively.
V is the volume of the solution (L), and m is the weight of the sorbent
used (g)”.

2.5. Adsorption Isotherms

Langmuir, Freundlich, Dubinin-Radushkevich, Tempkin, Redlich-
Peterson, Sips and Koble-Corrigan nonlinear isotherm models were
applied to explain the nature of the Neutral Red (NR) adsorption on the
natural adsorbent (surface properties, mechanism of adsorption). All
isotherm parameters were determined from a nonlinear regression
analysis using a software program (Origin 8.0). The Ce-qe values obtained
for dye adsorption on the natural adsorbent were applied to each
nonlinear isotherm equation. Standard errors (S.E) were calculated for
each isotherm model. S.E value is used to determine the isotherm that
best fits the experimental data except for the correlation coefficient (R?).
In addition, a chi-square value (x2), which is a statistical data required
for the suitability of the obtained adsorption system, was calculated using
the same software [15, 21]. The nonlinear regression method applied in
computer operation minimizes the error distribution between the
experimental data and the estimated isotherms [23]. The isotherm
models are calculated from the equation presented in Table 1.

These parameters are determined in the following Eq.2 and 3.[24].

2 _ Z(Qe,calc_Qe,exp)Z (2)

Z(Qe,calc“le,exp)z +Z(Qe,calc“1e,exp)z

XZ — Z£V=1 (Qe,exp_Qe,calc)z (3)
Ge,calc
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Geexo (mmol g1) is obtained from the batch experiment, gecalc (mmol g=1)
is calculated from the isotherm for corresponding ge.exp, and qg xpis the
average of (e, exp. Also, N represents the number of observations in
experimental data. In order to select the most suitable isotherm model, it
is expected that R2 is closer to 1, x2 and S.E are close to zero [25].

TABLE 1. Non-linear forms of the isotherm models.

Isotherm Equation Constants Reference
. _ quK.C, Ki: Langmuir isotherm
Langmuir e =77 K,C, constant,(L g1 [26]
Kr: Freundlich isotherm
. 1 constant,(L g-1)
Freundlich 9. = Kp C7 n: The heterogeneity factor in the (27]

Freundlich model
Kbpr: D-R isotherm constant

C _ (“K..E%) E:  Energy of adsorption
Dubinin T R:  The ideal gas constant [28]

, - )
Radushkevich E=RTIn(1+2) (8.314 (J mol* K)

Kr: Tempkin isotherm equilibrium
binding constant (L g))isk
br: Tempkin isotherm constant
Temkin qe = I}:—T In K.C,) R: The ideal gas constant [27]
! (8.314 (J mol* K1)
T: The temperature (K)is

Kg: Redlich-Peterson isotherm
constant,
Lgm
K.C ar: Redlich-Peterson isotherm
rCe

Redlich- Peterson 9de= T3 constant, [26]
1+ agC; L g‘l)

g: Redlich-Peterson isotherm
constant

Ks: Sips isotherm constant,
L g
. Ks (asCe)™s” as: Sips isotherm constant,
Sips e = 1+(as Co)"S (L mg™)
ns: Sips isotherm exponent sk

[22]

K: Koble—Corrigan isotherm
constant (L™ mg!™ g-1)
a: Koble—Corrigan isotherm constant [22]
(L mg )"
n: Koble-Corrigan exponent

K
"~ 1+aCr

Koble-Corrigan qe
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2.6.1. Langmuir Isotherm

This isotherm equation assumes that the adsorption takes place in
certain homogeneous sites within the adsorbent. Furthermore, the
Langmuir equation is based on the assumption that all adsorption sites
are identical and energetically equivalent [26].

2.56.2. Freundlich Isotherm

The Freundlich equation is an empirical equation used to describe
heterogeneous systems characterized by the heterogeneity factor 1/ n.
When n = 1 the Freundlich equation is reduced to Henry's law. If 1 / n
value is below 1, it shows normal adsorption. Conversely, if 1/ n is above
1, it indicates cooperative adsorption [27].

2.5.3. Dubinin—Radushkevich Isotherm

This isotherm is usually applied by Gaussian energy distribution to
express the adsorption mechanism on heterogeneous surfaces. If the
energy value is below 8 kd mol?, there are physical interactions in
adsorption. Conversely, if the energy is above 8 kdJ mol?, the adsorption
mechanism can be described by chemical interactions. [28].

