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Removal of Basic Textile Dyes in Single and
Multi-Dye Solutions by Adsorption: Statistical
Optimization and Equilibrium Isotherm Studies

The removal of three basic dyes by adsorption onto bentonite was investigated for

single, binary, and ternary solutions in a batch system. Before and after dye adsorption,

bentonite samples were analyzed by using X-ray fluorescence spectrometer, SEM,

and Fourier transform IR spectrometry. The D-optimal design and response surface

methodology were applied in designing the experiments for evaluating the interactive

effects of each initial concentrations variable of the dyes in binary systems. Predicted

values were found to be in good agreement with experimental values, which defined

propriety of the model and the achievement of D-optimal in optimization of adsorption

of binary dye systems. The competitive adsorption results showed that the adsorption

amount of a dye was suppressed in the presence and increasing concentrations

of second or third dye. For mono-component isotherm modeling, Langmuir and

Freundlich models were applied to equilibrium data of single, binary, and ternary

dye solutions, while modified Langmuir, Sheindrof–Rebhun–Sheintuch and modified

extended Freundlich models were also applied to equilibrium data of binary dye

solutions for multi-component isotherm modeling. The results showed that the

Langmuir was the more suitable model for single dye systems while extended

Freundlich model fitted best to the experimental data with the lowest error values

for multi-dye systems.
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1 Introduction

One of the main resources of environmental pollution is dye-con-

taining wastewaters which arises by the dye production and its use

in the textile and other industries [1]. These wastewaters may be

fairly colored, highly toxic to aquatic biota, and affect the natural

equilibrium because of the reducing effect of photosynthetic activity

[2]. Dyes can be classified as basic, acid, disperse, azo, diazo, metal

complex, and anthraquinone based. The reasons for that bright,

soluble and high tinctorial value increase the use of basic dyes in

textile industry [3]. Because of the variety of dyes employed in the

dyeing processes and, has a synthetic origin and complex structure,

it is difficult to completely remove all types of dyes in wastewaters [3,

4]. One of the most effective techniques for removal of dyes from

such wastewater is adsorption by activated carbon but it is expensive

[5]. Thus, the use of low-cost adsorbents has been investigated.

Bentonite, which is predominantly montmorillonite clay, is 2:1-

type aluminosilicate. At silica tetrahedral (T), Si4þ is in tetrahedral

coordination with O2� while at the alumina octahedral (O), Al3þ in

octahedral coordination with O2�. The tetrahedral and octahedral

are interconnected by the sharing of O2� at polyhedral corners and

edges. Thus, bentonite is characterized as T–O–T composition by one

alumina octahedral sheet placed between two silica tetrahedral

sheets. By the results of an isomorphous partial substitution of

Al3þ in octahedral sites by Mg2þ and Fe2þ/Fe3þ and to a lesser degree

and partial substitution of Si4þ in tetrahedral sites by Al3þ, a net

negative surface charge and interlayer space between T–O–T layers

are obtained on the bentonite. This charge imbalance is offset by

exchangeable cations such as Naþ, Kþ, Ca2þ to neutralize the charge

at the bentonite surface [6, 7]. When the negatively charged particles

mixed with a solution containing cations, these cations is to be

directed towards the surface of the particles, and then either neutral

or charged complexes will be formed from the binding of mono-

valent sites [8, 9]. In recent years, clay minerals have taken into

consideration as important adsorbents due to their high surface

area, high cation exchange capacity (CEC), and high chemical and

mechanical stabilities [10, 11]. The adsorption of dyes by clay in

single component solutions has been studied amply, however, there

are relatively few adsorption studies for multi-component systems

studied with clays and also much of the work intensified especially
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for heavy metal removal using different adsorbents in multi-com-

ponent system [12–18].

Generally, textile industry wastewaters contain more than one

dye as pollutant. The results of some investigations show that a

competition take place in multi-dye solutions between dyes for

the active sites of adsorbents [1, 3, 13, 16, 17, 19, 20]. Adsorption

capacity of some adsorbents may decrease because of the inter-

actions between dyestuffs. In this competitive adsorption

system, incorrect results may be obtained by evaluating the exper-

imental data by using known mono-component adsorption

models. Thus, the evaluation of multi-component sorption equi-

librium is also a complex problem for the competitive adsorption

processes [21].

Understanding of multi-dye interaction with bentonite would be

very helpful for its use in wastewater treatment. Moreover, statisti-

cal analysis and equilibrium studies are highly important to opti-

mize the design of adsorption processes. For these reasons, firstly the

removal of basic dyes in single, binary, and ternary solutions by

adsorption onto bentonite was investigated and then adsorption

equilibriums were studied. And, also response surface methodology

(RSM) was applied to obtained data to evaluate the performance of

adsorption capacity of bentonite for binary dye solutions depending

on the initial dye concentrations. RSM is an effective tool for

the statistical design of experiments that is primarily used to

evaluate the simultaneous effect of operating conditions or to search

optimum conditions for desirable responses [22].

2 Materials and methods

2.1 Materials

Astrazon Blue BG micro 200% (Basic Blue, BB), Astrazon BrRed B

200%01 (Basic Red, BR), Astrazon GldYellow GL-E 400% (Basic Yellow,

BY) textile dyes were supplied by DyStar Textile firm. The chemical

structures and safety data sheet of these dyes in accordance with

the EU Directives [23] are given in Table 1.

