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Abstract:  In this study, methylene blue (MB) dye adsorption from the aqueous solution on raw
clay samples collected from the Tilkitepe in the east of Lake Van was presented. Batch adsorption
studies were conducted to evaluate the effect of various experimental parameters such as pH,
contact  time  and  initial  concentrations  on  the  removal  of  MB.  The  five  nonlinear  adsorption
equations  were  applied  to  describe  the  equilibrium  isotherms.  Considering  the  correlation
coefficients,  the  order  of  the  most  suitable  isotherm models  was  Sips> Freundlich> Temkin>
Dubinin- Radushkevich>Langmuir. From the data applied to the pseudo-first-second order, Elovich
and intra-particle diffusion kinetic models, it can be said that the best model describing the kinetics
of MB dye adsorption is the pseudo-second order (PSO) kinetic model. The results are shown that
Tilkitepe / Van raw clay material could be used as an economical and effective adsorbent for dye
removal.
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INTRODUCTION

The  rapid  development  of  technology  caused
many industries to release their wastes into the
environment without subjecting them to a pre-
cleaning process. Dyes and pigment industries
often produce waste containing organic matter
and high color  (1).  Nowadays,  synthetic  dyes
are used more in the industry because of their
low-cost  production,  stability,  and  color
diversity compared to natural dyes. When these
pigments  are  released  into  the  environment,
they damage the ecology in the soil and water
they  contact  with  sunlight.  Therefore,  the
removal  of  industrial  wastes  containing  dye

emerges  as  one  of  the  most  critical  aims  in
environmental  studies.  There  are  more  than
100.000 kinds of  dye,  which are  classified as
anionic and cationic. The cationic dyes contain
protonated  amine  or  sulfur-containing  groups
and have a net positive charge (2).

MB dye is not accepted among toxic dyes but
has harmful effects on living organisms and is
used  in  the  coloring  of  many materials.  It  is
also  used  as  the  determination  of  surface
properties,  oxidation-reduction  indicator,
pesticide  industries,  antiseptic,  and  for  other
medical purposes (3-5). Therefore, an effective
method is required to remove the dye from the
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wastewater.  Some methods, such as chemical
precipitation  (6), ion-exchange  (7), adsorption
(8),  membrane  technologies  (9), and
photocatalysis  (10), are  used  in  the  removal
process. Adsorption is the most widely known
and  used;  it  is  quite  remarkable  because  it
provides ease of design and use (11).

Generally, porous materials such as clay, chitin,
peat,  silica,  and  activated  carbon  have  been
used for  the  adsorption  of  heavy  metals  and
dyes  from  aqueous  solution  (12).  Some
adsorbents  are  not  economical  due  to
regeneration  problems.  Also,  the  cost  of
production  and  other  parameters  such  as
regeneration,  usability,  environmental
compatibility,  and  the  energy  consumption  is
essential  in  the  selection  of  adsorbents  (13).
For this reason, the related studies aim to find a
more  economical  and  effective  sorbent  when
compared to activated carbon (12). Due to their
advantageous  physicochemical  characteristics
such as high surface area, high cation exchange
capacity, and layer structure, clays are known
to be highly capable  of  removing  waste  from
aqueous  solution  (14,  15).  Balancing  the
negatively  charged  layers  with  the  hydrated
cations placed in the intermediate layers is an
important feature of the clays (14).

In  recent  years,  many scientific  studies  have
centered on the investigation of locally available
clay as low-cost adsorbents.  Van lake basin is
rich  in  some  industrial  raw  materials.  The
people  of  the  region  use  clayey  soils  in  the
region for personal cleaning practices and the
production of pottery since ancient ages. There
are  no  studies  other  than  the  structural
characterization of the clayey soil in the region
and the determination of its adsorption capacity
of  heavy  metals  (16).  It  is  imperative  to
determine  the  chemical,  physicochemical  and
adsorptive properties of the materials that can
be  used  as  an  industrial  raw  material  in  the
region  and  to  use  the  raw  material  without
pretreatment  without  energy  expenditure  and

secondary  chemical  waste.  The  adsorption  of
organic  molecules  onto clay is  affected by its
surface  characteristics  and  the  chemical
properties  of  the  molecules  (15).  Due  to  the
high affinity of cationic dye molecules for clay
surfaces, they are readily adsorbed by treated
with clay suspensions (14).

