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ABSTRACT

In this study, individual and competitive adsorption of three cationic dye onto montmoril-
lonite were investigated. Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich iso-
therm models were used to analyze experimental data for individual and competitive
adsorption of dyes. Surface precipitation occured in the presence of inert electrolyte because
of decreasing solubility of dye. The organic dye adsorption was pH-independent in a pH
scale between 2 and 6. It is, thus, assumed that the adsorption took place between cationic
organic dye and permanently negatively charged surface, which is a pH-independent sur-
face site of adsorbent and occured as a result of isomorphic substitution. Mean free energies
(ED) varied between 0.65 and 7.87 J/mol, and heats of sorptions (B) changed between 4 and
96 J/mol. These low energy values support the electrostatic interaction between surface and
dye molecules. Organic dye adsorption showed Langmuirian character and in the presence
of more than one adsorptive dye, adsorption capacities remained under individual adsorp-
tion capacity values because of competition. Adsorption kinetic showed second order reac-
tion character. Using sodium humate, CaCl2 solution, and acid mixture solution as leach
solutions desorption properties were examined. Higher desorption values were achieved by
using 1% of sodium humate solution because of hydrophobic interactions and formation of
H bonds.
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1. Introduction

Water pollution is a significant environmental
problem that threaten our future. Water treatment of
textile industrial waste waters is respectively difficult
than that of other industrial waste waters because of
their chemical ingredients such as organic dyes. After

discharging of textile waste water, organic dyes form
a colored layer on the water surface, preventing sun-
light entrance into deeper layers, inhibiting submarine
photosynthetic reactions. Also, organic dye molecules
cause formation of toxic and carsinogenic waste prod-
ucts in aquatic media. So, removal of organic dyes
from watercourse and marine environment has vital
importance. It is difficult to remove these organic dyes
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using conventional oxidation and biodegradation
method, because the azo groups are stable against oxi-
dizing agent, temperature, and UV light.

Many separation methods, such as flocculation–
coagulation, reverse osmosis and adsorption, have
been used for removal of organic dyes from textile
industrial waters. As a low cost and feasible process,
adsorption is preferred amongst other methods [1]. It
is an effective method and gives better results for
removing different types of coloring materials from
waste water [2]. Activated carbon, chitosan, lignin, fly
ash, and clays are commonly used adsorbents in vari-
ous studies. Carbon nanotubes and many organic
resin such as cyclodextrin are also used as adsorbent.
Kuo et al. tried direct dye adsorbent on carbon nano-
tubes in terms of isotherm, thermodynamic, and
kinetic properties using different kinetic models, and
mentioned that direct dye adsorption on carbon
nanotube fits Freundlich isotherm and pseudo-second
order reaction kinetic. And also, intraparticle diffu-
sion contributes to mass transfer of dye [3]. On the
other hand, clay minerals have been widely used for
the purpose of water treatment, because of their
abundance and high affinity for both hydrophobic
and hydrophilic pollutants. All studies about dye
removal with clay minerals showed that basic organic
dye adsorption on clays increased with increasing pH
and initial concentration of dye, and contact time
changed between 30min and 2 h [4–11]. Fil et al.
investigated Basic Red 18, Basic Violet 16, and
Methyl Violet Dye adsorption on montmorillonite as
a function of contact time, initial dye concentration,
pH, and temperature, and explained that pseudo-sec-
ond order kinetic model provided good correlation
for the adsorption. They also searched the thermody-
namic parameters of dye adsorption on montmoril-
lonite and mentioned that adsorption of these
cationic dyes on montmorillonite is endothermic reac-
tion and gibbs free energy of this reaction is greater
than zero which shows the un-spontaneous nature of
the adsorption model [12–14]. The authors explained
that the positive ΔS˚ values of methyl violet adsorp-
tion increase randomness [14].

In this study, individual and competitive adsorp-
tion of basic organic dyes which are commercially
named as Red 46, Blue 41, and Basic Yellow 28 onto
montmorillonite were searched in terms of isotherm,
pH effect, and kinetic properties. Furthermore, the
desorption properties of these organic dyes into humic
acid, acid mixture solution at pH 5, and CaCl2 solution
were investigated. As a result of this study, it is shown
that montmorillonite has high adsorption capacity
against cationic organic dyes, and thus it is recom-
mended for water treatment of textile industrial water.