2.6.4. Tempkin Isotherm

The model assumes that the adsorption heat (function of temperature) of
all molecules in the layer will decrease linearly rather than logarithmic
with coverage [27].

2.5.5. Redlich-Peterson Isotherm

Redlich-Peterson isotherm 1s an empirical isotherm with three
parameters. This isotherm model combines both the Langmuir and
Freundlich equations and the adsorption mechanism is a hybrid
mechanism and does not follow the ideal monolayer adsorption [26].

2.5.6. Sips Isotherm

This isotherm is a combined form of Langmuir and Freundlich
expressions derived to predict heterogeneous adsorption systems and
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limit the increasing adsorbate concentration associated with the
Freundlich isotherm model. At low adsorbate concentrations it is reduced
to the Freundlich isotherm and at high concentrations it exhibits the
monolayer adsorption capacity characteristic of the Langmuir isotherm
[22].

2.5.7. Koble—Corrigan isotherm model

The Koble-Corrigan isotherm is a three-parameter equation that
combines Langmuir and Freundlich isotherm models to represent
equilibrium adsorption data [22]. It is usually applied to adsorbents
having heterogeneous surfaces. In this equation, if n = 1, the isotherm is
reduced to Langmuir isotherm. If n << 1, the isotherm is reduced to
Freundlich isotherm [29].

2.6. Kinetics

The pseudo-first-order kinetic model is used to elucidate the sorption in
solid-liquid systems based on adsorbent adsorption capacity [30], which
supposes that one of the pollutant molecules is trapped in one active site
on the adsorbent surface [31]. According to the pseudo-second-order
kinetic model, one of the adsorbate molecules is adsorbed on two sorption
sites on the surface of the adsorbent. The Avrami kinetic model was first
used for kinetic modeling of crystallization. However, it can also be used
for other phase changes such as chemical reactions [32].

The intra-particle diffusion model is widely used to define the adsorption
mechanism. If g: vs t'2 is linear and the line passes through the origin,
intra-particle diffusion is included in the sorption process [33]. According
to the Elovich equation, which interprets the sorption kinetics, the active
solid sites are energetically heterogeneous and therefore represent
different activation energies for chemical adsorption [34]. The equations
corresponding to the pseudo-first-order and the pseudo-second-order
kinetic model, Avrami kinetic model, Intra-particle diffusion model and
Elovich equation are presented in Table 2.
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TABLE 2. Non-linear forms of kinetic models.

Equations Kinetic models

Constants

Reference

q: = qe[1 —exp (—kqt)] Pseudo-first order

k,q? t Pseudo-second

qe = 1+ koq,t order

1 .
7, = Eln A + apt) Elovich

qe = qe[1 — exp(=kyyt)™V]  Avrami

4 = kigVt + C; Intraparticle
diffusion

ki (min) is the pseudo-
first-order rate
constant

t (min) is the contact
time

ks (g mg! min) is the
pseudo-second-order
rate constant

a (mg g! min?) is the
initial adsorption rate

B (g mg? 1is the
desorption constant
related to the extent of
surface coverage and
activation energy for
chemisorption

kav  (min) is the
Avrami kinetic
constant

nav is a constant which
can be relational to the
adsorption mechanism

kia 1s 1intraparticle
diffusion constant

Ciis the intercept value
(gives an indication
about the thickness of
boundary layer)

[30]

[33]

2.7. Thermodynamic parameters

The values of free energy (AG®), enthalpy (AH®) and entropy (AS°) were

calculated using the following equations,
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The apparent equilibrium constant (K&.) of the sorption is defined as

I __ Cad,eq
KC - Ceq (4)
o _ _AH®  AS®
InKg = ———+— (5)
AG® = AH® — TAS® 6)

where Cadeq1s the concentration of dye on the adsorbent at equilibrium.
This situation can be used instead of concentration with the aim of
obtaining the standard thermodynamic equilibrium constant (K°) of the
sorption system [36]. R is the universal gas constant (8.314 J mol! K1)
and T is temperature (K). AH® and AS° values can be obtained from the
slope and intercept of Van’t Hoff plots of In K vs. 1/T [37-39]. AG®
values are calculated using Eq. 6 for each temperature.