This study  aimed to  evaluate the  potential  of
Tilkitepe natural clay as a low-cost adsorbent to
remove  methylene  blue  from  the  aqueous
solution as an ideal alternative to the expensive
methods  available  for  removing  dyes  from
wastewater.  The  natural  adsorbent  was
characterized  by  XRF,  XRD,  and  FT-IR
techniques.  The  batch  experiments  were
applied  to  understand  the  nature  of  the
adsorption of MB dye from the aqueous solution
onto  natural  clay.  The  effects  of  initial  dye
concentration,  contact  time, temperature,  and
pH  on  adsorption  were  investigated  to
emphasize  the  importance  of  optimum
conditions  in  determining  the  nature  of
adsorption. The obtained data were enforced to
several  isotherm models,  kinetic  models,  and
the advantages of natural material in waste dye
removal were presented.

MATERIALS AND METHODS

Adsorbent
The natural  clay  samples  were  collected from
the  Tilkitepe/Van  region  was  powdered  in  a
mortar.  No pretreatment  has  been  applied  to
the material. After passing through a 230 mesh
sieve (62.0 μm), it was stored in the polymer
bags and denoted as TM.

Adsorbate
Methylene blue  (MB,  MF:C16H18N3SCl  and MW:
319.852 g) was obtained from Merck. The dye’s
chemical structure is showed in Figure 1 and a
stock solution (1000 mg L-1) was prepared and
then  diluted  with  distilled  water  at  different
concentrations.

Figure 1. The chemical structure of methylene blue.
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Characterization of the Sample
Chemical analysis of the Tilkitepe raw clay was
made  using  the Philips  2400  XRF  instrument.
XRD  analysis  was  obtained  using  an  X-ray
diffractometer  (Philips  PW  1830-40)  with  Ni-
filtered Cu X-ray tube devices at 2-40 degrees.
FT-IR analysis was performed before and after
the  adsorption  process,  using  a  Thermo
Scientific  Nicolet S10 FT-IR spectrometer with
wavenumber range from 400 to 4000 cm-1 (16).

Methods
The  adsorption  experiments  were  applied  at
ambient temperature with a solution of 0.1 g of
adsorbent in 10 mL of an aqueous solution of
several concentrations of the dye (10, 20, 30,
45,  and  60  mg  L-1).  The  effect  of  pH  was
investigated using HCl and NaOH solutions (pHs
2, 3,  4,  5,  6,  7,  8,  9).  These measurements
were made using a WTW pH meter (Series 720,
Germany).  The  batch  adsorption  process  was
carried out using a heat-controlled shaker with
a constant agitation speed of 125 rpm at 298 K.
The  samples  were  filtered,  and  the  residual
concentrations  of  MB  in  the  filtrate  were
measured to learn about the final concentration
of  MB  dye  by  using  a  UV  /  Vis
Spectrophotometer  (PG  Instruments  T80)  at
664 nm. The amounts of dye adsorbed by the
adsorbent  and  the  adsorption  efficiency  (%)
were  calculated  from  using  the  following
equation (17).

qe=
(C0 –C e)V

m (1)

%Adsorption=
C0 –Ce
C0

×100 (2)

Where,  C0  (mg  L-1)  is  the  initial  liquid  phase
concentration,  and  Ce (mg  L-1)  is  equilibrium
liquid-phase concentrations of the dye, qe (mg
g-1) represents the amount of dye adsorbed, V
(L) is the volume of the solution, and m (g) is
the mass of the adsorbent used.

Adsorption Isotherms
Langmuir,  Freundlich,  Dubinin-Radushkevich,
Temkin,  and  Sips  and  non-linear  isotherms
were  used  to  explain  the  nature  of  the
Methylene  blue  adsorption  on  the  natural
adsorbent  (surface  properties,  mechanism  of
adsorption).  The  isotherm  parameters  were
determined  by  non-linear  regression  analysis
(with Originlab. 17). The Ce-qe values obtained
for  dye  adsorption  on  the  natural  adsorbent

were  applied  to  each  non-linear  isotherm
equation.  For  each  isotherm  model,  standard
errors (S.E) were also calculated to determine
the  isotherm  that  best  fits  the  experimental
data. Besides, a chi-square value (χ2), which is
a statistical data required for the suitability of
the obtained adsorption system, was calculated
using  the  same  software  (16,  18).  The  non-
linear regression method, which was applied in
the computerized process,  that  minimizes  the
error  distribution  between  the  experimental
data and the estimated isotherms, was applied
(19).

These  parameters  are  determined  in  the
following Eq.3 and 4 (20).

(3)

(4)

where  𝑞𝑒,calc (mg  g−1)  is  calculated  from  the
isotherm for corresponding 𝑞𝑒,exp(mg g−1), which
is obtained from the batch experiment and 𝑞𝑒,exp

is the average of qe, exp. Also, N represents the
number of  observations  in  experimental  data.
The fact that R2 is close to unity, χ2, and S.E
close to zero is an indicator of the most suitable
isotherm model (21)

Langmuir Isotherm
According  to  the  Langmuir  isotherm  model,
there  are  active  adsorption  centers  on  the
surface  of  the  sorbent,  and  they  all  have
equivalent  energy.  Furthermore,  according  to
this  model,  the  adsorption  equilibrium  is  a
dynamic equilibrium and the molecules attached
to the surface do not interact with each other
(22).