2. Materials and methods

2.1. Materials

Basic organic dyes named as Blue 41 ([[4-[ethyl
(2-hydroxyethyl)amino]phenyl]azo]-6-methoxy-3-meth-
ylbenzothiazolium methyl sulfate, 482.57 g/mol),
Basic Yellow 28 (2-[[(4-methoxyphenyl)methylhydraz-
ono]methyl]-1,3,3-trimethyl-3H-indolium methyl sul-
fate, 433.52 g/mol), and Red 46 (1H-1,2,4-triazolium,
1,4-dimethyl-5-[[4-[methyl(phenylmethyl)amino]azo]-
bromide, 403.32 g/mol) were used in experiments.
These dyes were received from AKSA (Akrilik Kimya
Sanayi A.Ş.) Company as 100% Red 46 solution (d20 =
1.18 g/mL), 200% Blue 41 solution (d20 = 1.15 g/mL),
and 100% Basic Yellow 28 solution (d20 = 1.20 g/mL) in
acetic acid. Chemical structures of these dyes are
shown in Fig. 1.

Montmorillonite was received from Kalemaden
Ceramic Factory at Çanakkale. The chemical analysis
of the dry adsorbents yielded the following weight
percentages: SiO2: 70.45%, Al2O3: 15.80%, TiO2: 0.19%,
Fe2O3: 1.53%, CaO: 2.02%, MgO: 2.17%, Na2O: 0.92%,
K2O: 0.57%, and loss on ignition: 6.17%. All chemicals
(NaOH, HNO3, etc.) used in the experiments were
purchased from Merck.

The adsorbent was washed with distilled water
until constant pH and dryed at 80˚C (Binder ED115).
Specific surface area of the adsorbent was measured
by B.E.T./N2 method (Quantachrome Autosorb 1 MP).
Also XRD (PAN Analytical X’ Pert Pro) and particle
size distribution analysis (Malvern 20 nm–2000 μm
Mastersizer 3000) of the adsorbent were performed.
Zeta potential of montmorillonite was found as
−24.8mV at pH 6.09 (Zetasizer 3000 HSA).

2.2. Potentiometric titration of adsorbent

Potentiometric titration of montmorillonite sample
was performed in a borosilicate reaction vessel in N2

atmosphere at room temperature. 10 g/L of clay min-
eral suspension was firstly titrated (ABU 91 Autobu-
rette Radiometer automatic titrator) with 0.1 N HCl
and then 0.1M NaOH solution in the presence of
0.01M NaClO4 at a rate of 2 mL/min.

2.3. Batch tests

Kinetic study was performed using Basic Yellow
28 solution of which initial concentration is 3,000 ppm
at 25 g/L solid/liquid ratio for 5, 10, 15, 20, 30, 45, 60,
90, and 120min (Daihan Wise Shake SHO-2D orbital
shaker). Twenty milliliter of 3,000 ppm yellow dye
solutions were reacted with montmorillonite sample
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having 5, 12.5, 20, 25, 30, 33, 37.5, 50, and 75 g/L clay
suspension for 30min at 145 rpm. Isotherm experi-
ments were performed using a batch method at room
temperature and constant equilibrium pH (pH 4.5).
Initial concentrations of organic dyes changed between
100 and 80,000 ppm. Solid/liquid ratio was main-
tained at 25 g/L. After 30min shaking the samples
were filtrated, and pH and the absorbance measure-
ments at the related wavelength (λyellow: 438 nm, λred:
531 nm, λblue: 610 nm) were made on the filtrates. The
concentration of each dye in mixture filtrate was
determined with Derivative Spectroscopic Method
using II. Order Derivative absorbance result at each
related wavelength (λyellow: 332 nm, λred: 554 nm, λblue:
642 nm). pH dependency of dye adsorption was exam-
ined by shaking clay suspension between pH value of
2 and 7. SEM-EDX analysis of loaded adsorbents were
performed using (SEM, JEOL Ltd, JSM-5910LV)
equipped with EDS (or EDX) (OXFORD Industries
INCAx-Sight 7274; 133-eV resolution 5.9 keV) after
gold coating.

