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In this study, the adsorption performance of montmorillonite (MMT) was evaluated by Basic Red-
5 adsorption experiments considering the influencing factors (initial BR-5 concentration, dosage,
time, pH, and temperature). The surface and structural properties were characterized by FT-IR,
XRD, XRF, SEM-EDS, AFM, and BET techniques. The adsorption experiments were carried out
by batch mode for the evaluation of isotherm, kinetic, and thermodynamic studies. The results of
equilibrium adsorption isotherm were interpreted using different isotherm models. The
equilibrium data fitted well with the Langmuir isotherm models, and the maximum adsorption
capacity was found as 163.93 mg/g. Adsorption data of the BR-5 onto MMT provide well by
pseudo-second-order model (R?= 0.999). The AH®, AS® and AG® values were calculated for the
nature of the adsorption process. The analysis of the thermodynamic parameters showed
spontaneous, exothermic, and viable adsorption of BR-5 under the investigated experimental
conditions. A factorial design was applied to examine the effect of three factors initial
concentration of dye (50 and 100 mg/L), time (60 and 120 min.) and dosage (0.05 and 1.00 mg/L)
on the adsorption process. According to the results, with high efficient adsorption capacity and

compatible surface properties are advantageous to be used for uptake of dyes.

1. INTRODUCTION

Dyes are mainly used in the textiles, packed food,
tanneries, leather, pharmaceutical industries, pulp and
paper, paint, cosmetics, and electroplating industries.
More than 100,000 commercials chemically dyes are in
use, and the production of dye are estimated to increase
at 3 % per year (Sarma et al., 2016; Yeddou-Mezenner,
2010).

Most of the synthetic dyes have a complex
aromatic structure, which makes them biodegradable
difficult into the environment. The presence of low dye
concentrations in the wastewaters caused toxicological
and technical problems and environmental pollution.
Basic dyes can be applied to wool, silk, and leather
(Han et al., 2008). The wastewater of these industries
is very colorful and harmful to the environment.
Synthetic dyestuffs in the wastewater can prevent
photosynthesis.

Furthermore, due to carcinogenic, mutagenic and
teratogenic effects, dye contaminated wastewater is
considered as a biological threat for the marine
environment. Also, this wastewater can cause severe
damage to human health by damaging the kidney, liver
and brain functions, reproduction, and central nervous
system. Azo dyes are toxic because of the presence of
toxic amines in the effluent (Hamza et al., 2018; Tahir
and Rauf, 2006).

Various techniques are (coagulation, chemical
oxidation, membrane separation processes,
electrochemical, aerobic and anaerobic microbial
degradation) utilized for removal of dyes from
wastewaters, but these techniques have some
limitations. Adsorption process has been widely
applied for the removal of dyes. This process is
recognized to be one of the most effective methods for
removing dyes from wastewater due to its low cost,
insensitivity to toxic substances, ease of operation and
no sludge formation (Eren, 2009).

Clay minerals have a unique structure used in
many areas. They have been used for the removal of
contaminants, delivery of drugs and different active
molecules, and to improve mechanical and barrier
properties in polymer films. Many researchers have
proposed various natural clay minerals in the treatment
of wastewater (Eren, 2009; Tahir and Rauf, 2006).
MMT is a natural clay group that has nanostructure
with a large surface area. It has the layers of two
tetrahedral silica sheets sandwiching one octahedral
alumina sheet. This crystal cell is generally unstable,
and the ions are easier to be replaced by other ions.
Therefore, MMT has excellent performance in
adsorbing organic/inorganic cations contaminants by
the cationic exchange. It has been reported that the
abundance of MMT and its low cost has posed them

Cite this article as: Geyicki F: Basic RED-5 adsorption on montmorillonite: factorial design, equilibrium, kinetic and thermodynamic studies.
Acta Geodyn. Geomater., 17, No. 3 (199), 269-283, 2020. DOI: 10.13168/AGG.2020.0020



270 F. Geyicki
Table 1 The chemical composition of MMT.
Compounds SiO2  ALO; FexO3 MgO KoO CaO TiO2 NaxO MnO  Cr20s  P20s ,Los,ion
ignition
w % 57.80 1770  7.90 2.40 1.60 1.50 0.80 0.50 0.30 0.10 <0.10  9.05
a strong candidate as an adsorbent for the removal of HAC N cl”
dye and heavy metal from wastewater. The 3 A
relationship between the molecular structure of these
dyes and clay minerals has recently been discovered >t ,CH3
(Ates et al., 2017; Bergaya and Lagaly, 2008; Bujdak, H2N N N
2006; Huang et al., 2017). The uptake of various H éH
cationic dyes on MMT has also been extensively 3
studied, including crystal violet, methylene blue, Fig. 1  The chemical structural formula of BR-5.

congo red, malachite green, rhodamine B, etc.

In this work, the use of natural MMT for the
adsorption of BR-5 from aqueous solution by batch
adsorption is presented. The equilibrium, kinetic and
thermodynamic data of the adsorption process were
studied to explain the adsorption mechanism of BR-5
molecules onto the MMT. A factorial design is
employed to reduce the total number of experiments.
The best individual and interactive effects of the
adsorption parameters were achieved by the design
method.

2. MATERIALS AND METHODS
2.1. MATERIALS

In this study, MMT samples used in the
experiments were supplied from Bafra (Samsun) in
Turkey. The chemical composition of the MMT was
analyzed by XRF and given in Table 1. BET specific
surface area of MMT was obtained 73.92 m?*/g by N»
adsorption isotherms measured at liquid nitrogen
temperature using a Quantchrome Autosorb I1Q
2 instrument.