(5)

Where qm is the maximum adsorption capacity
(mg  g-1),  and  KL is  the  Langmuir  isotherm
constant (L g-1).

Freundlich Isotherm
The  Freundlich  equation  is  used  to  describe
heterogeneous systems and is expressed in the
following equation.

(6)
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Where  KF is  Freundlich  isotherm  constant  (L 
g−1),  and n is  the heterogeneity factor  in the
Freundlich model. If 1 / n value is below unity,
it shows normal adsorption, but if 1 / n is above
unity, it indicates cooperative adsorption (23).

Dubinin–Radushkevich Isotherm
This  isotherm  is  usually  applied  by  Gaussian
energy  distribution  to  express  the  adsorption
mechanism on heterogeneous surfaces.

(7), (8)

Where KDR is  D-R isotherm constant,  R is  the
ideal gas constant (8.314 (J mol-1 K-1), and ε is
the Polanyi potential.

If  the  energy  value  is  less  8  kJ  mol-1,  the
physical  interactions  are  in  the  adsorption.
Conversely, if the energy is more than 8 kJ mol-
1, the adsorption mechanism can be defined by
chemical interactions (24).

Temkin Isotherm
Temkin  isotherm  model  assumes  that  the
adsorption heat (a function of temperature) of
all molecules in the layer will decrease linearly
(23).

(9)

where KT is Temkin isotherm equilibrium binding
constant (L g-1),bT is Temkin isotherm constant
(kJ mol-1), R is the ideal gas constant (8.314 (J
mol-1 K-1), T is the temperature (K).

Sips Isotherm
Sips  isotherm  model  is  used  to  describe
adsorption  on  heterogeneous  surfaces.  Sips
isotherm model  is  a  combination of  Langmuir
and Freundlich isotherm models. It shows the
characteristics  of  Freundlich  isotherm  at  low
concentrations and gives the characteristics of
Langmuir isotherm by estimating the monolayer
adsorption capacity at high concentrations (21).

(10)

Where KS is Sips isotherm constant (L g-1), aS is
Sips isotherm constant, (L mg −1), and nS is Sips
isotherm exponent.

Kinetics
The  pseudo-first-order  (PFO)  kinetic  model  is
expressed as follows (25).

(11)

where  k1 (min-1)  is  PFO  rate  constant  and  t
(min) is the contact time.

Y.S.  Ho  developed  the  pseudo  second  order
(PSO)  kinetic  model  and  was  expressed  as
follows:

(12)

where k2 (g mg-1 min-1) is PSO rate constant.

The intra-particle diffusion model is as follows:

(13)

where ki is the rate constant (mg g−1 min−0.5)

The Elovich equation, which is representative of
the  active  solid  regions  being  energetically
heterogeneous  and  therefore  representing
different  activation  energies  for  chemical
adsorption,  interprets  the  absorption  kinetics
and is graphed with the following equation.

(14)

where α (mg g-1 min-1) is the initial adsorption
rate,  β  (g  mg-1)  is  the  desorption  constant
related to the extent of surface coverage and
activation energy for chemisorption (26).

RESULTS

Surface Properties and Characterization of
Adsorbent
Tilkitepe raw clay is composed of SiO2 37.5%,
and it has 20.5% CaO, 6.2% MgO, 5.6% Al2O3,
5.4% Fe2O3, 0.6% TiO2, 2.0% Na2O, 1.3% K2O,
0.1% MnO and 0.1% P2O5.  The XRD analysis
indicates  the  predominance  of  quartz  and
calcite in the raw clayey material, with the most
intense  peaks,  a  low  quantity  of  feldspar,
smectite, and illite. The surface properties and
characterization  of  adsorbent,  which  include
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clay  minerals  and  non-clay  minerals,  are
presented in detail in the previous paper  (16).
The  functional  groups  contributing  to  the
adsorption process were measured, and the FT-

IR spectrum of clay adsorbent before and after
the  adsorption  is  in  the  wavenumber  range
4,000–400 cm–1 and is presented in Figure 2.

Figure 2. The FTIR spectra of before and after adsorption of methylene blue onto Tilkitepe-
originated clayey material.