3. RESULTS AND DISCUSSION
3.1. Surface properties of adsorbent

Clays display permanent structural charges on their surfaces and pH-
dependent charges on the broken edges of the particles [40].
Phosphosilicate surface charge is due to heterovalent lattice
substitutions and hydrolyzable aluminol (> Al-OH) and silanol (> Si-OH)
edge site charge [41]. The proton adsorption / desorption properties of
aluminol and silanol depend on the pH of the solution. Hydroxyl groups
in the structure are the main reactive groups which interact with cationic
dyes. The Si-OH and Al-OH groups in the clay structure are ionized as
follows:

Si/Al—OH—Si/Al—O
Si/Al—OH—Si/Al—OH?*

There is a pHp.e where the sum of the negative charges is equal to the
sum of the positive charges and the net charge on the surface is zero. The



38 A.R.KUL, E. GOKIRMAK SOGUT, N. CALISKAN KILIC

pHpze 1s a significant adsorbent factor that supports the adsorption of
charged species and the influence of pH on the adsorption process [42].
As the pH increases, the number of negatively charged adsorption sites
increases. Thus, the surface charge on the adsorbent becomes negative,
and the electrostatic interaction between the cationic dye and the
adsorbent increases. Whereas by decreasing the pH the surface of the
positively charged adsorbent becomes attractive for anionic dyes [43].
The value of point zero charge (pHpz) of the natural clay was determined
to be 5.4 by the potentiometric titration method [44].

sial—OH, = sisal—on Pe siar—o

The site distributions modeled for aluminols and silanols for
montmorillonite are described by Rozalen et al. (2009). According to the
study, the AIOH*2 regions, which are in a very high saturation at around
pH 4, decrease to pH 8 and AlO regions are formed at PH ~6.5. Silica
areas remain neutral until pH~ 7-7.5 and start deprotonation at this
point. Between pH 7 and pH 10, the negative surface charge is due to the
addition of> SiO and> AlOsites. The silanol regions with PH> 10 begin
to become saturated and the increases in negative surface charge include
aluminol regions [41]. The Adilcevaz clay has a negative surface charge
at the pH value studied (~ 7.1 £ 0.1).

3.2. Characterization of the adsorbent

FT-IR analysis has been used as an effective method to identify the
functional groups responsible for adsorption. Figure 2 shows the FT-IR
spectrum of the natural adsorbent before and after the Neutral Red (NR)
adsorption process and shows some characteristic variations in the FT-
IR spectrum of the adsorbent after dye adsorption. Some peaks appear to
have disappeared or replaced, and in some cases new peaks appear. NR
molecules interact with the functional groups of the adsorbent, causing
the observed changes in the spectrum [45].
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FIGURE 2. FT-IR spectra before (a) and after (b) NR adsorption.

The bands at 3695 and 3618 cm! confirm the presence of kaolinite [46].
The peaks of surface hydroxyl groups (Si-Si-OH or Al-Al-OH) stretching
vibrations were observed at 3695.61 and 3618.46 cm 1. The peaks of the
stretching vibration of adsorbed water molecules are observed at 3441.01
and 1635.64 cm 1, respectively. The characteristic bands of 1419.61 cm™
and 1033.85 cm™ are respectively associated with calcite and clay
minerals or quartz (Fig. 2a) [47]. After NR adsorption onto adsorbent,
shifts in wavenumber of adsorbed water and calcite were observed, and a
new peak appeared in the 1508.33 cm™ band. At 1419 cm™ the peak is due
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to the stretching vibration of the C-O associated with the carboxyl group.
This group may act as a proton donor and therefore may contain
deprotonated hydroxy and carboxyl groups in coordination with the
positive dye. When NR is dissolved in water, it will be positively charged
and adsorbed [45,48,49]. Figure 2 shows that the natural adsorbent
contains functional groups such as OH, COO- and CO and that these
groups are responsible for interacting with the dye.
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FIGURE 3. Thermal analysis diagram of the Adilcevaz clay sample.