The Fourier transform infrared (FT-IR) spectra
of the MMT were recorded in the region 650-
4000 cm™! on a Perkin Elmer Spectrometer at
a resolution of 4 cm!,

XRD analysis of the MMT was carried out with
a PHILIPS PW 1710 diffractometer using Cu Ka
radiation, in the 26 angle range from 2.5° to 70°, with
a 0.02 step. FT-IR analysis was also performed with
Perkin Elmer Spectrum Spectrometer.

TGA and DTG analysis were carried out on an
SDT Q 600 thermal analyzer combined TAS 100
(range 25-500 °C) under oxygen flow (50 mL/min)
with a heating rate of 10 °C /min.

The DSC curves were obtained in a calorimeter
(model DSC Q20 with RCS90) coupled with a cooling
system, both from TA Instruments. A portion of each
sample (10 + 0.5 mg) was loaded in an aluminum pan,
and heat flow was measured differentially by
comparison to the heat flow of an empty reference pan
as a reference. The rate of heating was 10 °C/min
between -25 °C and +500 °C under an inert nitrogen
atmosphere (N») with a flow rate of 50 mL/min.

SEM-EDS analysis carried out on a Jeol Brand
JSM-7001FTTLS LV model scanning electron
microscope with 12 000x magnification. The images
of particles were obtained using the atomic force
microscope (AFM). AFM is designed as a portable
system by Nanomagnetics Scientific Instruments
Company.

The dye used in the experiments was BR-5 (C.I.
Basic Red 5, 50040, 3-Amino-7-dimethylamino-2-
methylphenazine hydrochloride, Neutral Red) which
is widely used as suitable a bioreagent (Fig. 1) for cell
culture (Verissimo et al., 2016). The molecular weight
of the BR-5 is 288.78 g/mol. BR-5 has great potential
as photosensitizers. It is a phenazine dye usually used
to stain cells in studies of in vitro cytotoxicity and
phototoxicity in cell. Apart from these uses, BR-5 has
been described in the literature as an intracellular pH
indicator and assay dye. BR-5 gives red color to
lysosomes. Also, BR-5 is a component of MacConkey
agar and indicates the presence of lactose (Ates et al.,
2017; Fotakis and Timbrell, 2006; Mannerstrom,
2017).

2.2. ADSORPTION EXPERIMENTS

The initial BR-5 concentration, pH, dosage, time
and temperature were selected as experimental
parameters. The BR-5 stock solution (1000 mg/L) was
prepared and diluted to different concentrations. Batch
experiments were conducted in a thermostatic shaker
batch at the different dye concentrations ranging from
20 to 200 mg/L. The effect of pH was analyzed over
the pH range of 2 and 8. The pH was measured by
WTW 330 pH-meter using with HNO3 (Merck) and
NaOH (Merck) solutions. The samples
continuously mixed with a speed of 175 rpm at 22 °C.
At the end of the adsorption period, the suspensions
were centrifuged for 10 min at 4500 rpm, and the
phases were separated. The concentration of dye
remaining in the supernatant was measured with
al.0cm light path quartz cells using UV/Vis
spectrophotometer (Agilent Technologies Cary 60
UV-Vis) at Amax of 530 nm.

were
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Table 2 Parameters of the factorial design.

Factor Symbol

Low Level (-1)

High Level (+1)

Initial Concentration (mg/L) A
Time (min.) B
Dosage (g/L) C

50.00 100.00
60 120
0.05 0.10

Cube Plot (fitted means) for ge (mg/g)

[EXP| (28]

92.41

|

|

| 180.82
120 U

|

|

|

|

|

Time (min)

Initial concentration (mg/L)

Fig.2 Cube plots for g..

The initial concentrations were performed with
a considerable interval of BR-5 initial concentrations
(20-200 mg/L) at the optimum conditions for 2 h. The
equilibrium amount of adsorption ¢. (mg/g) and
the amount of adsorption at equilibrium time ¢, (mg/g)
were calculated based on the following equations:
(Egs. 1, 2):

where C, (mg/L), C. (mg/L), and C, (mg/L) are BR-5
concentrations at the initial, equilibrium and time
t (min), ¥ (mL) are the volumes of the solution, and
m (g) is the weight of MMT.

2.3. FACTORIAL EXPERIMENTAL DESIGN

Factorial design was carried out to reduce time,
the number of experimental costs and to find a better
response. In many experimental studies, the
researchers have successfully applied the experi-
mental design (Farooq et al., 2017; Lima et al., 2011).
The 23 factorial experiments were applied, in two
levels as high and low. The factors and their two levels
were listed in Table 2. The low and high levels of the
factors were determined by considering some
preliminary experiments. The experiments were
carried out by two parallel, and adsorption capacity
(g.) was defined as the average of experiments. The
results of experiment data were analyzed with the
Minitab 16 software, and the main effects and
interactions between factors were determined (Gabor
et al.,, 2017; Ponnusami et al., 2007). The cubical
diagram for three high and low factors; initial
concentration, time and dosage is given in Figure 2.