The  two  bands  at  3568  and 3424  cm-1 were
ascribed  to  hydroxyl  groups  involved  in
hydrogen  bonds  (Si–Si-OH  or  Al–Al–OH),
respectively. 2985 and 1436 cm-1 peaks indicate
the presence of (C – H) group vibrations. The
band appearing at 1629 cm−1 is due to the H2O
bending vibration. Si-O-Al is bending vibration,
871.82  cm–1 attributed  to  Fe–Al–OH  of
montmorillonite, and Si-O-Si bending vibrations
can be attributed to 509.21 cm  -1 and 462.92
cm -1, respectively (16). The FTIR spectra of the
raw clay and MB adsorbed clay showed that is a
noticeable change in intensity of the bands with
no change locations. After the adsorption of MB,
the  density  of  Si-O-Si  (siloxane  peak)  was
increased  in  1014  due  to  the  electrostatic
attraction between the positive dye cation and
the  negative  clay  surface  (Figure  2).
Furthermore, the band density of the hydroxyl

group observed in 3568, and 3424 cm-1 (Figure
2)  appears  to  decrease  after  MB  adsorption
(27).  The  changes  in  the  FTIR  spectra
confirmed  that  the  process  involved  is  type
inclusion of methylene blue on the Tilkitepe raw
clay (28).

Influence of pH on the Adsorption
The effect of pH on the ability of Tilkitepe raw
clay  to  remove  methylene  blue  (MB)  from
aqueous solution was investigated. The pH of
the  solution  is  one  of  the  most  effective
parameters  in  the  adsorption  process,  mainly
due  to  the  importance  of  adsorbents  on  the
surface  functional  groups  and  adsorption
properties  (29).  The  effect  of  pH  on  the
adsorption efficiency (%) was calculated using
Eq. 2 and presented Figure 3.

Figure 3. pH effect on the adsorption of methylene blue on raw clay at 30 mg L-1 initial solution
concentration (298 K).
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The pH control was adjusted by adding HCl and
NaOH  solutions,  and  the  highest  adsorption
efficiency was achieved as 99.34% at pH = 4. It
might be the result of increased protonation by
neutralizing negative charges on the adsorbent
surface  because  the  cationic  dye  targets  the
electron-rich centers (30). It was observed that
the amount of dye removal starts  to increase
again at higher than pH = 7. Alkaline solutions
might cause the change in the polarity of the
dye,  and  methylene  blue  might  have
demethylated  to  other  conventional  dyes.
Similar  results  were  presented  in  other
publications  (31-33).  It  indicated  that  the
adsorption  capacity  of  MB  onto  Tilkitepe  in
solution  was  pH-dependent.  Therefore,  it  was
decided to perform batch adsorption tests at pH
= 4.  In  substance,  Tilkitepe  raw  clay  with  a
smectic  clay  density  is  composed  of  an
octahedral  alumina  layer  between  the  outer

layers  of  tetrahedral  silica.  The silanol  groups
on  the  clay  surface  can  be  said  to  form  a
hydrogen bond to an amine group and to form
an ionic bond with another amine group Si-O.
Besides,  in  many studies,  clay  has  also  been
interpreted  to  interact  with  dye  molecules
through  hydrogen  bonds  and  hydrophobic-
hydrophobic mechanisms (34-36). 

Effect  of  initial  dye  concentration  with
contact time
The determination of the effect of the initial ion
concentration is critical because it provides the
initial repulsive force necessary to get over the
mass transfer opposition of the dye through the
sol-sorbent interface  (37).  Fig.4a and b show
the effect of the initial dye concentration (10-60
mg L-1)  as  a  function of  contact  time  (1-120
min) at the removal of MB by Tilkitepe clay.

Figure 4. a) Effect of contact time for the adsorption of methylene blue onto Tilkitepe (C0:30 mg L-

1, T: 298 K), b) The effects of the initial solution concentration on the adsorption at 298 K.

With  increasing  concentration  for  dye
adsorption, as presented in Figures 4.a. and b.,

the  adsorption  initially  increases.  The
experiments were decided to be performed for
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90  minutes  to  ensure  equilibrium  saturation.
The  first  rapid  uptake  may  be  for  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 (38).

Adsorption isotherms
The  analysis  of  isotherm  results  provides
essential information, such as the nature of the
adsorbent and its surface properties (39). Non-
linear  diagrams  of  isotherm  models  for  dye
(MB) adsorption on the Tilkitepe raw clay are
given in Fig. 5. The values of isotherm models
are listed in Table 1.

Figure 5. Comparison of adsorption isotherm models for the sorption of methylene blue on
Tilkitepe at 298 K.