The thermal analysis diagram of the clay sample is shown in Figure 3.
Due to the dehydration of clay minerals, a peak at 116.7 ° C was observed.
The weight loss corresponding to 3.6% for the sample is due to the
removal of physically bound water. This peak is probably due to mixed
layer smectite presence [50]. The second broad endothermic event occurs
at 400-600 ° C and there is a weight loss of 2.4% for clay. This peak is
probably mainly due to the removal of the OH group of kaolinite [46,51].
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FIGURE 4. XRD pattern of Adilcevaz clay sample.
(S: Smectite group clay; Mi: Mica; Gy: Gypsum; @: Quartz; F Feldspar; Cal:
Calcite)

X-ray diffraction patterns showed the presence of smectite group clay
minerals at 15.7965 A and 13.9856 A (Fig 4). Also, mica at 10.1638 A,
gypsum at 7.6420 A, quartz at 4.2903 A and 3.3572 A feldspar at 3.2234
A and calcite reflections at 3.0445 A were observed. In the clay fraction,
smectite was detected in the ethylene glycol treated diffraction at
(17.1451 A). In addition, on the diffractogram (Fig. 4), there were
observed reflections of kaolinite minerals at 3.5573 A (001) and 7.2193 A
(002), confirming the presence small amount of kaolinite [52—54]. These
reflections remained unchanged with the treatments, but were destroyed
after heating to 550 ° C.
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FIGURE 5. SEM images of Adilcevaz clay sample.

The SEM image of natural clay is shown in Figure 5. The original sample
showed a typical scanning electron micrograph of the smectic clay. It can
be seen that the Adilcevaz clay have advanced textural properties (for
example, surface area and porosity), flat sheet and spongy structure [55].

3.3. Effect of initial dye concentration with contact time

It is essential to determine the effect of the initial dye concentration as it
provides the initial impulse needed to overcome the mass transfer
resistance through the sol-sorbent interface of the dye. Figure 6 shows
the effect of the initial dye concentration (25-85 mg L'!) as a function of
contact time (3-275 min) at the removal of NR by the natural adsorbent.
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FIGURE 6. Effect of contact time and initial concentration for NR adsorption
on Adilcevaz clay sample at 298 K.

As can be seen from Fig.6, with increasing concentration for dye
adsorption, the adsorption initially increases and then reaches
equilibrium. To ensure equilibrium saturation, the experiments were
continued for up to 275 minutes. The first rapid uptake may be due to the
external diffusion of the dye to the adsorbent surface. As time progresses,
slower uptake may be attributed to slower intracellular diffusion due to
lower dye concentration and constant adsorbent amount in the
adsorption system [34].

3.4. Effect of temperature

It is important to examine the temperature effect for the adsorption
process. In addition to affecting the equilibrium capacity of adsorption, it
also describes the exothermic and / or endothermic properties of the
adsorption process. The constant amounts of natural adsorbent and
different initial concentrations of the dye (25-85 mg L1) were studied. It
was observed that dye adsorption increased with increasing temperature
for all dye concentrations and is shown in Fig. 7 for Co = 65 mg L.
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FIGURE 7. The effect of temperature on the adsorption of NR on Adilcevaz clay
(Co=65mgL1).

This can be explained by the increase in the mobility of the NR reaching
the surface of the adsorbent with increasing temperature. In addition,
the adsorption rate is also affected because the temperature changes the
molecular interactions and the solubility of the dye [34].

3.5. Adsorption isotherms

Nonlinear diagrams of isotherm models for dye (NR) adsorption on the
natural adsorbent are given in Figure 8a and b. The values of the two-
parameter (Table 3a) and three-parameter (Table 3b) isotherm models
are listed.
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In Figure 8, the correlation between the amount of NR dye adsorbed on
the surface of the clay and the dye concentration of the aqueous phase at

equilibrium is observed [56].

TABLE 3a. Values of the parameters of the two-parameter models.