Table 1. The chemical structures and safety data sheet of dyes in accordance with the EU Directives [23]

Color index number/dye composition,
commercial names, and chemical structure

MW
(g/mol)

Biodegradability COD
(mg/g)

pH
(100 g/L)

Hazard symbols*

BB
C.I. Basic Blue 3/50-55% 359.89 <10% 830 4.5–5.5 T, N, R23/25-41-50/53
Astron Blue BG micro 200%

O+

N

H3C

H3C

N
N

CH3

CH3

Cl-

BR
Astrazon BrRed B 200/0.1% 403.43 <10% 1490 2.0–2.5 Xn, N, R22-41-50/53
C.I. Basic Red 13-phosphate/35–45%

N+

C(CH3)2
CH=CH N

CH3

CH2CH2Cl

H3C H2PO4-

C.I. Basic Violet 7/50–60% 405.40

N+

C(CH3)2
CH=CH N

CH2CH3

CH2CH2Cl

H3C Cl-

H3C

BY
C.I.Basic Yellow 28/85–95% 421.51 <10% 2000 5.0–7.0 Xn, N, R22-41-50/53
Astron Gld Yellow GL-E 400%

N+

C(CH3)2
CH=N OCH3

H3C CH3SO4-
N

CH3

* T, toxic; N, dangerous for the environment; Xn, harmful; R22, harmful if swallowed; R41, risk of serious damage to eyes; R23/25, toxic by
inhalation and if swallowed; R50/53, very toxic to aquatic organisms, may cause long term adverse effects in the aquatic environment.
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The Unye/Ordu bentonite used as an adsorbent was crushed,

ground, and sieved through a 75-mm sieve. The mineral phase of

bentonite was determined as predominantly montmorillonite, the

specific surface area and CEC of bentonite were also determined as

72.5 m2/g and 0.992 meq/g, respectively in previous research of

Turabik and Kumbur [24]. Before and after the adsorption, bentonite

samples were analyzed at Fourier transform IR spectrometry (FTIR),

X-ray fluorescence (XRF) spectrometer, and SEM. For this purpose, a

suspension was prepared by adding 20 g of bentonite to 2000 mg/L of

dyes solutions. The suspensions were continuously stirred by a

magnetic stirrer for 2 h. Then the bentonite particles were sedi-

mented, separated from the dye solution, and the water was evap-

orated at 1058C for 24 h.

FTIR analysis of dyes and bentonite, before and after dye

adsorption, was recorded using a Perkin Elmer Model FTIR

Frontier spectrophotometer with attenuated total reflection

(ATR) technique in the 4000–450/cm region. The bentonite and

dye adsorbed bentonite were brought to constant weight in a

drying oven at 1058C for 24 h. A Rigaku ZSX Primus II model

XRF by dispersive energy spectrophotometer was used to

determine qualitatively and semi quantitatively (SQX program)

the elements present in the bentonite and dye adsorbed bentonite

samples.

SEM analysis was performed by mounting bentonite samples onto

pin type SEM stubs using carbon adhesive tabs and was coated with

carbon by electrodeposition under vacuum prior to analysis to

enhance the surface conductivity. The bentonite and dye adsorbed

bentonite samples were examined on a Zeiss/Supra 55 field emission

SEM.

2.2 Dyes and analysis

The stock solutions of BB, BR, and BY dyes were prepared in 1.0 g/L

concentration. For further experiments, the necessary dilute

solutions were prepared from these stock solutions of each dye.

The initial pH of each solution was adjusted to pH 6.0 before mixing

with bentonite. Shimadzu UV-160A spectrophotometer was used for

spectrophotometric analysis of studied dyes. The zero and first order

derivative spectra’s were used for the analysis of dyes remaining in

single and multi-dye solutions, respectively.

2.3 Batch adsorption studies

0.1 g of bentonite was mixed with 100 mL of single or multi dye

solutions of BB, BR, and BY in an Erlenmeyer flask as a batch system.

The concentration ratios of dyes were always maintained at 1:1 w/w

and 1:1:1 w/w/w in equilibrium studies for binary and ternary dye

solutions, respectively. The studies to determine optimum pH and

temperature showed that temperature slightly affects the adsorp-

tion and also pH-independent process (data not shown). The similar

results were obtained by Eren and Afsin [25] for the cationic dyes

adsorption onto bentonite. Thus, dye solutions were agitated by

using a shaker at 308C, pH 6.0 and 100 rpm. After 2 h, adsorption

equilibrium was established. Samples were taken both initial dye

solutions and end of the 2 h. These samples were centrifuged at

3500 rpm for 10 min, and then dye containing of supernatants were

analyzed spectrophotometrically.

The adsorbed amount of each dye per unit weight of adsorbent at

equilibrium, qeq,i (mg dye/g adsorbent) and dye removal (%) can be

calculated by using Eqs. (1) and (2), respectively.

qeq;i
ðC0;i � Ceq;iÞV

w
(1)

Remove of 00i00 component % ¼ 100ðC0;i � Ceq;iÞ
C0;i

(2)

where w is the mass of the adsorbent (g) and V is the volume of dye

containing solution (L).

2.4 Experimental design and optimization

In this study, RSM was used for optimization of process variables to

enhance the adsorption of binary dye solutions onto bentonite

combined with D-optimal design. D-optimal design that chooses

runs, often from a larger candidate set of points, based on the

D-optimal criterion [26].

Two critical parameters affecting adsorption of binary dye

solutions on the bentonite: initial concentration of dye 1 (x1) and

initial concentration of dye 2 (x2) were selected as independent

variables based on preliminary experiments, and the adsorbed

amounts of each dye per unit weight of adsorbent at equilibrium,

qeq,i were considered as the dependent variables (responses).

Experimental results were analyzed using Design Expert 8.1 and

regression model was proposed. The real values of independent

variables (200, 250, 300, 350 mg/L) were coded as �1, �0.3, þ0.3,

and þ1, respectively. In this study, total 16 experiments for each

binary dye solutions were performed in randomized order as

required in many design procedures. The D-optimal designed exper-

iments were carried out with six replications in order to evaluate the

pure error. The analysis of variance (ANOVA) was used to realize the

diagnostic checking tests for adequacy of proposed model, which

based on the Fisher’s ‘F’ test. The coefficient of determination, R2,

is a measure of the amount of variation around the mean explained

by the model [27]. By using linear or quadratic models, the responses

can be related to chosen factors at an optimization process.

A quadratic model can be shown as:

Y ¼ b0 þ
Xk

j¼1

bjxj þ
Xk

j¼1

bjjx
2
j þ

X

i

Xk

<j¼2

bijxixj þ ei (3)

where Y is the response, k is the number of factors, xi and xj are the

coded variables, b0 is the offset term, bj, bjj, and bij are the first-order,

quadratic, and interaction effects, respectively, i and j are the index

numbers for factor, and ei is the residual error [28].

3 Results and discussion

3.1 Simultaneous analysis of BY, BR, and BB in

single, binary, and ternary solutions

The zero order absorption spectra of BY, BR, and BB dyes in their

single solutions were recorded and maximum wavelength (lmax) of

these dyes determined as 437, 531, and 654 nm, respectively (Fig. 1a).