Table 1. The values of non-linear isotherm models for methylene blue adsorption onto Tilkitepe.
Isotherm/Model  Value S.E

Langmuir qM (mg g-1) 11.870 1.2900
KL 2.2466 0.1042
RL 0.0426
R2 0.9015
χ 2 0.2431

Freundlich KF 9.8099 0.2598
n 1.6098 0.3292
R2 0.9590
χ 2 0.8942

Dubinin-Radushkevich qM (mg g-1) 9.9823 0.8061
KD-R 0.2623 0.0367
ED-R 1.3807
R2 0.9350
χ 2 0.9512

Temkin bT   0.8602 0.3757
KT 18.0560 1.5064
R2 0.9355
χ 2 0.8741

Sips qM (mg g-1) 10.9787 0.3312
aS 6.1725 0.2137
nS 2.866 0.5234
R2 0.9819

 χ 2 0.9096  

Langmuir  isotherm,  which  accepts  monolayer
and  homogeneous  adsorption,  can  be  caused
not  only  by  physical  interactions  but  also  by

powerful electrostatic attractions. The R2 value
determined  from  the  Langmuir  equation  is
0.9015; the χ2 value is 0.2431 at 298 K. The qm
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value was determined to  be  11.870,  and S.E
was found to  be 1.2900.  The RL values  were
found  to  be  0.0426;  it  can  be  said  that  the
Langmuir  isotherm  is  favorable  for  the
adsorption  (40).  However,  the  Freundlich
isotherm  model  has  a  higher  regression
coefficient (0.9590) and lower S.E (0.2598) and
χ2 (0.8942) values. Also, the KF and n values
were  calculated  as  9.8099  and  1.6098,
respectively. If n lies between one and ten, this
indicates a favorable sorption process (23). 1/n
(0,6211) value between 0 and 1 showed that
the natural sorbent easily adsorbed MB. The D-
R adsorption isotherm provided useful data for
this  study (R2 = 0.9350).  It  has  a  lower S.E
(0.8061)  and  χ2 (0.9512)  values.  As  the
adsorption  energy  (E)  values  are  below  8  kJ
mol-1 at the studied temperature, thus, it can be
said  that  the  adsorption  mechanism  is  a
combination  of  physical  adsorption  and
electrostatic  interaction  (41).  In  physical
adsorption,  adsorbates  exhibit  relatively  low
adsorption  energies  as  they  adhere  to  the
adsorbent  through  weak  Van  der  Waals
interactions.  The  low  value  (0.8602)  of  the
Temkin constant  b𝑇 (kJ mol-1) obtained from
the  Temkin  Isotherm  model  also  supports  a
weak  adsorbate-adsorbent  interaction.  The
correlation  coefficient  obtained  from  Temkin

isotherm at  298  K  is  0.9355,  and  lower  S.E
(0.3757) and χ2 (0.8741) values  (20, 42). If nS

= 1, a dimensionless heterogeneity factor in the
Sips isotherm equation, this equation is reduced
to  the  Langmuir  isotherm  equation  and
indicates  that  the  adsorption  process  is
homogenous  (43). This isotherm model has a
higher regression coefficient (0.9819) and lower
S.E  (0.3312)  and  χ2 (0.9096)  values.  It  has
been verified that adsorption is heterogeneous
from  the  Sips  isotherm  constant  (6.1725)  in
Table 1.

Adsorption kinetics
Kinetic  studies  are  critical  in  illuminating  the
adsorption  mechanism.  It  is  known that  non-
linear  kinetic  models  are  more  accurate  in
assigning the correct models to the tested data
(44). Different kinetic models such as pseudo-
first-order,  pseudo-second-order,  Elovich  non-
linear  kinetic  models,  and  Weber  and  Morris
intraparticle  diffusion model  were used in the
evaluation of the experimental data in Figure 6.
Higher R2 and lower error function values are
referred to as better model fitting. The results
of the modeling data for the MB adsorption on
the natural adsorbent are presented in Table 2
a-b.

Table 2 a. Pseudo-first  and -second-order  and  Elovich kinetic  parameters  of  Methylene Blue
adsorption onto Tilkitepe clay at 30 mg L-1 initial dye concentrations (T = 298 K).

Kinetic
Models Value SE.

qe (exp) (mg g-1) 2.9778 -
Pseudo-first order qe. (cal) (mg g-1) 0.0075 0.0059

k1 (min-1) 0.0075 0.0540
χ 2 0.0024
R2 0.5954

Pseudo-second order qe. (cal) (mg g-1) 2.9797 0.0030
k2 (g mg-1 min-1) 3.6686 0.2404

X2 0.0043
R2 0.9502

Elovich α (mg g-1 min-1) 1.2115 10.6052
β (g mg-1) 35.8904 2.9699

χ 2 0.0176
R2 0.7451

Table 2 b. Intraparticle diffusion parameters at (30 mg L-1 initial dye concentrations and T = 298
K).