2.4. Desorption experiments

Desorption experiments were performed using
sodium humate solution (at a concentration of 1 and
0.1%), 1 and 0.1M CaCl2 solution, and acid mixture
(prepared by diluting of 1-to-1 ratio of HCl-HNO3 mix-
ture until pH 5) solution. The experiments were carried
out for 15, 30, 60, 120, 180, 240min, and also 360 and
480min for blue/red dye-1% sodium humate /1M

CaCl2 systems. Absorbance measurements at related
wavelength (λyellow: 438 nm, λred: 531 nm, λblue: 610 nm)
were made in filtrate after filtration of suspension.

2.5. Adsorption of waste water sample on montmorillonite

For testing the treatability of textile industrial
waste water adsorption onto montmorillonite, 20 mL
of waste water sample (studied in 24 h after dis-
charge), received from dying unit of AKSA Company,
was dispersed with 0.5 g montmorillonite at room
temperature for 30min. Following the filtration, chem-
ical oxygen demand (COD) value of filtrate was mea-
sured. The initial COD value was measured before
adsorption.

3. Results and discussion

Specific surface area of montmorillonite was found
as 64m2/g. As seen in XRD spectrum (Fig. 2(a)) the
adsorbent mainly consists of montmorillonite compo-
nent. The result of particle size distribution analysis is
shown in Fig. 2(b). Fifty percent of the particles have a
diameter of 9.24 μm, and a mean particle diameter is
12.30 μm. Specific surface area and particle size of
many montmorillonite samples vary between 20 and
130m2/g and 2.5–250 μm, respectively [15–19]. So it
can be said that because montmorillonite sample used
in this study has smaller particle size and higher sur-
face area, it has high adsorption affinity for both
organic and inorganic adsorptive materials.

Fig. 1. Chemical structure of basic organic dyes used in experiments (a) Blue 41, (b) Basic Yellow 28, and (c) Red 46.
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3.1. Potentiometric titration results

Fig. 3 shows that even after half of the total base
volume is exhausted, the pH of system does not sig-
nificiantly change. This pH region which is resistant to
pH change shows a strong buffer effect of adsorbent
resulting from deprotonation of permanently nega-
tively charged surface of 1:1 or 2:1 clays [20,21]. In
spite of adding more base, steep surge was not
observed through alkalimetric titration. It means that
the clay surface behaves as weak acid. Upon further
examination of titration curve, it can be said that pHo

value of montmorillonite is around pH 6. This is in
good agreement with Tombacz’s expression which
characterized the OH groups at edges having
pHo ~ 6.5 as less basic than the Al–OH and less acidic
than the Si–OH groups [22]. So, at lower pHs than

pH ~ 6.5, while silica sites have deprotonated, alumina
sites maintain its protonated form. At higher pH val-
ues, both silica and alumina sites are negatively
charged.

3.2. Kinetics of adsorption

The variation of equilibrium concentration of yel-
low dye with shaking time is shown in Fig. 4(a). As

Fig. 2. (a) XRD spectrum and (b) particle size distribution of montmorillonite used in experiments.

Fig. 3. Potentiometric titration curve for montmorillonite
(concentration of clay suspension = 10 g/L, titration
rate = 2mL/min, inert electrolyte concentration = 0.01M).

Fig. 4. (a) Effect of contact time on dye adsorption onto
montmorillonite, (b) Intraparticle Diffusion for the basic
dye adsorption onto montmorillonite (C0 = 3,000 ppm for
Yellow 28, solid/liquid ratio = 25 g/L).
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observed from Fig. 4(a), 30 min is sufficient for
achieving equilibrium. Kinetic of basic dye adsorption
was investigated by the aid pseudo-first order and
second order model, intraparticle diffusion model and
Bangham’s model (Eqs. (1)–(4)).

Log ðQE �QtÞ ¼ Log QE � ðk1=2:303Þt (1)

where k1 is the first order rate constant, t is the contact
time (min), QE is the adsorbed amount of dye at
equilibrium, and Qt is the adsorbed amount of dye at
time t. The rate constant (k1) can be calculated from
the slope of the plot between Log (QE −Qt) and t
(Lagergren model) [23,24].