3. RESULTS AND DISCUSSION
3.1. THE CHARACTERIZATION OF THE MMT

(Co—Ce)V
= oTel” Eq. 1
e m (Eq. 1) 3.1.1. FT-IR ANALYSIS
q = (Co—Cp)V (Eq. 2) FT-IR spectra of MMT and MMT/dye composite
¢ m are shown in Figure 3. The weak broad band that
appeared in FTIR spectra of dye-MMT composite at
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Fig. 3

FT-IR spectra of MMT and MMT/dye composite.
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Fig.4  XRD pattern of MMT-X-ray diffractograms pattern.

around 2200.01 cm indicates N=C=N bonds. The
bands at 3619.04 and 3378.53 cm-1 are attributed to
the O-H stretching vibrations of silanol (Si-OH)
groups and H-OH (water belonging to the original
MMT structure), respectively. The peaks at 1633.43,
984.21 and 912.79 cm'! are due to bending vibration
of H-OH, the stretching vibration of Si-O-Si groups of
the tetrahedral sheet and Al-O-(OH)-Al, respectively.
The peak at 796.47 cm-1 corresponded to the bending,
deformation vibration of Si-O bond and relates to
quartz that is identified in the XRD pattern. According
to the results of FTIR analysis, this peak can be
explained by the presence of amorphous silica in the
MMT. For raw MMT and MMT/BR-5 composite,
Mg- OH vibration band is observed at 692.47 cm ™! and
692.98 cm™! (Djomgoue et al., 2013; Wu et al., 2011).

3.1.2. XRD ANALYSIS

XRD spectrum of the surface functional groups
of the MMT is presented in Figure 4. According to
XRD analysis, MMT samples have a mineral
composition of quartz, feldspar group and amorphous
material. The feldspar group contains albite, and the
chemical formula is NaAlSi3Os. Na is bonded on
albite. K is bonded in the interlayer of MMT.
SEM- EDS analysis shows that K is observed in
MMT. The results were supported by XRF analyses
(Gulgonul and Celik, 2018; Wang et al., 2017).

3.1.3. THERMOGRAVIMETRIC ANALYSIS

The thermal behaviour and thermogravimetric
curve of the MMT are shown in Figure 5. The large
peak in the low-temperature region can be attributed
to the loss of sorbed water. The form of endothermic

effects can be of double or straightforward character
depending on the nature of exchange cations. The
MMT with different cations in the interlayer space
may have different interlayer distance. If the basal
spacing found between 9.8—10 °A water molecules are
adsorbed mainly on the outer surface of the 2:1
phyllosilicates (hydromicas). The basal spacing
between 14.5-15 °A indicates that a second water
layer is formed in the interlayer space. The MMT
saturated with monovalent cation has only a single
thermal dehydration peak. The amount of water is
about 7 %, due to the water form of the monolayer in
the interlayer space (d (001) = 12-12.6 °A).

In this study, the first endothermic peak at the 25-
100 °C on the DTA curve of the MMT corresponds to
the removal of moisture and the interlayer water. The
mass loss by was 8.8 % in this temperature range.
The escape of the free liquid “sticking” water as
acolloid system from the surface is at lower
temperatures compared to the interlayer water. The
results showed that the decomposition and
dehydroxylation process of MMT impurity occurs
between the temperature ranges 27.836 — 177.77 °C
and the mass loss is 9.1106 %. An endothermic peak
at the 350-500 °C, which exhibits a mass loss by
4.0 %, represents desorption of bounded water. Total
mass loss is found 14 %, and this result is compatible
with the literature (Foldvari, 2011). According to the
result of DSC analysis, the weight loss with a strong
endothermic peak is around 50 °C, and -59.2 mW can
mainly show the dehydration of water adsorbed in the
interlayer space of MMT. The TG-DTG analysis
supports the result of DSC analysis.
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Weight Loss: 9.1106 %
Weight: 0.9891 mg

Heat Flow (mW)
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Fig. 6 SEM-EDS analysis of MMT (a) and MMT/BR-5 (b).

3.1.4.SEM AND EDS ANALYSIS

The SEM images and EDS analysis of the MMT
and MMT-BR-5 were presented in Figure 6 (a) and
(b). The SEM and EDS are uniquely suitable for
studying the structure of MMT because they enlarge
the display of MMT surfaces as well as bring out the
configuration, texture and fabric of clay samples.
These figures show that those samples are
characterized by the presence of particles having
different sizes and specific MMT morphology. EDS
measurements of MMT and MMT-BR-5 were carried
out to find out the distribution of elements on the
sample surface. The composition of elements in MMT

was determined via SEM-EDS instrument (Fig. 6 (a)),
and the results are given in Table 3 as percent ratios.
According to the obtained results, it is possible to
highlight the presence of silicon and aluminum at
significant percentages compared to other elements,
such as magnesium, iron, potassium and calcium.

3.1.5. ATOMIC FORCE MICROSCOPY (AFM)

The surface morphology of the MMT has been
studied by Atomic Force Microscopy in tapping mode.
Figure 7 (a) and (b) indicate the BR-5 molecules are
organized onto the substrate along with their
aggregated structures. Furthermore, the aggregation of
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Table 3 Mass and atomic percentages of elements of the MMT.

Element 0 Mg Al Si K Ca Fe
Mass (%)  38.52 1.65 11.49 37.32 2.11 1.32 7.59
Atom (%)  54.07 1.53 9.57 29.84 1.21 0.74 3.05

20-

(@)

Fig. 7

(b)
Tapping mode Atomic Force microscopic images of (a) MMT and (b) MMT-BR-5.

Table 4 Surface morphological parameters MMT-BR-5 deposited onto MMT as obtained by Atomic Force

Microscopy (tapping mode).