The calibration curves were prepared at lmax of each dye. For

the initial concentration of 10 mg/L of BY, BR, and BB dyes both

in single and ternary solutions, it was expected to obtain same

absorbance values at the lmax of each dye but not obtained.

The absorption spectra of each dye in binary and ternary solution

overlapped. The interferences, which occurred in binary and ternary
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solutions caused to changes on the lmax of each dye. For that reason,

it is not possible to determine the concentration of each dye in their

binary and ternary solutions correctly. Overlapped signals can be

separated by means of derivatization of zero order spectrums, thus

spectral background interferences effect can be reduced [29]. The

first order derivative absorption spectrum can also be obtained by

taking the first derivative of the zero order absorbance as a function

of wavelength [30]. The variations of first order derivative absorption

spectra of BY, BR, and BB in single and ternary solution with wave-

length were given in Fig. 1b. It can be seen from Fig. 1b that

simultaneous analysis of BY, BR, and BB both in binary and ternary

solutions can be determined at 388 nm (1DBR¼ 0, 1DBB¼ 0), 437 nm

(1DBY¼ 0, 1DBB¼ 0), 640 nm (1DBY¼ 0, 1DBR¼ 0), respectively. Here, D is

the absorbance value of dyes at the first order derivative wavelength.

For binary and ternary dye systems, the calibration curves for BY, BR,

and BB dyes were prepared at 388 nm (1D388), 437 nm (1D437), and

640 nm (1D640), respectively.

3.2 XRF, FTIR, SEM analysis of bentonite before

and after dye adsorption

Major elements of bentonite, before and after BY, BR, and BB dyes

adsorption were determined XRF spectrometer. Compositions of the

bentonite samples are presented in Table 2. As expected, the adsorp-

tion process does not effect the crystal structure of the bentonite.

Before and after adsorption, when the chemical compositions of

the bentonit samples are evaluated, it is seen that the SiO2 is the

same percentage for all samples. But the exchangeable cations

percentage, like Naþ, Kþ, Ca2þ, Al3þ, Fe3þ, are decrease after adsorp-

tion. These results imply that the dyes cations exchanges with the

bentonite’s cations by the adsorption process.

Scanning electron micrographs of bentonite samples were taken

before and after dye adsorption (Fig. 2a–d). The SEM of bentonite

(Fig. 2a) showed that bentonite had typical sheet-like structure, and

different size grains. These lamellas show irregular form. After BY,

BR, and BB dyes adsorption the SEM images (Fig. 2b–d) clearly show

that dye adsorbed bentonite surface coated by dye molecules and

the surfaces of the samples much more homogenous than before

adsorption, thus the outstanding lamellar appearance of bentonite

become less after the adsorption.

IR techniques have been used by previous researchers for identi-

fication of soil and clay minerals [31, 32]. For the adsorption studies,

FTIR results can give an idea about the nature of adsorption between

Table 2. XRF results of bentonite before and after dye adsorption

Chemical
composition%

Bentonite
samples

BB adsorbed
bentonite

BR adsorbed
bentonite

BY adsorbed
bentonite

Na2O 1.035 0.604 0.517 0.471
MgO 2.833 2.491 2.510 2.659
Al2O3 14.437 13.447 13.094 13.642
SiO2 68.463 68.463 68.191 68.826
K2O 0.953 0.906 0.842 0.884
CaO 1.434 1.252 1.193 1.261
Fe2O3 1.198 1.157 1.143 1.150
P2O5 0.008 0.008 0.142 0.008
SO3 0.084 0.054 0.084 0.222
TiO2 0.153 0.184 0.151 0.144
LOI 9.2 13.8 16.6 14.2

LOI, loss ignition.

Figure 1. Absorption spectra of BB, BR, and BY in single and ternary
solutions (initial dyes concentrations: 10 mg/L); (a) zero order absorption
spectra, (b) first order derivative spectra.

Figure 2. FTIR spectra of bentonite before and after BR dye adsorption.
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the adsorbate and adsorbent. The FTIR spectra of bentonite before

and after dye adsorption are shown in Fig. 3a–c. Before adsorption,

the broad band at around 3624/cm is due to the O–H stretching

bands [(Si, Al, Mg)–OH] from the solid. The spectral bands at

1637/cm refer to bending vibration H–OH bond of interlayer

water molecules. The strong band at 1015/cm assigned to Si–O

stretching vibration of Si–O–Si tetrahedron. At 916, 847, and

795/cm absorption peaks, which were due to stretching band of

the Al–Al–OH, Al–Fe–OH [6] and Al–Mg–OH, respectively, indicating

the initial layered silicate structure [33]. The other bands around

795, 520, and 467/cm are characteristic absorption bands of a

bentonite which is predominantly a montmorillonite clay, which

assigned to the Si–O vibrations of quartz impurities, the angular

deformation of Si–O–Al bending, and angular deformation of

Si–O–Si, respectively [32].

As can be seen in Fig. 3a–c, the spectra of BB, BY, and BR dye are

similar and complex. Before and after the adsorption, when the

spectra of bentonite and dyes were compared with each other, it

was seen that the absorption band of dyes between 500 and 1500/cm

overlapped with the absorption spectra of bentonite, thus it was

difficult to discuss these area after the dyes adsorption. But, for three

dyes, the absorption bands extended between 2960 and 2850/cm

are attributed to the C–H asymmetric and symmetric stretching

vibration of dye disappear after the adsorption of dyes on bentonite

which are masked due to the weak intensity of this vibrations by the

bentonite vibrational modes. At the spectrum of BR adsorbed ben-

tonite sample, 1637/cm is attributed to the C——C (not conjugated)

stretching vibration of dye. Moreover, the absorptions between

1600 and 1450/cm are typical C——C ring stretches. Similar results

were obtained for the FTIR spectra of BB and BY adsorption onto

bentonite.

3.3 The single, binary, and ternary adsorption of

dyes

The single and binary adsorption of BY, BR, and BB onto bentonite

was investigated in the absence (single dye system) and in the

presence of the other dye (BY–BB, BY–BR, BR–BB binary dye system)

and compared with each other. For all binary dye system, while

the initial first dye concentration value was changed in the range

of 200–350 mg/L the initial second dye concentration was held at 0,

200, 250, 300, and 350 mg/L for each run at pH 6.0 and 308C.