Isotherm/Model
298 K 310K 322 K
Value S.E Value S.E Value S.E

Langmuir  qm(mggl)  7.4734 1.2902 7.2136 11111  6.6711  0.9858
Ki, 0.0784  0.0329 0.1116  0.0464  0.1965  0.9490

R 0.3378 - 0.2638 - 0.1691 -

R2 0.9203 - 0.9033 - 0.8445 -

X2 0.1727 - 0.2256 - 0.3877 -
Freundlich Kr 1.0073  0.2490 1.2877  0.3636  1.7415  0.5098
1/n 0.4935  0.3356  0.4430  0.4945  0.3690  0.7707

R2 0.9431 - 0.8995 - 0.8369 -

X2 0.1232 - 0.2354 - 0.4065 -
Rag;‘:ﬁii;ih an(mgg?)  4.9359  1.0373 4.0125  1.3259  5.3652  0.8216
Kor 1.1578 10.1885 1.0006  1.0167  5.3721  2.6045
Enr 47006 20.6810 2.1523  0.0012  5.3021  1.8549

R? 0.4960 - 0.5129 - 0.6032 -

X2 1.0930 - 7.0322 - 0.9893 -
Temkin br 1.4438 02746 15161  0.2942  1.8078  0.3432
Kr 0.7032  0.2650  0.9185  0.3951  1.7948  1.2348

R? 0.9268 - 0.9151 - 0.8544 -

X2 0.1585 - 0.1988 - 0.3629 -
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TABLE 3b. Values of the parameters of the three-parameter models.

Isotherm/Model
298 K 310K 322 K
Value S.E Value S.E Value S.E
Redlich-Peterson  Kg 4.3837  0.0001  1.1328  3.1689  1.8118  5.7604
ar 4.3453  0.0001  0.3189  2.1249  0.4506  2.9740
g 0.5068  0.8289  0.8079  1.0062  0.8551  0.9557
R2 0.8869 - 0.8160 - 0.6985
X2 0.2465 - 0.4311 - 0.7516
Sips U (g‘g & 45212 99016  8.4620  13.9076  6.4969  4.6495
as 4.6577E-6  0.0021 7.5430E-4  0.3219  2.900E-4 0.3371
ns 0.4975  0.9312  0.8360  1.2992  1.0569  1.6393
R2 0.8861 - 0.8081 - 0.6891
X2 0.2469 - 0.4497 - 0.7751
Koble-Carrigan akc 1.0072 0.3504 0.9744 1.4775 1.2308 2.1861
bkc 15388 0.1139 1152 00793  0.1902  0.2351
nkc 0.4935  0.1139  0.8366  1.2865  1.0657  1.6351
R2 0.8863 - 0.8081 - 0.6891
X2 0.2465 - 0.4497 - 0.7751

The R2 value determined from the Langmuir equation is 0.9203, the x2
value is 0.1727 at 298 K. The qm value was determined to be 7.4734, but
SE was found to be quite high. The RL values at temperatures of 298, 310
and 322 K were found to be 0.3378, 0.2638 and 0.1691, respectively.
According to the Langmuir isotherm, it has been verified that the
adsorption of NR on the natural adsorbent is favorable for the conditions
of this study [57]. As seen from Table 3a, the Freundlich isotherm model
has higher regression coefficient (0.9431) and lower SE (0.2490) and x2
(0.1232) values than the other two parameter isotherm models. In
addition, the Kr and 1/n values were calculated as 1.0073 and 0.4935,
respectively. 1/n value between 0 and 1 showed that NR was easily
adsorbed by the natural sorbent. The D-R adsorption isotherm did not
provide good data for this study (R2 = 0.4960). As the adsorption energy
(E) values are below 8 kJ mol! at all the studied temperatures, it is
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understood that the adsorption mechanism is the combination of
electrostatic interaction and physical adsorption [44].

The correlation coefficient obtained from Tempkin isotherm at 298 K is
0.9268. The low value (1.4438) of the Tempkin constant by (J mol') shows
a weak adsorbate-adsorbent interaction [24].

The "g" constant of the Redlich-Peterson isotherm approximates Henry's
law (as the exponent “g” is all close to one) at low concentrations and
Freundlich's isotherm behavior at high concentrations (as the exponent
tends to zero) [58] [59]. In Table 3b, the exponential "g" value for dye
adsorption on the adsorbent at 298 K can be assumed to be close to zero

(g =0.5068).