Intraparticle Tilkitepe clay
Diffusion 298 (K)

Model
kid ((mg g-1h1/2) 0.0011
Co 2.9326
R2 0.7871
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The pseudo-first-order kinetic model is usually
among the applied kinetic models and has an
expression based on the adsorption capacity of
the adsorbent (Eq. (11)). It is seen that there is
a significant difference between the calculated
values (qe (calc)) and the experimental values
(qe (exp)) from Table 2 a. Compared to other
model parameters, lower correlation coefficient
values that this model is not applicable for MB
adsorption on the natural adsorbent (45).
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  (46).  Equation  (Eq.(12))  and
corresponding constants are presented in Table
2 a. It is observed that the values of qe (calc)
and qe (exp) are almost similar, and χ2 is at a
lower value, and R2 value is 0.9502. Therefore,
the  MB  adsorption  on  the  natural  adsorbent
follows the pseudo second-order kinetic model
sufficiently (47).

Figure 6. Non-linear kinetic model of pseudo-first-order, pseudo-second-order, and Elovich models
for Methylene blue adsorption onto Tilkitepe at 298 K.

The Elovich model,  a kinetic model,  based on
adsorption  capacity,  assumes  that  the
adsorption  mechanism is  chemical  or  physical
adsorption (48). The Elovich equation (Eq. (14))
and  the  characteristic  parameter  values  are
presented  in  Table  2  a,  respectively.  Table  2

shows the applicability of this model in that the
value of χ2 is significantly lower at 298 K. The
low values of the correlation coefficients at the
temperature discuss the suitability of this model
for the experimental data (49).

Figure 7. Intraparticle diffusion plots for adsorption (C0= 30 mg L-1 and T = 298 K).
The intra-particle diffusion plot was calculated
with Eq. 13 and presented in Figure 7. If  the

particle diffusion was involved in the adsorption
process, the plot would appear a straight line,
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and if the rate-limiting step were only particle
diffusion, this line would pass through the origin
(50).  It  is  evident  in  Figure  7 that  there  are
three separate stages in each case. i) The first
stage  with  high  slope  represents  the  fastest
process,  mass  or  surface  diffusion;  ii)  the
second  stage  is  slower  than  the  first  stage,
which  shows  the  effect  of  pore  diffusion  or
intra-particle diffusion controlled region; iii) the
last  stage  is  almost  linear  and  indicates  the
equilibrium state of the system (51). As can be
seen, the plot did not pass through the origin;
thus it can be said that intra-particle diffusion is
not the only rate-limiting step in the adsorption
process  (52) The boundary layer  thickness  of
the  calculated  diffusion  coefficient  is  listed  in
Table 2 b.