A pseudo-second order model is also used to
explain the sorption kinetics. This model is expressed
with the equations (Ho and McKay model) [3,23,24]:

t=Qt ¼ 1=k2QE2 þ ð1=QEÞt (2)

where k2 is II order rate constant and QE and Qt are
defined as in the pseudo-first order model.

The mass transfer of adsorbate in adsorption pro-
cess takes place through several steps:

(1) Bulk diffusion: when a solid is put into a
liquid, electrical double layer occurs beyond
solid–liquid interface. The triple-layer model
is used for explaining the clay–water interface.
Because there is an adsorbate concentration
gradient between bulk solution and Outer
Helmholtz Plane (OHP), adsorbate ions or
molecules migrate from bulk solution to
adsorbent surface. This migration is the faster
step of adsorption process.

(2) Film diffusion (boundary layer diffusion): the
adsorbate molecules, achieved OHP, are trans-
fered to Inner Helmholtz Plane where the
adsorbate ions or molecules are specifically
adsorbed (inner-sphere complexation). These
two stages are defined as exterior surface
adsorption [5].

(3) Pore diffusion or intraparticle diffusion: when
the adsorption of the exterior surface reaches
saturation, adsorbate ions or molecules diffuse
from the surface to interior of the particle and
encounter fresh adsortion sites.

Pseudo-first order and second order models define
the bulk diffusion rate. In order to explain the
boundary layer and pore diffusion rate, intraparticle

diffusion model is used and expressed as below
[3,23,24]:

Qt ¼ kit
1=2 þ C (3)

where ki is the intraparticle diffusion rate constant and
C is the intercept. As seen from Fig. 4(b), t1/2 vs. Qt

curve represents two linear region having different
slope and intercept. The first straight line points out
boundary layer diffusion and the second line shows
intraparticle diffusion with a much lower slope. Con-
sequently, the rate controlling step of the whole
adsorption process is the intraparticle diffusion step.
This result is in good agreement with the literatüre
[25,26]. Kinetic data were also applied, Bangham’s
model using Eq. (4);

Log ½C0=ðC0 �QtmÞ� ¼ Log ½ðk0mÞ=ð2:303VÞ� þ aLog t

(4)

where C0 is the initial concentration of organic dye
(mol L−1), V is the volume of solution (mL), m is
solid/liquid ratio (g/L), and k0 and α are constant [3].

Besides R2 value, sum of error square percent (SSE
%) values of kinetic results were calculated by the aid
of Eq. (5) [27]:

SSE % ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

ðQE;exp �QE;calÞ2
� �

=N

r
(5)

where QE,exp is the experimental adsorption capacity
at equilibrium, QE,cal is the calculated adsorption
capacity from kinetic models, and N is the number of
data points.

The results are shown in Table 1. Basic dye
adsorption showed pseudo-second order kinetics, as it
is apparent from much higher correlation coefficient
(R2) and lower SSE% value. This result is in good
agreement with the literature [28,29].

3.3. Result of isotherm experiments

Fig. 5 shows adsorbed amount of yellow organic
dye on montmorillonite samples having different sus-
pension concentration. As seen from the graph, 25 g/L
of clay suspension is sufficient for dye adsorption. So,
this concentration was used in the adsorption experi-
ments. Experimental data were anayzed using Lang-
muir, Freundlich, Temkin, and Dubinin–Radushkevich
isotherm models and calculated parameters were given
in Table 2. Linearized equations are shown below:
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CE=QE ¼ 1=ðK1QmaxÞ þ ð1=QmaxÞCE

ðlinearizedLangmuirmodelÞ (6)

where CE is the equilibrium concentration of the metal
ions (mg/L), QE is the specific amount of metal ions

adsorbed (mg/g), Qmax is the maximum adsorption
capacity (mg/g), and K1 is the equilibrium constant
(L/mg).

Log QE ¼ Log KF þ 1=n Log CE

ðlinearized Freundlich model) (7)

where KF and n are the Freundlich constants.