Then, the same procedure was applied to the other dye by the

order of dye changing.

In the binary solutions, effect of increasing initial second dye

concentration to the individual adsorbed amounts of first dye was

investigated. Dye removal (%) efficiencies for BY, BR, BB dyes at

300 mg/L initial constant dye concentrations in the absence and

in the presence of second dye for the range of 200–350 mg/L are

given as column graphics in Fig. 4a–c. It can be seen in Fig. 4a

that the amount of BB adsorption decreased with increasing

concentration of BY. For example, at 300 mg/L of initial constant

BB dye concentration, in the presence of initial concentrations

of 0, 200, 250, 300, and 350 mg/L of BY (BB–BY binary systems), BB

dye removal (%) values were found as 98, 56, 48, 43, and 42%,

respectively. Also, the adsorption of BY reduced in the presence of

BB. However, the suppression degree of BY to the adsorption of BB

was higher than that of BB. The decreasing trends were also found

for the other binary dye systems, but not in same values. Figure 4b

shows that adsorption amount of BR onto bentonite was suppressed

in the presence of different concentration of BY and the competitive

effect of BR on BY adsorption was less than that of BY. It is interesting

that other dye removal % values decreased with the presence of BY

dye in binary systems (BB–BY, BR–BY). Similarly, the presence of BB

tended to reduce the adsorption of BR, but, at BB–BR binary dye

system, adsorption reduced capacity of BR is higher than that of

BB (Fig. 4c).

As a result, the individual adsorbed dye amounts of first dye at

equilibrium (qeq) change with the initial second dye concentration in

the solutions. For all binary dye systems, equilibrium BB, BR, and BY

uptake onto bentonite decreased with the increase in the other

initial dye concentration. A competition develops between the first

and second dyes for the adsorption sites on the surface of the

adsorbent and some sites are occupied by the winner dye. When

the whole data was evaluated for BY–BR, BY–BB, BR–BB binary dye

systems, the competitive effect of second dye to first dye removal%

efficiency could be arranged as BY>BR>BB (Fig. 4a–c).

For the competitive adsorption of BY, BR, and BB onto bentonite in

ternary solutions, the concentration ratios of dyes were maintained

at 1:1:1 w/w/w for the initial concentration range of 100–400 mg/L to

obtain equal competition condition. The comparison of equilibrium

uptakes of BB, BR, BY as a function of initial dye concentration

for single and ternary solutions are given in Fig. 5. The results

showed that the equilibrium uptake capacities of each dye are lower

for the all concentration range for ternary solutions to those of

single solutions (Fig. 5). The question is that which dye is the best

dominant or recessive in the competition? The decreasing ratios of

equilibrium uptake were 18, 4, and 1% at 100 mg/L and 75, 59, and

48% at 400 mg/L for BB, BR, BY, respectively. It was determined that

when the initial concentrations increased, the decreasing ratio of

equilibrium uptake increased, but the dye order is same. These

results supported that of binary dye system results. Thus, it can

Figure 3. SEM images of bentonite before and after dye adsorption
(a) bentonite, (b) BY adsorbed bentonite, (c) BR adsorbed bentonite, and
(d) BB adsorbed bentonite.
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be said clearly that the best dominant dye is BY and the best recessive

is BB dye in multi-dye solutions.

The application of bentonite as an adsorbent is largely based on its

cation exchange property. The ion-exchange capacity of bentonite

mostly counts on substitutions within the lattice structure.

The inorganic cations on the clay surfaces (e.g. M–O–Naþ, M–O–Kþ

where M stands for alumina, calcium, silica etc. present in the clay)

could be replaced by organic cations. These negative charges are

known to be permanent and pH independent [34]. In aqueous

solution, cationic dyes, BB, BY, and BR, is the first dissolved Cl�,

CH3SO4
�, H2PO4

�, and dye-Nþ groups in their structures. It seemed

that all of that had the positive charge on nitrogen atom. There is an

electrostatic attraction between the cationic dye-Nþ groups and the

anionic groups in bentonite.

M--O� þ dye-Nþ ! M--O--N-dye

The structures of BR and BY are very similar but BB differs (Table 1).

The reason for the BB dye adsorbed more than the others in

single solution can be due to the N atom, which carrying a

positive charge, encountered less steric hindrance during the

approaching functional groups in the structure of clay. When the

number of C——C bond increases in molecule, molecular structure of

it will have a planar geometry. Due to the phenoxazine structure in

the middle of blue dye, this dye has a planar geometry compared

to the others and the dye-Nþ group (N-ethyl-N-methylethanamine)

which interacting with the surface of the clay structure,

encounter less steric hindrance. Around the Nþ structure (pyrro-

lium) onto the BR and BY dyes, there are cis- or trans-olefin structure

(–CH¼CH–Ar) and the –CH¼N–N–Ar groups. In these dyes, due to

these groups, steric blocking will be more. The interaction of

dyes onto bentonite took place in the following order of dyes on

clay BB>BR>BY.

3.4 RSM analysis

The individual and interactive effects of the selected two variables on

the adsorption of the binary dye solutions on the bentonite in an

aqueous medium were investigated using the D-optimal design

approach. The experimental results were evaluated with RSM of

Design-Expert1 8. The design used for the optimization and observed

responses for 16 experiments are given in Table 3. The ANOVA

indicated that the proposed quadratic model could be used for

navigating the design space except for total (qeq) for BB–BR binary

system. It could be observed that the total (qeq) responses for this

binary system fits 2FI model. The approximating functions of the

adsorbed amounts of each dye per unit weight of adsorbent at

equilibrium, qeq,i (Y) for each binary dye mixture in terms of the

coded variables obtained with the D-optimal design are shown as

follows:

BY–BB (dye 1–dye 2):

Yqeq ðBYÞ ¼ 189:85þ 20:11x1 � 12:32x2 þ 0:11x1x2 � 10:49x2
1 þ 3:06x2

2

Yqeq ðBBÞ ¼ 132:12� 15:77x1 þ 18:65x2 � 3:981x2 þ 11:60x2
1 � 5:50x2

2

YTotalðqeqÞ ¼ 331:54þ 2:25x1 þ 6:39x2 � 3:12x1x2 � 2:69x2
1 � 9:29x2

2

Figure 4. Column graphics of dye removal % efficiencies for BY, BR, BB
dyes in the binary solutions for (a) BB–BY, (b) BR–BY, and (c) BB–BR.