Systems RMS roughness Average roughness  Average height Surface skewness
MMT (a) 0.54 pm 0.35 pm 5.50 pm 2.716 nm
MMT-BR-5 (b) 70.32 nm 34.97 nm 723.19 nm 4.192 nm

particles may be connected with the amount of Basic
Red-5 sorbed. In the AFM images of MMT-BR-5, the
MMT surface was covered mainly by irregular
aggregates, while particulate structures were rarely
observed. The topography of the surface was
investigated by AFM, and representative phase images
of 1.0 pm x 1.0 pm scans were displayed in Figures 7
(a) and (b). From the height profile analysis of the
image, it can be observed that the average height and
RMS roughness of the MMT and MMT-BR-5 are
found to be 5.50 mm and 723.19 nm, respectively and
are illustrated in Table 4 along with all other
morphological parameters. However, in the case of
MMT these are obtained as 723.19 nm and 70.35 nm,
which are significantly smaller than those in the
MMT-BR-5. Thus, it can be said that the roughness
and the average height of film were increased after the
incorporation of dye molecules in the MMT. These
observations confirm the formation of nano-
dimensional organic-inorganic hybrid molecular
assemblies on a solid support. However, as the
dimension of the dye molecules are so small compared
to size of clay it is very hard to differentiate the two

AFM images visually. Besides, MMT and BR-5
molecules are not distinguishable because their
dimensions are beyond the resolution of the AFM
instrument (Chakraborty et al., 2017).

3.2. PRELIMINARY EXPERIMENTS OF BR-5
ADSORPTION ON MMT

Initially, the optimum conditions for maximum
adsorption of the on MMT samples were investigated.
For this purpose, the amount of MMT, pH,
concentration of the BR-5, time and temperature were
changed over a wide range.

Figure 8 shows the effect of the amount of MMT
dosage on the BR-5 removal. MMT samples were
stirred with 100 mL of 50 mg/L BR-5 solution for
different MMT amounts for 60 min. As it can be seen
from Figure 8, with the increase of adsorbent dosage,
the removal efficiency of BR-5 increased, too. The
removal efficiency increased from 60.00 % to
100.00 % for an increase in the adsorbent dosage from
0.10 g/L to 2.0 g/L. According to the results, optimum
MMT dosage was found as 0.50 g/L and removal
efficiency was 92.76 %.
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time: 60 min).

Figure 9 shows the effect of contact time on the
adsorption capacity. The adsorption capacity of MMT
for BR-5 increased gradually with the contact time,
reaching nearly 99.31 % at 240 min. A very rapid
initial adsorption over 30 min, followed by a longer
period of considerably slower uptake, reached
equilibrium in 60 min. Optimum contact time to attain
equilibrium with MMT was found to be 60 min, and
removal efficiency was found to be 91.43 % in 60 min.

3.2.1. EFFECT OF PH AND SURFACE CHARGE OF MMT

The effect of pH on BR-5 removal efficiency of
MMT was investigated (Fig. 10) at a constant initial
concentration (50 mg/L), adsorbent dosage
(0.5 mg/L), and contact time (60 min). The adsorption
capacity increased as the initial pH increased from 2
to 8. In different pH ranges, the behaviour of MMT
can be explained by its surface properties. The
adsorption ability of the clay surfaces and the type of
surface-active centers are indicated by the significant
factor that is the point of zero charge (pHpzc). The pH
at which the surface charge is zero is called the point
of zero charge (pzc) and is typically used to quantify
or define the electrokinetic properties of a surface.
According to the literature data, however, it is rather
difficult to determine an absolute point of zero charge
(pzc) for the clays (Errais et al., 2012).

Fig.9  Effect of contact time on the adsorption of

BR-5 by MMT (C,:50 mg/L, m:0.50 g/L).

MMT does not have a pHy,, and zeta potential
studies showed that the surface is negatively charged
throughout the whole pH-range, with negative charges
increasing further as the pH changes from acidic to the
basic range. When the behaviour of the suspensions
prepared with MMT at different pH values is
examined, the pH of the suspension adjusted to 3 rises
to 8 within 15 minutes. The pH of the suspension
adjusted to pH value of 11 reached 9.5 equilibrium pH
within 2 hours. Therefore, it is difficult to work with
MMT at different pH. BR-5 has pH dependent
structural equilibrium between the protonated form
(acid form) and alkanolamine form (neutral form) with
a pKa 6.8 (Shang et al., 2007; Chang et al., 2016;
Sarma et al., 2016; Huang et al, 2017; Hamza et al.,
2018).

At the low pH values, the surface of MMT is
protonated, and the adsorption mainly takes place with
the ion exchange between BR-5 and H'/Na' on
MMT’s surface. The interlayer negative charges of the
MMT minerals are likely to be the host to the cationic
dye species (Bhattacharyya et al., 2014).

At the high pH values, the surface of MMT
becomes negatively charged due to the deprotonation
process, which enhances the adsorption of the
positively charged BR-5 molecule through
electrostatic attraction. As a result, BR-5 molecules
are closely adsorbed onto the surface of MMT, which
leads to the formation of BR-5-MMT equilibrium.
Besides, more surface aluminol and silanol groups are
dissociated at high pH values, which can provide more
available adsorption sites for binding BR-5 (Wu et al.,
2011; Ijagbemi et al., 2009).