If ns = 1, a dimensionless heterogeneity factor in the Sips isotherm
equation, this equation is reduced to the Langmuir equation and
indicates that the adsorption process is homogenous [60]. It has been
verified that adsorption is heterogeneous from the Sips isotherm constant
(0.4975) in Table 3b. Also, the Koble-Corrigan exponent was calculated
to be 0.4935. This is attributed to the suitability of the adsorption process
to the Freundlich isotherm.

3.6. Adsorption kinetics

The kinetic studies, which are very significant in understanding the
adsorption mechanism, have been investigated as a function of contact
time for different initial NR dye concentrations.



ADSORPTION OF NEUTRAL RED DYE FROM AQUEOUS SOLUTIONS BY NATURAL ADSORBENT:
AN EQUILIBRIUM, KINETIC AND THERMODYNAMIC STUDY 49

5,0
45
40 -
3,5 4
- 3,0 4
A g,
& 2,5 4
E .
~. 2,0
U -
1,5 - L)
1B 1 Pseudo-First
] Pseudo-Second
0,54 —— Elovich
1 Avrami
0,0 T ’ T : T y T g T T T g
0 50 100 150 200 250 300

t (min)

FIGURE 9. Experimental data of adsorption kinetic and non-linear fitting of
pseudo-first order, pseudo-second order, Elovich, and Avrami models for NR on
Adilcevaz clay sample at 298 K

Different kinetic models such as pseudo-first order, pseudo-second-order,
Elovich model, Avrami model, and Weber and Morris intraparticle
diffusion model were used in the evaluation of experimental data.
Statistical analysis tests were conducted to evaluate the fitness of the
model and to determine the suitability of the model. Higher R% and lower
error function values are referred to as better model fitting. Equations of
model are given in chapter 2. The results of the modeling data for the NR
adsorption on the natural adsorbent are presented in Table 4.
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TABLE 4. Kinetic parameters for the adsorption of NR dye on Adilcevaz clay
sample (Co = 65 mg Li1).

Kinetic

Adilcevaz

Models 298 (K) 308 (K) 318 (K)

Qe (exp) (mg g7) 4.2810 4.4970 4.6120

Pseudo-first order Qe, €ad (mg g-1) 4.8543 4.4260 4.5672
k1 (min) 0.0110 0.0595 0.0718

X2 0.0243 0.0269 0.0352

R2 0.9806 0.9734 0.9659

Pseudo-second order g, ay (mg g) 4.2884 4.9466 4.7859
ks (g mg! min) 0.0110 0.0175 0.0215

X2 0.0243 0.0180 0.0270

R2 0.9906 0.9938 0.9738

Elovich A (mg g* min) 0.6324 1.3930 2.3036
B (g mg-1) 1.0587 1.1917 1.2671

X2 0.0777 0.1031 0.1268

R2 0.9381 0.9075 0.8776

Avrami e, ) (mg g1) 4.2607 4.4260 4.5672
kav (mint) 0.2014 0.2440 0.2681

nav 0.2014 0.2440 0.2681

X2 0.0353 0.0315 0.0374

Intraparticle kia ((mg g'th?) 0.1911 0.1130 0.0799
Diffusion Co 2.3177 3.3030 3.7863
Model R2 0.9573 0.9205 0.9708

The pseudo-first-order kinetic model, which has an expression based on
the adsorption capacity of the adsorbent, is among the kinetic models
generally applied [61]. The results in Table 4 show that there is a
considerable difference between the calculated values (qge alw) and the
experimental values (qe xp). Compared to other model parameters, low
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correlation coefficient values and relatively high x% values indicate that
this model is not applicable for NR adsorption on the natural adsorbent.

The pseudo-second-order kinetic model helps predict the adsorption rate
of a given adsorption system. The adsorption ratio is based on the
assumption that the number of bonding areas on the adsorbent is
proportional to the square [62]. Equation and corresponding constants
are presented in Table 2. From the values in Table 4, it is observed that
the values of e (a0 and qe exp are almost similar. In the same way, R2
values are close to 1 and x2 values are lower. Therefore, the NR
adsorption on the natural adsorbent follows the pseudo second order
kinetic model sufficiently. Figure 9 depicts the corresponding model
graph of NR at 298 K. For all temperatures, this model emphasizes the
potential applicability to experimental kinetic data. As the initial dye
concentration increases, the rate coefficient k2 of the pseudo-second order
decreases (these values are not given in the Table 4). This shows a
decrease in the electrostatic interaction on site as the initial
concentration increases, thereby reducing the dye affinity toward natural
adsorbent [63].