QE ¼ B Ln AT þ B Ln CE ðlinearizedTemkinmodelÞ ð8Þ
B ¼ R � T=b (9)

where AT is the equilibrium constant of binding (L/g),
B is the Temkin constant which is related to heat of
sorption (J/mol), R is the gas constant (8.314 J/mol K),
T is the temperature (K) and b is the Temkin isotherm
constant (unitless).

Ln QE ¼ Ln Qmax�BD½RT Ln ððCE þ 1Þ=CEÞ�2
ðlinearizedDubinin–RedushkevichmodelÞ (10)

E ¼ 1=ð2BDÞ1=2 (11)

Table 1
Kinetic parameters for the Basic Yellow Dye adsorption on montmorillonite (25˚C, initial dye conc: 3,000 ppm, and
suspension conc: 25 g/L)

k1
1/min

k2
g/mgmin

QE cal.,
(mg/g)

QE exp.,
(mg/g)

ki
(mg/gmin1/2)

C
(mg/g)

k0
L/(mg/L) α R2 SSE%

Pseudo-first
order kinetics

0.157 0.471 119.90 0.980 119.35

Pseudo-second
order kinetics

0.914 125.00 1.000 5.18

Intraparticle
diffusion model

0.088 119.50 0.962

Bangham’s model 241.204 0.662 0.981

Fig. 5. Basic Yellow 28 adsorption onto montmorillonite as
a function of solid/liquid ratio (C0 = 3,000 ppm, t = 30min).

Table 2
Isotherm model parameters for both individual and competitive adsorption of basic organic dyes

Langmuir Freundlich Temkin Dubinin–Radushkevich

Qmax
a K R2 KF n R2 Bb Kt R2 BD Qmax

a ED
b R2

Yellow 28 Ind. 0.288 2.5 0.99 94.1 8.71 0.92 26.24 1.66 0.94 0.44 0.256 1.93 0.89
Comp. 0.078 1.7 × 10−2 0.99 5.41 3.92 0.96 4.01 1.74 0.96 1.20 0.051 0.65 0.73

Red 46 Ind. 2.755 1.2 × 10−3 0.98 151.32 4.95 0.95 96.81 3.44 0.74 0.14 1.666 1.87 0.52
Comp. 0.729 3.5 × 10−3 0.99 50.44 5.30 0.98 25.76 3.32 0.91 0.21 0.451 1.53 0.53

Blue 41 Ind. 3.454 8.9 × 10−4 0.98 743.87 14.6 0.55 94.67 312.62 0.55 1.9x103 2.836 7.87 0.19
Comp. 0.829 3.6 × 10−3 0.99 50.44 7.67 0.92 28.19 41.64 0.94 0.29 0.665 1.31 0.83

aThese values are given as mmol dye/g adsorbent.
bThese values are given as J/mol.
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where QS is the theoretical saturation capacity (mg/g),
BD is the constant which is related to the mean free
energy of adsorption (mol2/J2), and E is the mean free
energy of adsorption per mol of adsorbate (J/mol).

Considering Fig. 6(a)–(c) and comparing correla-
tion coefficients (R2), it is understood that the Lang-
muir isotherm model fits well with both individual
and competitive adsorption experimental data. Similar
results are observed from many studies in which cat-
ionic dye adsorption on montmorillonite and lignite
have been performed [29,30]. Maximum adsorption
capacity values are calculated using linearized Lang-
muir equation. The results tabulated in Table 2 show
that Blue 41 has the highest adsorption capacity. Hav-
ing similar chemical structure, Blue 41 is followed by
Red 46. The lowest adsorption capacity is gained for
yellow dye adsorption on montmorillonite because of
structural difference of Yellow 28 from other dyes
used in experiments. The adsorption of cationic
organic dyes occurs via electrostatic interaction
between positive charges on nitrogen atoms of five-
membered cyclic rings and permanently negative
charge on silica sites of montmorillonite. Sterical pre-
vention of adjacent aromatic groups in Basic Yellow
28 decreases the dye-surface interaction and causes
the lowest adsorption capacity. Dye mixture adsorp-
tion onto montmorillonite data are shown in Fig. 7.
Comparing the individual adsorption of each dye,
competition between dyes does not change Langmuri-
an character of adsorption. Maximum adsorption
capacities of dyes calculated from linearized Langmuir
equation significantly decrease because of competition
(Table 2). But Qmax blue >Qmax red >Qmax yellow order
kept constant in competitive adsorption. SEM-EDS
images and graphs of individually blue and yellow
dye loaded adsorbents are shown in Fig. 8(a) and (b).
EDS-Elemental analysis results proved C and N atoms
in loaded adsorbent which comes from organic dye
structure. Fig. 9(a) and (b) show cationic organic dye