3.2.2. ADSORPTION MECHANISM, CATION EXCHANGE
CAPACITIES AND EXCHANGE CATIONS
According to the structure of MMT (T.O.T or
2:1) the adsorption of the BR-5 molecules can be
described by two mechanisms. (i) pH-independent
adsorption generally attributed to cation exchange in
the interlayers resulting from electrostatic interactions
between ions and negative permanent charge. This
situation arises from isomorphic replacement of AI**,
by Mg?" or Fe?" in the octahedral layer. (ii) pH-
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dependent adsorption, which results from surface
complexation reactions and uses the silanol (Si-OH)
and aluminol (AI-OH) sites located at the edges of the
layer (Benhammou et al., 2005). MMT has two
siloxane tetrahedral sheets sandwiching an aluminum
octahedral sheet.  Because of the isomorphic
substitution within the layers (e.g., AI** replaced by
Mg?" or Fe?" in the octahedral sheet and Si*" replaced
by AI’* in the tetrahedral sheet), the clay layers have
permanent negative charges, which must be
counterbalanced by exchangeable cations such as Na*
and Ca?>" in the interlayer. The content of
exchangeable cations can be expressed as cation
exchange capacity (CEC). The cation-exchange
capacity (CEC) of MMT was found 50 mmol/100 g by
methylene blue method (Calabria et al., 2013; Turkoz
and Tosun, 2011). The interlayer negative charges of
the MMT minerals are likely to be the host to the
cationic dye species. Due to its unique structure, MMT
can be modified easily and then has wide applications
in many fields, which have attracted a great deal of
interest. The cation exchange capacity of MMT
increases the adsorption capacity due to the described
ion exchange (Bhattacharyya et al., 2014; Sankin et
al., 2014). The adsorption BR-5 on MMT is attributed
to ion exchange reaction of BR-5 molecules with the
coexisting cation under the experimental conditions.

3.3. ADSORPTION ISOTHERMS

The adsorption isotherm models are determined
to describe the interaction between the adsorbate and
adsorbent. The experimental data are tested with
respect to Langmuir, Freundlich, Temkin,
Dubinin- Radushkevich, Harkins-Jura, Flory Huggins
and Scatchard isotherm models. All relative
parameters of the isotherm equations and the
determined coefficients (R?) are listed in Table 5.

The Langmuir isotherm models indicate that the
adsorption of Basic Red-5 is characterized by
monolayer coverage of adsorbate molecules on the
adsorbent outer surface. This isotherm model shows
that the adsorptive forces are similar to the forces in
the chemical interaction. ¢,, and ki are the Langmuir
constants related to the adsorption capacity (mg/g) and
equilibrium constant (L/g), respectively. The
Langmuir monolayer adsorption capacity (g.) gives
the amount of the dye required to occupy all the
available sites per unit mass of the sample. The
Langmuir monolayer adsorption capacity of BR-5 was
estimated as 163.93 mg/g (Table 5) (Brdar etal., 2012;
Ijagbemi et al., 2009; Tabak et al., 2009). Freundlich
isotherm describes on the surface heterogeneity and
exponential distribution of the active sites and their
energies. Freundlich parameters are n and kr. In the
adsorption processes, n value was found as 7.50. This
value indicates that the adsorption intensity is
favourable over the entire range of concentrations
studied.

The Tempkin isotherm explains how to have the
effect of some indirect adsorbate/adsorbent interaction

F. Geyicki

on the adsorption. Also, the heat of adsorption of all
the molecules in the layer would decrease linearly with
coverage. In this model, 7 the absolute temperature in
K and R is the universal gas constant, 8.314 J/mol K.
arand br is related to the heat of adsorption.

The Dubinin-Radushkevich (D-R) isotherm is
related to the porous structure of the sorbent. D-R
isotherm is an analogue of Langmuir isotherm. It
describes the adsorption on a single type of uniform
pores. This isotherm is more general than the
Langmuir isotherm because it does not assume
a homogenous surface or constant sorption potential.
The linear form of D-R isotherm model is given in
Table 5. The D-R parameter € is the Polanyi potential,
which can be calculated through Eq. 3.
e=RTIn(1+2) (Eq. 3)

D-R constant X is related to the mean free energy
of adsorption when it is transferred to the solid form
infinity in the solution. The mean adsorption energy £
can be calculated by the Eq (4).

E=(2K)" (Eq. 4)

The values of E arranged as E > 8 kJ/mol and
E <8 kJ/mol propose that the adsorption interaction is
chemical or physical, respectively (Brdar et al., 2012;
Han et al., 2008). According to Table 5, E value was
found 12.127 kJ/mol, which indicates that chemical
interaction played a significant role in the adsorption
of Basic Red-5 onto MMT.

Harkins-Jura gives the best agreement with
equilibrium data in the case of three-parameter
multilayer adsorption isotherm models. Especially at
high concentrations, that the high fit of adsorption data
to Harkins—Jura equations, which account for
multilayer adsorption, can be explained with the
existence of heterogeneous pore distribution. 4 and B
are Harkins-Jura adsorption constants and their values
are given in Table 5 (Basar, 2006; Kaveeshwar et al.,
2018).

Flory-Huggins  isotherm  model,  which
occasionally derives from the degree of surface
coverage characteristics of adsorbate onto adsorbent,
can express the feasibility and spontaneous nature of
the adsorption process. © = 1-C./Cy is the degree of
surface coverage; krm is the Flory—Huggins model
equilibrium constant and npy the Flory—Huggins
model exponent (Vijayaraghavan et al., 2016). The
Flory-Huggins isotherm model equations were
expressed by C%= krg(1—0)"FH and 6 =(1 —E—: )
There is not a g. parameter in this model. Therefore,
g. values could not be calculated for C, values and
were not shown in Figure 12.

Scatchard analysis is widely used to investigate
the characteristics of the adsorption process since it
offers an intuition about the characteristics of the
isotherm in a simple manner. g. and C. are the
equilibrium BR-5 adsorption capacity of the MMT
and the equilibrium BR-5 concentration in the aqueous
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Table 5 The results of adsorption isotherm models of BR-5 via MMT.