The Elovich model is a kinetic model based on adsorption capacity, which
assumes that the adsorption mechanism is chemical or physical
adsorption [64]. The Elovich equation and the characteristic parameter
values are presented in Table 4, respectively. The fact that the x2 value
is significantly lower at 298 K, but this value is quite high for the other
two temperatures, as well as the low values of the correlation coefficients
at all temperatures, makes the suitability of this model for experimental
data questionable. [34]. It appears that B, a constant associated with the
extension of surface coverage, decreases with an increase in the initial
adsorbate concentration (these values are not given in the Table 4). The
surface area of the adsorbent is not very high, so the adsorption of NR
may be through functional groups.

For the kinetic evaluation of the adsorption process, the Avrami kinetic
model was also used. The lower x2 and R? values obtained for the Avrami
kinetic model confirm that this kinetic model does not define the NR
uptake kinetics on the natural adsorbent.
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FIGURE 10. Intra-particle diffusion plots for NR adsorption on Adilcevaz clay
sample at 298 K.

The intraparticle diffusion plot is the plot of amount sorbed per unit
weight of sorbent, q: (mg g!) versus square root of time, t2is shown in
Figure 10.

The intraparticle diffusion model clearly demonstrates the multiple
adsorption steps and this plot didn't pass through the origin, indicating
that intra-particle diffusion is not the only rate-limiting step in the
adsorption process [63,64]

3.7. Adsorption thermodynamic

Thermodynamic parameters such as enthalpy (AH°), entropy (AS°), and
Gibbs free energy (AG®) are used for a better understanding of the effect
of temperature effect on dye adsorption in adsorbents. Table 5 shows
thermodynamic parameters for NR dye adsorption on natural adsorbent.
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TABLE 5. Thermodynamic parameters for NR dye adsorption on Adilcevaz clay
sample.
Co AH° AS° AG®
(mg L) (kJ mol't)  (J mol? K1) (kJ mol)
298 (K) 310 (K) 322 (K)
25 263.51 1.0595 -3.7234 -4.2433 -5.5001
45 333.83 1.2633 -2.9596 -3.9628 -5.0576
65 113.86 0.4622 -1.6281 -2.0845 -2.3910
85 119.35 0.4759 -1.5722 -1.9052 -2.3650

The obtained AH° values are in the range of 333.83 kJ mol  to 113.86 kd
mol " at various initial dye concentrations. A positive sign indicates that
the process is endothermic in nature. This behavior may be due to an
increase in the diffusion rate of the adsorbate throughout the inner
boundary of the outer boundary layer and the adsorbents [65,66]. The ASe
value obtained is positive at all initial dye concentrations, indicating that
the degree of freedom during adsorption increases at the solid-liquid
interface. In addition, the positive value indicates the affinity of the
adsorbate to the solid-liquid interface, which reflects the adsorbent
affinity [67,68]. The negative value of AG® indicates that the adsorption
process 1s spontaneous. The obtained AGe values are lower than 20 kJ
mol?; this also supports the fact that the adsorption process follows the
physosorption mechanism [69].

4. CONCLUSION

The natural Adilcevaz clay is a good alternative adsorbent to remove the
NR dye from the aqueous solutions. When this adsorbent is suspended in
water, it interacts with the dye at the solid / liquid interface. Equilibrium
isotherm modeling of NR adsorption was performed and the data best fit
the Freundlich isotherm model. Five kinetic models were used to adjust
the adsorption and the best fit was provided by the pseudo-second kinetic
model; however, the intra-particle diffusion model has multiple linear
regions, which suggest that the adsorption can also be followed by
multiple adsorption rates. The maximum capacity of this adsorbent
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which is cheap and does not cause secondary pollution was determined
as 4.2810 mg g from the experimental data. AH® of adsorption process;
Thermodynamic parameters such as AS® and AG® were determined. The
enthalpy changes (AH®) indicate that the adsorption follows endothermic
processes, and the enthalpy magnitude is compatible with the physical
interaction of an adsorbent with an adsorbate.
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