CONCLUSION

The raw Tilkitepe clay is an excellent alternative
adsorbent  to  remove  the  MB  dye  from  the
aqueous  solutions.  When  this  adsorbent  is
suspended in water, it interacts with the dye at
the solid/liquid interface. The dye molecules in
the  structure  of  clay  form  active  areas  by
hydrating in aqueous solution depending on pH.
Thus,  MB  is  attracted  to  negatively  charged
surfaces of clay or interlamellar can be replaced
with cations in space; the charge density is pH-
dependent (38). Equilibrium isotherm modeling
of MB adsorption was performed, and the data
best  fit  the  Freundlich  and  Sips  isotherm
models. Among the most critical kinetic models
evaluated  in  the  adsorption  mechanism,  the
pseudo-second kinetic (PSO) model is the most
suitable model.  Furthermore, the intra-particle
diffusion  model  has  linear  regions,  and  it  is
proposed  that  multiple  adsorption  rates  can
follow adsorption. The maximum capacity (qM)
of this adsorbent, which is cheap and does not
cause secondary pollution, was determined as
11.870 mg g-1 from the experimental data.
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	Tilkitepe raw clay is composed of SiO2 37.5%, and it has 20.5% CaO, 6.2% MgO, 5.6% Al2O3, 5.4% Fe2O3, 0.6% TiO2, 2.0% Na2O, 1.3% K2O, 0.1% MnO and 0.1% P2O5. The XRD analysis indicates the predominance of quartz and calcite in the raw clayey material, with the most intense peaks, a low quantity of feldspar, smectite, and illite. The surface properties and characterization of adsorbent, which include clay minerals and non-clay minerals, are presented in detail in the previous paper (16). The functional groups contributing to the adsorption process were measured, and the FT-IR spectrum of clay adsorbent before and after the adsorption is in the wavenumber range 4,000–400 cm–1 and is presented in Figure 2.
	Figure 2. The FTIR spectra of before and after adsorption of methylene blue onto Tilkitepe-originated clayey material.
	The two bands at 3568 and 3424 cm-1 were ascribed to hydroxyl groups involved in hydrogen bonds (Si–Si-OH or Al–Al–OH), respectively. 2985 and 1436 cm-1 peaks indicate the presence of (C – H) group vibrations. The band appearing at 1629 cm−1 is due to the H2O bending vibration. Si-O-Al is bending vibration, 871.82 cm–1 attributed to Fe–Al–OH of montmorillonite, and Si-O-Si bending vibrations can be attributed to 509.21 cm -1 and 462.92 cm -1, respectively (16). The FTIR spectra of the raw clay and MB adsorbed clay showed that is a noticeable change in intensity of the bands with no change locations. After the adsorption of MB, the density of Si-O-Si (siloxane peak) was increased in 1014 due to the electrostatic attraction between the positive dye cation and the negative clay surface (Figure 2). Furthermore, the band density of the hydroxyl group observed in 3568, and 3424 cm-1 (Figure 2) appears to decrease after MB adsorption (27). The changes in the FTIR spectra confirmed that the process involved is type inclusion of methylene blue on the Tilkitepe raw clay (28).
	Influence of pH on the Adsorption
	The effect of pH on the ability of Tilkitepe raw clay to remove methylene blue (MB) from aqueous solution was investigated. The pH of the solution is one of the most effective parameters in the adsorption process, mainly due to the importance of adsorbents on the surface functional groups and adsorption properties (29). The effect of pH on the adsorption efficiency (%) was calculated using Eq. 2 and presented Figure 3.
	Figure 3. pH effect on the adsorption of methylene blue on raw clay at 30 mg L-1 initial solution concentration (298 K).
	The pH control was adjusted by adding HCl and NaOH solutions, and the highest adsorption efficiency was achieved as 99.34% at pH = 4. It might be the result of increased protonation by neutralizing negative charges on the adsorbent surface because the cationic dye targets the electron-rich centers (30). It was observed that the amount of dye removal starts to increase again at higher than pH = 7. Alkaline solutions might cause the change in the polarity of the dye, and methylene blue might have demethylated to other conventional dyes. Similar results were presented in other publications (31-33). It indicated that the adsorption capacity of MB onto Tilkitepe in solution was pH-dependent. Therefore, it was decided to perform batch adsorption tests at pH = 4. In substance, Tilkitepe raw clay with a smectic clay density is composed of an octahedral alumina layer between the outer layers of tetrahedral silica. The silanol groups on the clay surface can be said to form a hydrogen bond to an amine group and to form an ionic bond with another amine group Si-O. Besides, in many studies, clay has also been interpreted to interact with dye molecules through hydrogen bonds and hydrophobic-hydrophobic mechanisms (34-36).
	The determination of the effect of the initial ion concentration is critical because it provides the initial repulsive force necessary to get over the mass transfer opposition of the dye through the sol-sorbent interface (37). Fig.4a and b show the effect of the initial dye concentration (10-60 mg L-1) as a function of contact time (1-120 min) at the removal of MB by Tilkitepe clay.
	Figure 4. a) Effect of contact time for the adsorption of methylene blue onto Tilkitepe (C0:30 mg L-1, T: 298 K), b) The effects of the initial solution concentration on the adsorption at 298 K.
	With increasing concentration for dye adsorption, as presented in Figures 4.a. and b., the adsorption initially increases. The experiments were decided to be performed for 90 minutes to ensure equilibrium saturation. The first rapid uptake may be for 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 (38).
	Adsorption isotherms
	The analysis of isotherm results provides essential information, such as the nature of the adsorbent and its surface properties (39). Non-linear diagrams of isotherm models for dye (MB) adsorption on the Tilkitepe raw clay are given in Fig. 5. The values of isotherm models are listed in Table 1.
	Figure 5. Comparison of adsorption isotherm models for the sorption of methylene blue on Tilkitepe at 298 K.
	Table 1. The values of non-linear isotherm models for methylene blue adsorption onto Tilkitepe.