Isotherm models Equation Parameters R?
. Ce 1 1 gm (Mmg/g) 163.930 0.977
Langmuir a = _kqm + a C. ki (L/mg) 0.792
. 1 n 7.500 0.885
Freundlich Ing. = Ink + (E) InC, b (mgl) (Umg)'™ 88898
. __(RT RT ar (L/mg) 10710 0.756
Temkin qe = (E) Ina; + (E) (InC,) br (kJ/mol) 10.69
gpr (mg/g) 104.063 0.594
Dubinin- Ing. = K2 + In E (kJ/mol) 12.90
Radushkevich e = or K(mol*/kJ?) 0.0034
. 1 (B 1 A (g¥/L) 10000 0.995
Harkins-Jura E = (Z) - (Z) logC, B (mg?L) 2,000
. 0 kru (L/g) 28.424 0.641
Flory Huggins C = kpy(1 — O)"FH FanH 17398
e (mg/g) 129.766 0.410
L — qm\IMg/g
Scatchard g, = Fslam — ) k. (Limg) 235.16
180
Isotherm models
160 ——aa
140
— —Fﬂ
120 —
=0
£ 100 /V' * —
N/
80 :
el | 31z minnir
&0 Freundlich
== Temlin
40 - Harkinz-Tura
=g=DE-F
20 - == 5 cathard
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0 : .
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Ce (mg/L)
Fig. 11 Effect of initial concentration and adsorption isotherms of the of

BR-5 onto MMT.

solution, respectively, and ¢,, (mg/g) and k, (L/mg) are
the adsorption isotherm parameters (Zheng et al.,
2016).

The isotherm model equations and their
parameter values are given in Table 5 and Figure 11
(Kiransan et al., 2014; Rezakazemi and Shirazian,
2019).

In Table 6, the adsorption capacity determined
from the Langmuir model onto MMT was compared
with the other adsorbents. It is seen from the table that
MMT has an excellent adsorption capacity with
163.93 mg/g when compared with natural adsorbents,
except for the spent cottonseed hull substrate. Only for
spent cottonseed hull substrate, the adsorption
capacity was higher than MMT. However, some
synthesized adsorbents also gave good results from

MMT. These are titanium peroxide powder,
Zn3[Co(CN)s]2.nH,O nanospheres, Typha orientalis
carbon-Mn(NOs),, modified cetylpyridinium bromide
hectorite and Mesoporous carbon spheres. The
preparation of these adsorbents is expensive and time-
consuming. Therefore, it cannot be recommended for
use in the treatment of dye wastewaters. Compared to
other adsorbents, raw MMT can be recommended as
a highly suitable adsorbent for BR-5 and cationic dye
removal.

3.4. KINETIC STUDIES

Adsorption  kinetics models explain the
adsorption mechanism and the potential rate-
controlling steps involved in the process of adsorption.
In this study, pseudo-first-order, pseudo-second-order,
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Table 6 Comparison of adsorption capacity (g.) for the adsorption of BR-5 by different adsorbents.

Adsorbents BR-5 qm (mg/g) References
MMT BR-5 163.93 This study
Spent cottonseed hull substrate BR-5 166.70 Qietal. (2011)
Peanut husk BR-5 37.46 Han et al. (2008)
Sawdust BR-5 72.46 Elhami et al. (2012)
Bagasse BR-5 123.46 Elhami et al. (2012)
Titanium peroxide powder BR-5 327.61 Zhao et al. (2014)
Zn3[Co(CN)g]..nH,0 nanospheres BR-5 232.56 Wang et al. (2013)
Polydopamine microspheres BR-5 123.76 Fuetal. (2016)
Fe304 hollow nanospheres BR-5 105.00 Iram et al. (2010)
Magnetic multi-wall carbon nanotube BR-5 9.81 Gong et al. (2009)
Typha orientalis carbon-Mn(NOs), BR-5 190.08 Zhang et al. (2008)
Modified cetylpyridinium bromide hectorite BR-5 393.70 Yue et al. (2011)
Halloysite nanotubes BR-5 54.85 Luo et al. (2010)
Mesoporous carbon spheres BR-5 204.50 Tian et al. (2015)
Table 7 The kinetics constants for the removal of the BR-5 by MMT.
Kinetic models Equation Parameters R?
Pseudo-first-order In(qe = qr) = Inqe =kt ]q; Egllﬁ:%g 1(6)(9)‘5‘34 0666
t 1 1 ge (mg/g) 100.000 0.999
Pseudo-second-order a ~ a2 + Z t k> (¢/mg.min) 0.0024
e qr = kgirt'? +C kair (mg/g.min'"?) 1.923 0.706
Intra-particle diffusion f C 72758
1 1 T (g/mg.min) 0.132 0.890
Elovich Inge = zin(aT) +3Int 0 in%/g) 20952.220

intraparticle diffusion and Elovich models are studied
for describing the mechanism and the potential rate-
controlling steps involved in the process of adsorption.
The contact time was studied between 5 and 240 min.
(5, 15, 30, 60, 90, 120, 240 min.). For this study,
different kinetic models were analyzed, and the results
were given in Table 7.

Pseudo-first-order model equations were given
in Table 7 where g. and ¢, are the adsorption capacities
at the time t and at equilibrium, respectively (mg/g),
k; (min™) is the rate constant of pseudo-first-order
adsorption, and ¢ is the contact time (min).

Pseudo-second-order model differential
equations were given in Table 7 where g, and g, are the
adsorption capacities at the time t and at equilibrium,
respectively (mg/g), k> (g/mg.min) is the rate constant
of pseudo-second-order adsorption, and ¢ (min) is the
contact time.