Figure 5. The comparison of equilibrium uptakes of BB, BR, BY as a
function of initial dye concentration for single and ternary solutions.
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BY–BR (dye 1–dye 2):

Yqeq ðBYÞ ¼ 125:73� 15:40x1 þ 19:77x2 � 0:41x1x2 � 2:27x2
1 � 4:54x2

2

Yqeq ðBRÞ ¼ 156:36þ 14:92x1 � 12:91x2 þ 1:041x2 � 5:27x2
1 þ 2:49x2

2

YTotalðqeqÞ ¼ 282:09� 0:48x1 þ 6:86x2 þ 0:64x1x2 � 7:54x2
1 � 2:05x2

2

BB–BR (dye 1–dye 2):

Yqeq ðBBÞ ¼ 178:17þ 28:27x1 � 20:45x2 � 5:77x1x2 � 8:26x2
1 þ 8:92x2

2

Yqeq ðBRÞ ¼ 196:24� 15:17x1 þ 23:98x2 � 1:07x1x2 þ 10:77x2
1 � 13:42x2

2

YTotalðqeqÞ ¼ 372:70þ 12:58x1 þ 3:64x2 � 6:78x1x2

where x1 and x2 are corresponding to independent variables of dye 1

and dye 2 concentrations (mg/L), respectively.

ANOVA results of quadratic models are shown in Table 4

for adsorption of binary dye solutions onto bentonite. The

quadratic regression models for BY–BB, BY–BR, and BB–BR

binary systems were highly significant as the F-test (F-value)

with a very low probability value ( p-value <0.0001). Adequate

precision is a measure of the experimental signal to noise

ratio. This ratio must be >4. Therefore, in the quadratic models

adsorption of binary dyes solution onto bentonite, adequate

precisions indicate an adequate signal for adsorption process.

Based on the ANOVA results, model F-Value and associated

probability value to confirm model significance. In this study,

higher R2 and adjusted R2 values obtained. It was explicated that

there is a high correlation between the observed values and pre-

dicted values [35–39].

The competitive adsorption of BB, BR, and BY dyes was investigated

in binary solution in this study by RSM. Initial concentration of

dye 1 (x1) and initial concentration of dye 2 (x2) were selected as

independent variables based on preliminary experiments, and the

adsorbed amounts of each dye per unit weight of adsorbent at

equilibrium, qeq,i were considered as the dependent variables

(responses) at constant pH 6.0, temperature 308C and time. In

Fig. 6, the effects of initial concentration of each dye for binary

dye mixture on qeq were shown.

Figure 5a–c shows the effect of initial concentration of two dyes

on the adsorption of the binary system for one or both dye. In Fig. 6a

and b, it could be observed that the amount of BB adsorption

decreased with increasing concentration of BY or vice versa. For

BB–BY binary mixture when BB concentration is kept in the highest

but BY concentration is kept in the lowest, the maximum value of

qeq (BB) was obtained as 175 mg/g (Fig. 6a). In the opposite case, BB

concentration is kept in the lowest but BY concentration is kept in

the highest, the maximum qeq (BY) was obtained with 213 mg/g

(Fig. 6a and b). In fact, this result was observed in the same way

as the other binary system (Fig. 6c–f). Figure 7a–c shows the regions

obtained for the optimal total adsorption in the binary systems. The

maximum total(qeq) value was obtained as 332 mg/g, when the con-

centrations of BY and BB in the range of 260–330 and 275–320 mg/L,

respectively. In BY–BR binary system, the maximum total(qeq)

area was obtained as 286 mg/g in the range of initial dye concen-

trations BY and BR are approximately 250–300 and 330–350 mg/L,

respectively (Fig. 7b). If concentration of BR passes 370 mg/L, it can be

expected total(qeq) value will decrease. Figure 7c shows maximum

area of total(qeq) values for BB–BR binary system. While the concen-

tration of BR between 200 and 300 mg/L and the concentration

of BB> 320 mg/L, the maximum total(qeq) value was obtained as

380 mg/g. This maximum value shows a linear increase and the

decline is not certain where the next begins.

In competitive adsorption of all binary dyes systems, observed

a common result that the maximum qeq value for a dye in

binary system was obtained in the case of initial concentration

of this dye was higher than the other. For all binary systems,

despite the use of the same initial concentrations, the highest

qeq values was obtained for BB–BR binary dyes system as close to

240 mg/g. For BY–BB and BB–BR binary systems, when compared to

qeq values of BB dye, the inhibitory effect of BY dye seems very

clearly.

3.5 Equilibrium of adsorption

Because of the solute–surface interaction and competition of com-

ponents with each other, multi-component adsorption systems

can be complex than in mono-component [18]. Multi-component

Table 3. D-optimal design experiments and experimental results

No. BY–BB BY–BR BB–BR

X1 C
dye 1
(mg/L

X2 C
dye 2
(mg/L)

Y1 qeq

(BY)
(mg/g)

Y2 qeq

(BB)
(mg/g)

Y3 Total qeq

(mg/g)
Y1 qeq

(BY)
(mg/g)

Y2 qeq

(BR)
(mg/g)

Y3 Total qeq

(mg/g)
Y1 qeq

(BB)
(mg/g)

Y2 qeq

(BR)
(mg/g)

Y3 Total qeq

(mg/g)