	Langmuir isotherm, which accepts monolayer and homogeneous adsorption, can be caused not only by physical interactions but also by powerful electrostatic attractions. The R2 value determined from the Langmuir equation is 0.9015; the χ2 value is 0.2431 at 298 K. The qm value was determined to be 11.870, and S.E was found to be 1.2900. The RL values were found to be 0.0426; it can be said that the Langmuir isotherm is favorable for the adsorption (40). However, the Freundlich isotherm model has a higher regression coefficient (0.9590) and lower S.E (0.2598) and χ2 (0.8942) values. Also, the KF and n values were calculated as 9.8099 and 1.6098, respectively. If n lies between one and ten, this indicates a favorable sorption process (23). 1/n (0,6211) value between 0 and 1 showed that the natural sorbent easily adsorbed MB. The D-R adsorption isotherm provided useful data for this study (R2 = 0.9350). It has a lower S.E (0.8061) and χ2 (0.9512) values. As the adsorption energy (E) values are below 8 kJ mol-1 at the studied temperature, thus, it can be said that the adsorption mechanism is a combination of physical adsorption and electrostatic interaction (41). In physical adsorption, adsorbates exhibit relatively low adsorption energies as they adhere to the adsorbent through weak Van der Waals interactions. The low value (0.8602) of the Temkin constant b𝑇 (kJ mol-1) obtained from the Temkin Isotherm model also supports a weak adsorbate-adsorbent interaction. The correlation coefficient obtained from Temkin isotherm at 298 K is 0.9355, and lower S.E (0.3757) and χ2 (0.8741) values (20, 42). If nS = 1, a dimensionless heterogeneity factor in the Sips isotherm equation, this equation is reduced to the Langmuir isotherm equation and indicates that the adsorption process is homogenous (43). This isotherm model has a higher regression coefficient (0.9819) and lower S.E (0.3312) and χ2 (0.9096) values. It has been verified that adsorption is heterogeneous from the Sips isotherm constant (6.1725) in Table 1.
	Adsorption kinetics
	Kinetic studies are critical in illuminating the adsorption mechanism. It is known that non-linear kinetic models are more accurate in assigning the correct models to the tested data (44). Different kinetic models such as pseudo-first-order, pseudo-second-order, Elovich non-linear kinetic models, and Weber and Morris intraparticle diffusion model were used in the evaluation of the experimental data in Figure 6. Higher R2 and lower error function values are referred to as better model fitting. The results of the modeling data for the MB adsorption on the natural adsorbent are presented in Table 2 a-b.
	Table 2 a. Pseudo-first and -second-order and Elovich kinetic parameters of Methylene Blue adsorption onto Tilkitepe clay at 30 mg L-1 initial dye concentrations (T = 298 K).
	Table 2 b. Intraparticle diffusion parameters at (30 mg L-1 initial dye concentrations and T = 298 K).
	The pseudo-first-order kinetic model is usually among the applied kinetic models and has an expression based on the adsorption capacity of the adsorbent (Eq. (11)). It is seen that there is a significant difference between the calculated values (qe (calc)) and the experimental values (qe (exp)) from Table 2 a. Compared to other model parameters, lower correlation coefficient values that this model is not applicable for MB adsorption on the natural adsorbent (45).
	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 (46). Equation (Eq.(12)) and corresponding constants are presented in Table 2 a. It is observed that the values of qe (calc) and qe (exp) are almost similar, and χ2 is at a lower value, and R2 value is 0.9502. Therefore, the MB adsorption on the natural adsorbent follows the pseudo second-order kinetic model sufficiently (47).
	Figure 6. Non-linear kinetic model of pseudo-first-order, pseudo-second-order, and Elovich models for Methylene blue adsorption onto Tilkitepe at 298 K.
	The Elovich model, a kinetic model, based on adsorption capacity, assumes that the adsorption mechanism is chemical or physical adsorption (48). The Elovich equation (Eq. (14)) and the characteristic parameter values are presented in Table 2 a, respectively. Table 2 shows the applicability of this model in that the value of χ2 is significantly lower at 298 K. The low values of the correlation coefficients at the temperature discuss the suitability of this model for the experimental data (49).
	Figure 7. Intraparticle diffusion plots for adsorption (C0= 30 mg L-1 and T = 298 K).
	The intra-particle diffusion plot was calculated with Eq. 13 and presented in Figure 7. If the particle diffusion was involved in the adsorption process, the plot would appear a straight line, and if the rate-limiting step were only particle diffusion, this line would pass through the origin (50). It is evident in Figure 7 that there are three separate stages in each case. i) The first stage with high slope represents the fastest process, mass or surface diffusion; ii) the second stage is slower than the first stage, which shows the effect of pore diffusion or intra-particle diffusion controlled region; iii) the last stage is almost linear and indicates the equilibrium state of the system (51). As can be seen, the plot did not pass through the origin; thus it can be said that intra-particle diffusion is not the only rate-limiting step in the adsorption process (52) The boundary layer thickness of the calculated diffusion coefficient is listed in Table 2 b.
	CONCLUSION
	The raw Tilkitepe clay is an excellent alternative adsorbent to remove the MB dye from the aqueous solutions. When this adsorbent is suspended in water, it interacts with the dye at the solid/liquid interface. The dye molecules in the structure of clay form active areas by hydrating in aqueous solution depending on pH. Thus, MB is attracted to negatively charged surfaces of clay or interlamellar can be replaced with cations in space; the charge density is pH-dependent (38). Equilibrium isotherm modeling of MB adsorption was performed, and the data best fit the Freundlich and Sips isotherm models. Among the most critical kinetic models evaluated in the adsorption mechanism, the pseudo-second kinetic (PSO) model is the most suitable model. Furthermore, the intra-particle diffusion model has linear regions, and it is proposed that multiple adsorption rates can follow adsorption. The maximum capacity (qM) of this adsorbent, which is cheap and does not cause secondary pollution, was determined as 11.870 mg g-1 from the experimental data.
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