adsorption on montmorillonite is independent from
suspension pH. That the cationic dye adsorption is not
affected from deprotonation of surface with increasing
pH supports the thought of adsorption taking place
on the permanently negatively charged surface of
montmorillonite. This result proves that the cationic
dye adsorption occurs on permanently negatively
charged surfaces (X−) of montmorillonite. Because of
the large structure of the dye, it is sterically prevented

Fig. 6. Organic dye (a) Basic Yellow 28, (b) Red 46, and (c) Blue 41 adsorption as a function of initial concentration of dye
working solution (pH 4.5, solid/liquid ratio = 25 g/L, t = 30min).

Fig. 7. Isotherm curves of competitive organic dyes ((a)
Red 46 and Blue 41 (b) Basic Yellow 28) adsorption onto
montmorillonite (pH 4.5, solid/liquid ratio = 25 g/L,
t = 30min).
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from reaching the edge site of the adsorbent where
pH-dependent adsorption occurs.

3.4. Result of desorption experiments

Results of leach experiments into sodium humate,
CaCl2, and acid mixture solutions showed that the
retained organic dye onto adsorbent surface does not
significantly desorb (Fig. 10). The results obtained
from the leaching tests are given in Table 3. Basic
organic dye immobilization is higher into 1% sodium
humate solution, followed by 0.1M CaCl2 solution for
Red 46. Red 46 is the most leached organic dye among
others. The higher leaching capability of sodium

humate may be due to its hydrophilic and hydropho-
bic interaction ability (via phenolic –OH and –COOH
groups or long C chains of humic acid). And it is also
observed that the higher sodium humate concentration
causes the higher organic dye desorption.

3.5. Results of waste water adsorption

After shaking with 25 g/L montmorillonite for
30min, COD value of dye-kitchen waste water sample
was determined as 240 ppm. The initial COD value of
this sample was 10,400 ppm. Turkish “Water Pollution
Control Directory” states that the permissible lower
discharge COD limits for fiber production textile

Fig. 8. SEM images and EDS graphs for (a) Basic Yellow 28 and (b) Blue 41 loaded montmorillonite.
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industrial waste water is 350 and 250 ppm for
composite sample picked in 2 h and 24 h, respectively
[31]. So, providing the defined conditions in this
study, montmorillonite can be used in water treatment
process of textile industrial discharges especially for
dye-kitchen waste.

4. Conclusion

Montmorillonite surface behaves as a weak acid
and has a strong buffer effect in a pH range from 2 to
3.5 resulting from deprotonation of permanently nega-
tively charged surface of montmorillonite. Kinetic
parameters indicated that adsorption kinetic fitted II
order reaction. The adsorption reactions achieve equi-
librium in a short time. The adsorption of cationic
organic dyes occurs via electrostatic interaction
between positive charges on nitrogen atoms of five-
membered cyclic rings and permanently negative
charge on silica sites of montmorillonite, which is pH-
independent sites and occur as a result of isomorphic
substitution. Sterical prevention of adjacent aromatic
groups in Basic Yellow 28 decreases the dye-surface

interaction. Lower energy values support the electro-
static interaction between surface and dye molecules.
Because basic organic dye adsorption is independent
from pH changes, deprotonation of surface with
increasing pH does not affect adsorption. In competi-
tion, Langmurian character of adsorption and capat-
icty order did not change, but maximum adsorption
capacities of dyes on montmorillonite dramatically
decreased. EDS-Elemental analysis results proved that
C and N atoms in loaded adsorbent come from
organic dye structure.

Retained organic dye on adsorbent surface does
not significantly desorb with the exception of desorp-
tion into sodium humate solution. Hydrophilic and
hydrophobic interaction ability of humic acid via
phenolic-OH and -COOH groups or long C chains
play an important role in leaching capability of humic
acid.
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