1 200 (�1) 300 (0.33) 157.1 168.9 326.0 146.8 132.1 273.2 141.8 224.3 366.0
2 300(0.33) 200 (�1) 211.6 108.9 320.5 97.6 175.0 280.1 218.9 160.4 373.3
3 200 (�1) 350 (þ1) 150.0 175.4 325.4 152.4 123.6 276.1 133.2 232.1 365.3
4 250 (�0.33) 350 (þ1) 174.6 150.8 325.4 144.8 139.5 271.0 158.1 210.6 368.7
5 350 (þ1) 350 (þ1) 193.0 139.0 332.0 126.1 159.6 273.2 178.6 200.3 378.9
6 350 (þ1) 350 (þ1) 190.5 135.1 325.6 120.3 152.9 262.9 182.4 199.8 382.2
7 350 (þ1) 200 (�1) 213.8 106.3 320.1 86.9 182.1 272.6 235.9 153.8 389.7
8 200 (�1) 200 (�1) 173.9 130.2 304.1 112.9 150.0 269.0 161.8 180.6 342.4
9 200 (�1) 350 (þ1) 152.0 179.0 331.0 156.7 126.3 285.7 136.0 239.0 375.0
10 300 (0.33) 250 (�0.33) 201.0 125.0 326.0 114.2 167.3 278.9 191.1 181.7 372.8
11 350 (þ1) 200 (�1) 211.0 104.0 315.0 80.6 178.6 270.1 231.0 154.6 385.6
12 350 (þ1) 350 (þ1) 189.0 130.0 319.0 122.8 157.3 259.2 182.9 204.8 387.7
13 300 (0.33) 250 (�0.33) 204.1 127.0 331.0 111.8 164.3 276.0 193.5 184.3 377.8
14 200 (�1) 250 (�0.33) 166.7 159.8 326.5 130.5 139.6 283.0 149.1 217.2 366.3
15 200 (�1) 200 (�1) 175.0 133.1 308.0 115.0 156.0 281.5 164.0 185.0 349.0
16 250 (�0.33) 200 (�1) 196.2 119.0 315.2 106.5 166.7 284.3 200.1 162.5 362.6
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systems have received less attention than single component

systems. Therefore, the adsorption equilibrium analysis of BY,

BR, and BB onto bentonite was investigated not in single

systems but also in binary and ternary systems. For single com-

ponent systems, the Langmuir [40] and Freundlich [41] adsorption

isotherm models were applied to equilibrium data. The linear form

of the Langmuir isotherm can be represented by Eqs. (4) and (5),

respectively.

Ceq

qeq
¼ 1

qmaxKa
þ Ceq

qmax
(4)

log qeq ¼ logKF þ
1

n
logCeq (5)

where qmax (mg/g) and Ka (L/mg) are the Langmuir constants

related to monolayer adsorption capacity and energy of adsorption,

respectively. The Freundlich constants KF [(mg/g) (mg/L)1/n] and 1/n

are also related to adsorption capacity and intensity of adsorption,

respectively.

Individual adsorption constants obtained from the mono-

component system may not reflect exactly the multi-component

adsorption behavior of dye solutions because of the competition

between the components. Some of mono-component equilibrium

isotherm equations have been extended or modified for multi-com-

ponent systems. The multi-component isotherm models, modified

Langmuir [42] extended Freundlich [42, 43] and Sheindrof–Rebhun–

Sheintuch (SRS) [21] were applied to equilibrium.

Modified Langmuir isotherm model equation can be represented

by the following equation:

qeq;i ¼
qi;maxKa;iðCeq;i=hiÞ

1þ
PN

j¼1

Ka;jðCeq;j=hjÞ
(6)

Table 4. ANOVA regression model for binary systems

Binary
System

Source Sum of
squares

Deg. of
freedom

Mean
square

F-value p-value R2-values and
Adeq. precision

BY–BB qeq (BY)
Model 6799.84 5 1359.97 555.19 <0.0001 R2¼ 0.9964
Residual 24.50 10 2.45 R2

adj¼ 0.9948
Lack of fit 5.30 4 1.33 0.41 0.7933 Adeq. prec.¼ 64.52
Pure error 19.19 6 3.20
qeq (BB)
Model 8369.72 5 1673.94 159.94 <0.0001 R2¼ 0.9876
Residual 104.66 10 10.47 R2

adj¼ 0.9815
Lack of fit 48.88 4 12.22 1.31 0.3636 Adeq. prec.¼ 35.39
Pure error 55.79 6 9.30
Total qeq

Model 783.31 5 156.66 8.10 0.0027 R2¼ 0.8020
Residual 193.44 10 19.34 R2

adj¼ 0.7029
Lack of fit 60.14 4 15.04 0.68 0.6324 Adeq. prec.¼ 7.93
Pure error 133.30 6 22.22

BY–BR qeq (BY)
Model 7331.85 5 1466.37 246.20 <0.0001 R2¼ 0.9919
Residual 59.56 10 5.96 R2

adj¼ 0.9879
Lack of fit 8.46 4 2.11 0.25 0.9007 Adeq. prec.¼ 47.07
Pure error 51.10 6 8.52
qeq (BR)
Model 4869.35 5 973.87 162.73 <0.0001 R2¼ 0.9879
Residual 59.85 10 5.98 R2

adj¼ 0.9818
Lack of fit 4.40 4 1.10 0.12 0.9707 Adeq. prec.¼ 37.16
Pure error 55.45 6 9.24
Total qeq

Model 620.60 5 124.12 5.81 0.0090 R2¼ 0.7438
Residual 213.72 10 21.37 R2

adj¼ 0.6158
Lack of fit 15.40 4 3.85 0.12 0.9717 Adeq. prec.¼ 7.59
Pure error 198.31 6 33.05

BB–BR qeq (BB)
Model 15436.43 5 3087.29 290.78 <0.0001 R2¼ 0.9932
Residual 106.17 10 10.62 R2

adj¼ 0.9898
Lack of fit 73.89 4 18.47 3.43 0.0868 Adeq. prec.¼ 48.64
Pure error 32.29 6 5.38
qeq (BR)
Model 11027.89 5 2205.58 147.68 <0.0001 R2¼ 0.9866
Residual 149.35 10 14.94 R2

adj¼ 0.9800
Lack of fit 97.00 4 24.25 2.78 0.1270 Adeq prec.¼ 33.16
Pure error 52.35 6 8.73
Total qeq

Model-2FI 2297.21 3 765.74 29.35 <0.0001 R2¼ 0.8801
Residual 313.09 12 26.09 R2

adj¼ 0.8501
Lack of fit 183.83 6 30.64 1.42 0.3399 Adeq. prec.¼ 15.16
Pure error 129.26 6 21.54
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where qi,max and Ka,i are the Langmuir isotherm parameters obtained

from the corresponding individual Langmuir isotherm equations.