The rate parameter for the intra-particle diffusion
equation was given in Table 7 where C is the intercept
and kg (mg/g.min'?) is the intra-particle diffusion
constant.

The rate parameter for Elovich equation was
given in Table 7 where a (mg.min®g) and
T (g/mg.min) are the equilibrium rate constants for
Elovich model.

The value of calculated g, in the case of the
pseudo-second-order model, is very close to
the experimental value for dye initial concentration.
For example, when the initial concentration of BR-5
was 50 mg/L and temperature 22 °C, the experimental
Geexp, Was 91.43 mg/g whereas the calculated values of
Gecar Were 16.94, 100.00, 78.84 and 91.052 mg/g for
pseudo-first-order,  pseudo-second-order, intra-
particle diffusion models and Elovic, respectively.

The correlation coefficients were given in
Table 6 for kinetic models. According to the results,
the kinetic data gave the best fit with the pseudo-
second-order model, as shown by the high correlation
coefficients. Figure 12 shows the linear plots of #/g;
versus . The correlation coefficient for the pseudo-
second-order kinetic model was found as 0.99. This
result indicates the applicability of this kinetic model
of the adsorption process of BR-5 on MMT. Similar
results have been crystal violet (Eren and Afsin, 2009)
and congo red (Namasivayam and Kavitha, 2002).

3.5. EFFECT OF TEMPERATURE AND
THERMODYNAMIC PARAMETERS
The thermodynamic parameters for the
adsorption process are AH°, AS° and AG°. These
parameters were determined from the experimental
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Fig. 12 Linerized pseudo-second-order kinetics plots Fig. 13  Plot of InK; versus 1/T for BR-5.
for BR-5 adsorption (7= 22 °C, Cp: 50 mg/L,
dosage: 0.5g/L).
Table 8 Thermodynamic parameters for adsorption of BR-5 by MMT.
Initial concentration AH° AS° AG®93x AG®313x AG®333¢
(mg/L) BR-5 (kJ/mol) (kJ/mol K) (kJ/mol) (kJ/mol) (kJ/mol)
50.00 -0.979 -335.311 -300.800 -298.450 -296.097
Table 9 Design matrix and the results of the 23 full factorial design.
Run Factor — licateqe (mg/g)
No. A B C I P T Average
1 -1 -1 -1 92.85 91.20 92.03
2 +1 -1 -1 160.00 159.20 159.60
3 -1 +1 -1 91.44 93.38 92.45
4 +1 +1 -1 181.44 180.20 180.82
5 -1 -1 +1 49.65 47.28 48.47
6 +1 -1 +1 98.57 99.36 98.97
7 -1 +1 +1 37.86 35.98 36.92
8 +1 +1 +1 93.93 91.78 92.86

data: (Erdem et al., 2004; Tabak et al., 2009) (Egs. 5,
6,7):

Kd = qe/Ce (EqS)

AG® = AH® — TAS° (Eq.6)
_ 450, an

InK; = B 7 (Eq.7)

where Kd (mL/g) is the distribution coefficient for
adsorption, R is the gas constant
(8.314x10" 3 kJ/Kmol), AHo (kJ/mol), ASo (kJ/mol K)
and AGo (kJ/mol) are the changes of enthalpy, entropy
and the Gibbs energy, respectively. qe and Ce are
adsorption capacity and equilibrium concentrations of
BR-5 in solution, respectively. The enthalpy change
(4H°) and the entropy change (4S°) can be calculated
from a plot of InK, versus 1/T (Fig. 13; Eren and Afsin,
2009).

Calculated values of thermodynamic parameters
are given in Table 8. As indicated by AH° value, the
adsorption of BR-5 on MMT was exothermic.

The negative values of entropy (A4S°) change suggest
no structural changes in adsorbate and adsorbent. The
negative free energy (AG°) changes are between
-296.077 and -300.800 kJ/mol for MMT. The nature
of the adsorption process is spontaneous due to the
negative values of AG®. The negative AS° values show
decrease randomness at the MMT/BR-5 interface.
This situation suggests that no significant changes
occur in the internal structure of the adsorbent by the
adsorption of BR-5 onto MMT. The adsorption
process indicated that the adsorption capacity
increased with the increase of temperature.

3.6. FACTORIAL EXPERIMENTAL DESIGN

The results of factorial design experiments were
given (initial concentration, time and dosage) for
adsorption in Table 9. The response variable was
selected as the adsorption capacity. All possible
combinations of the variables were created, and the
experiments were performed in duplicates.



280 F. Geyicki
Table 10 Estimated effects and coefficients for ge.
Term Effect Coef SE Coef T P
Constant 100.26 0.3001 334.04 0.000
A 65.60 32.80 0.3001 109.29 0.000
B 0.99 0.49 0.3001 1.65 0.139
C -61.91 -30.96 0.3001 -103.14 0.000
A*B -6.57 3.28 0.3001 10.94 0.000
A*C -12.39 -6.19 0.3001 -20.64 0.001
B*C -9.81 -4.91 0.3001 -16.35 0.000
A*B*C -3.85 -1.92 0.3001 -6.41 0.000
S=1.20056 R-Sq=99.97% R-Sq(pred)=99.86% R-Sq(adj)=99.94 %
Table 11 Analysis of variance.
Source Degree of Freedom Sum of squares (SS) Mean squares (SS) F P
Main effects 3 32552.6 32552.6 7528.27
A 1 17216.1 17216.1 11944.40 0.000
B 1 39 3.9 2.71 0.139
C 1 15332.6 15332,6 10637.69 0.000
AB 1 1171.7 1171.7 119.70 0.000
AC 1 613.8 613.8 425.85 0.000
BC 1 385.3 385.3 267.34 0.000
ABC 1 59.3 59.3 41.14 0.000
Residual Error 8 11.5 11.5
Pure Error 8 11.5 11.5
Total 15 33795.1
Pareto Chart of the Standardized Effects 3.6.1. STUDENT’S T-TEST
(response is ge (mg/g), Alpha = 0,05)
23 Student's t-test was applied to determine the
A | " significance of numerical values of effects,
e | < coefficient, standard error, T and P (Table 10). The P
acl values of less than 0.05 indicate that model terms are
£ significant. The Pareto chart shows the relative
g importance of the individual and interaction effects
"8 (Figure 14). By having a confidence level of 95 % and
ABCH sixteen degree of freedom, #-value can be seen as 2.3
B in Figure 14.