The parameter, hi, called as the Langmuir correction coefficient or

interaction term is estimated from competitive adsorption data of the

‘i’ component. This parameter is characteristic for each component

and its value changing with the presence of the other components.

SRS isotherm model equation can be represented in binary

solutions for ‘i’ or ‘j’ component as follows [17]:

ðqeqÞji ¼ KFiCfi½Cfi þ uijCfj�½ð1=niÞ�1� (7)

where ðqeqÞji, KFi and ni are the equilibrium uptake capacity (mg/g), the

single component Freundlich constant and Freundlich exponent for

the ‘‘i’’ component in the presence of ‘‘j’’ component, respectively. At

this model, the inhibition to the adsorption of component ‘‘i’’ by

component ‘‘j’’ is described by the competition coefficient uij.

Extended Freundlich isotherm model is valid only for binary

solutions, and given by Eqs. (8) and (9) for each component of binary

solution.

qeq1 ¼
KF1Ceq1

1=ðn1þx1Þ

Cx1þy1
eq1 Cz1

eq2

(8)

qeq2 ¼
KF2C

1=ðn2þx2 Þ
eq2

Cx2þy2
eq2 Cz2

eq1

(9)

The constants of the first and second components in binary

solution parameters x1; y1; z1 and x2; y2; z2 are described as the

extended Freundlich isotherm model parameters; KF1, KF2, and n1

and n2 are also obtained from the corresponding mono-component

Freundlich isotherm equations.

All multi-component isotherm model parameters were obtained

by nonlinear regression employing the Excel software. The average

Figure 6. The 3D plot showing effect of initial dye concentrations on adsorption for binary system (a) BB in BB–BY (b) BY in BB–BY (c) BR in BR–BY (d) BY
in BR–BY (e) BB in BB–BR (f) BR in BB–BR.

Figure 7. The 3D plot obtained for the optimal total adsorption in the binary systems (a) BY–BB, (b) B–BR, and (c) BR–BB.
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percentage errors (s%) between the experimental (qeq,exp) and

calculated (qeq,calc) values were calculated for N, number of measure-

ments, using the following equation:

ð%Þ ¼

PN

i¼1

ðqeq;i;exp � qeq;i;calcÞ=qeq;i;exp

����

N
� 100 (10)

3.6 Application of mono-component adsorption

models to equilibrium data

The equilibrium isotherms were obtained for the three mono-

component (BB, BR, BY), three binary (BB–BY, BB–BR, BR–BY) and

one ternary (BB–BR–BY) component systems and given in Fig. 8a–c.

When the shapes of all obtained isotherms were classified according

to Giles classification [44], it was seen that all isotherm shapes

corresponds to the high affinity class (L and H type). In this situation,

adsorption has a chemical character. This suggests that bentonite

has a high affinity for these dyes in single and multi-solutions as an

adsorbent and that there is no competition from solvent for adsorp-

tion sites. Similar results were obtained by Gonzales-Pradas et al. [45].

The Langmuir and Freundlich adsorption isotherm models were

applied to the adsorption data in single, binary, and ternary systems.

The corresponding Freundlich and Langmuir parameters (qmax, Ka,

KF, n) and correlation coefficients (R2) are given in Table 5. The results

indicates that Langmuir and Freundlich models can be applied for

BY, BR, and BB adsorption with high regression coefficients for

single, binary, and ternary solutions of dyes onto bentonite, also

better fit to the Langmuir model was obtained (all of R2¼ 0.999). The

linearity of the Freundlich isotherm model slightly deviated (R2 is in

the range of 0.829–0.988). Also, we can evaluate that whether the

nature of adsorption is either favorable or unfavorable by using the

Freundlich parameters (KF and n) [46]. When obtained n-value is n< 1

(S shape isotherm, concave profile), n¼ 1 (C shape isotherm curve),

n> 1 (relatively slight slope), it indicates unfavorable adsorption,

linear and favorable adsorption, respectively [46]. The BY, BR, and BB

dye adsorption from the single, binary, and ternary solutions, the n

values for the three systems studied fall in the range of 4.93–31.05,

indicating that sorption intensity is favorable for the studied con-

centration range.

The bentonite showed an uptake capacity of 526 mg/g for BB

followed by 278 mg/g for BR, and 256 mg/g for BY in single solutions

(Table 5). The results in Table 5 clearly show the presence of other

dyes decreasing the constant (KF and qmax) values, which reflect

the interference of competing dyes [16]. Generally, it is seen that

the value of an individual dye adsorption capacity decreases in

multi-dye systems but decreasing ratio varies with the type of the

dye [20].

The equilibrium uptake of a dye in single and binary solution

can be compared using the reduction of adsorption capacity

for one dye in presence of the other dye at equilibrium. The

reduction of dye (R%) is the ratio of the difference between non-

competitive (for single component) adsorption capacity (qmax)

and competitive adsorption (for binary and ternary component)

capacity (qmax,comp) to non-competitive adsorption, observed at

equilibrium (Eq. (11)).

Reduction ðRÞ% ¼ ðqmax � qmax;compÞ
qmax

� 100 (11)

The reduction of each dye in multi-component systems were

calculated and obtained results given as:

� for BB dye: a reduction of 65, 74, and 79% in adsorption capacity

was found in the order for BB–BR<BB–BY<BB–BR–BY, respectively.

� for BR dye: a reduction of 28, 54, and 60% in adsorption capacity

was found in the order for BR–BB<BR–BY<BR–BB–BY, respectively.

� for BY dye: a reduction of 23, 37, and 49% in adsorption capacity

was found in the order for BY–BB<BY–BR<BY–BR–BB, respectively.