T T T T T
40 60 80 100 120

Standardized Effect

T
0 20

Fig. 14 Pareto chart of standardized effects on g..

According to the results of Table 10, the model
equation was derived by using the regression
coefficient. The empirical model for the adsorption
capacity (g.) can be given as:

q. = 100.26 + 32.804 + 0.49B — 30.96C +
+3.284B — 6.19AC — 491BC — 1.92ABC (Eq.8)

Except from B, the effects of all other factors
have significant at 95 % confidence level. R?
(99.97 %) and Rag? (99.94 %) values indicate that the
empirical model was successful in correlating to
the parameters (Table 10).

3.6.2.ANALYSIS OF VARIANCE (ANOVA)

The main and interaction effects of factors were
displayed in Table 11. According to the results F-ratio
and P-value, it is observed that the effects of initial
concentration (4) and dosage (C), and the interaction
effect of initial concentration and time (4xB), initial
concentration and dosage (4xC), time and dosage
(Bx(), initial concentration, time and dosage (4xBxC)
are statistically significant. According to the
interaction effects and factors reduced model equation
was given to the following equation.

ge = 100.26 + 32.804 — 30.96C + 3.284B —
—6.19AC — 4.91BC — 1.92ABC (Eq. 9)

This empirical model was carried out to
eliminate the effects of insignificant factors. In order
to suggest an appropriate model, the significant
interaction and main effects of factors were studied
with an analysis of variance (ANOVA). The results
were given in Table 11. The determined F-value and



BASIC RED-5 ADSORPTION ON MONTMORILLONITE: FACTORIAL DESIGN, ...

Main Effects Plot for ge (mg/g)
Data Means

Initial concentration (mg/L) Time (min)

140

120

804

-~

60

50 100 60 120
0 Dosage (g/L)

120 \
100

T

05

Mean

801

o

T

0,10

60

0,

Fig. 15 Main effects plot for ge.

P-value less than 0.05 indicate a very well fit for the
model of experimental data at 95 % confidence level.

3.6.3. THE MAIN AND INTERACTION EFFECTS

The main effect graphs of parameters on the
adsorption process are shown in Figure 15. The main
effects of parameters are explained effects on
adsorption process and represent deviations of an
average between the high and low levels for each one
of them (Abdel-Ghani et al., 2009; Ponnusami et al.,
2007). The positive effect on the response variable, g.,
are determined to the factor changes from low to high
levels. On the other hand, the negative effect on the g.
is determined to the factor changes from high to low
levels (Lee et al., 2006). It can be seen that the initial
concentration (4) has a strong positive effect, time (B)
has mild effect and dosage (C) has a strong negative
effect on the adsorption processes. According to the
Eq. 9, initial concentration (4) has a high positive
effect.

In order to explain the interaction effects
between experimental parameters, interaction effects
graphs were shown in Figure. 16. The non-parallel
lines in the graphs indicate the interaction between two
parameters. Interaction graphs (Figure 16) and
equation 9 showed a positive interaction between
initial concentration and time (4B), and negative
interaction between initial concentration and dosage
(AC) and time and dosage (BC).

4. CONCLUSION

The morphological structure and composition of
MMT were characterized by X-RD, X-RF, FT-IR,
SEM-EDS, AFM, TGA and DSC analysis. For the
characterization of this local MMT, FTIR, DSC, TGA
and AFM techniques were used for the first time. In
addition, the agglomeration properties were
determined by AFM with cross-section analysis.
Adsorption properties of the MMT were investigated
by depending on various adsorption conditions such as
different initial dye concentrations, contact times,
adsorbent dosage, pH and temperature. Seven
isotherm models were studied in determining the
adsorption capacity of MMT for the BR-5. The
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Fig. 16 Interaction graphs for ge.

Langmuir isotherm model was found to be in a good
fit with the equilibrium adsorptions. The maximum
adsorption capacity is 163.93 mg/g.

For modeling the adsorption mechanism of the
BR-5 onto MMT, four kinetic models were used. The
pseudo-second-order kinetic model was found to be
more suitable than the higher correlation coefficient
(R?=99.97 %) of other models. After the equilibrium
adsorption time of 60 min, the adsorption capacity for
BR-5 reaches about 100.0 mg/g and > 98 % efficiency.

AG°  values changed from -300.80 to
- 296.09 kJ/mol when temperature range 293-333 K.
The thermodynamic values show that the adsorption
process is exothermic and the process will proceed
spontaneously.

The factorial design is applied successfully to
determine the effects of adsorption parameters, and the
R? value was found as 99.97 %. The adsorption
capacity of MMT is found very effective compared to
the other adsorbents. The results of the present study
demonstrated that MMT is a cheap and suitable
adsorbent that can be used directly for the removal of
cationic dye from aqueous solutions.
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