These results also showed that BY dye is most dominant and BB is

most recessive dye in multi dye systems. The values of R% also show

that adsorption of BY, BR, and BB is suppressed by the presence

of other dyes in solutions. For example for BB–BY binary system;

the total adsorbed amount of each dye in single solutions is

782 mg/g (526þ 256 mg/g), but 333 mg/g (137þ 196 mg/g) in theirs

binary solutions. The similar reductions were obtained for the other

binary and ternary systems. Furthermore, bentonite’s adsorption

capacity for BY, BR, and BB decreases more in ternary versus binary

systems. For example, while the total equilibrium uptakes of benton-

ite for BB, BR, and BY were 1060 mg/g in the single solute systems, it
Figure 8. Nonlinear adsorption isotherms of dyes in single, binary and
ternary solutions for (a) BR, (b) BB, and (c) BY.
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was obtained as 353 mg/g for three dyes in the ternary system (Table 5).

The decreasing of total adsorption capacity in multi-dye systems was

also reported by Vinod and Anirudhan [19] and Choy et al. [47].

As a result, the presence of a second or a third dye decreased the

adsorption capacity of an individual dye. A lot of reason can be

consider to explain this reduced capacities; interaction between

dyes in solution, competitive adsorption between dyes for active

sites, change of the adsorbent surface charge, molecular size of

adsorbent, pore size, and pore blockage [20, 21].

3.7 Application of multi-component adsorption

models to equilibrium data

For multi-component isotherm modeling, modified Langmuir, SRS,

and modified extended Freundlich isotherm models were used. The

experimental data obtained from the adsorption studies of BB–BY,

BB–BR, and BY–BR binary solutions onto bentonite at a temperature

308C and pH 6.0 have been applied to these three isotherm model

equations. The multi-component isotherm parameters and equi-

librium adsorption of BB, BY, and BR in binary solutions has been

calculated by nonlinear regression from Eqs. (6) to (9), respectively,

by minimizing standard deviations between the experimental and

the calculated qeq values. The calculated isotherm parameters from

each isotherm model and percentage error values are presented in

Table 6.

All the modified Langmuir coefficients, hi and hj, estimated for all

binary dye system were �1.0 indicating that mono-component

Langmuir model should be corrected when applied to binary dye

system. However, the use of the interaction terms, hi and hji, in the

modified Langmuir model not clearly decreased the error values

Table 5. The Langmuir and Freundlich isotherms parameters for single, binary, and ternary dye systems

Dye system Langmuir isotherm parameters Freundlich isotherm parameters

qmax (mg/g) Ka (L/mg) R2 KF (mg/g) (mg/L)1/n n R2

BB (single) 526.3 0.260 0.999 264.1 6.67 0.886
BB (BB–BR) 185.2 0.265 0.999 116.7 10.96 0.976
BB (BB–BY) 137.0 0.514 0.999 114.2 31.05 0.981
BB (BB–BY–BR) 108.7 0.042 0.999 34.2 4.93 0.988
BR (single) 277.8 0.319 0.999 195.3 15.33 0.972
BR (BR–BY) 128.2 0.114 0.999 73.9 10.39 0.977
BR (BR–BB) 200.0 0.575 0.999 138.7 12.80 0.949
BR (BR–BB–BY) 112.4 0.194 0.999 77.2 14.20 0.934
BY (single) 256.4 0.257 0.999 105.9 6.07 0.933
BY (BY–BR) 161.3 0.194 0.999 97.0 10.28 0.829
BY (BY–BB) 196.1 0.277 0.999 101.1 8.72 0.849
BY (BY–BB–BR) 131.6 0.178 0.999 80.1 10.45 0.935

Table 6. Calculated error values and isotherms parameters for single and binary dye systems

Single dye Langmuir isotherm Freundlich isotherm

s % s %

BB 2.3 5.9
BR 1.5 1.8
BY 2.6 8.7

Binary dye Modified Langmuir isotherm Langmuir isotherm

h1 h2 s1 % s2 % s1 % s2 %

BB(1)–BY(2) 0.0008 0.0002 17.5 2.9 12.4 6.9
BB(1)–BR(2) 0.0029 0.0015 18.1 9.6 20.1 9.3
BR(1)–BY(2) 0.0003 0.0001 13.0 6.4 12.3 9.1

SRS isotherm Freundlich isotherm

u12 u21 s1 % s2 % s1 % s2 %

BB(1)–BY(2) 6.43 0.08 16.9 7.8 9.9 8.2
BB(1)–BR(2) 3.04 0.32 12.4 5.0 10.2 8.3
BR(1)–BY(2) 1.55 0.28 7.9 15.0 11.2 6.7

Extended Freundlich isotherm

x1 y1 z1 x2 y2 z2 s1 % s2 %

BB(1)–BY(2) 0.052 0.830 0.330 0.135 1.5� 10�5 1.946 8.4 3.9
BB(1)–BR(2) 0.476 1.094 0.620 0.694 0.143 0.843 6.5 3.9
BR(1)–BY(2) 0.809 4.005 0.598 0.006 0.010 0.762 2.8 4.1

1090 M. Turabık and B. Gozmen

� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com Clean – Soil, Air, Water 2013, 41 (11), 1080–1092



when compared those of Langmuir isotherm models values. Namely,

it can be said that the modified Langmuir model is not superior to

Langmuir model for defining the all binary systems at this study.

Several investigators have stated that the interaction factor (h)

employed the model with only limited success [21, 48].

The SRS isotherm model equation (Eq. (7)) is a different version of

the multi-component Freundlich type equation which theoretical

principal of this model is that distribution of adsorption energies

is exponential for each solute. The adsorption competition coef-

ficient, uij, describes the inhibition to the adsorption of component

i by component j. The competition coefficients of the first and

second dye component, u12 and u21, were estimated from the

competitive adsorption data of BB(1)–BY(2), BB(1)–BR(2), BR(1)–

BY(2) binary systems. A comparison of the competition coefficients

shows that the uptake of the BB dye that is more favorably

adsorbed in single solutions was strongly affected by the presence

of BY (u12¼ 6.43), while the inhibition exerted in the reverse situ-

ation was less (u21¼ 0.08). Similarly, it is also seen in Table 6, by the

presence of BY (BR–BY binary systems) and BR (BB–BR binary sys-

tem) affected the uptake of BR (u12¼ 1.55) and BB (u12¼ 3.05),

respectively. The competition coefficients seem to prove that the

adsorption of BB, BR, and BY dyes onto bentonite was inhibited by

the presence of other dye. The SRS model was able to describe all

three binary dye systems with low error values (%) within the

ranges of 5.0–16.9%. The obtained SRS competitive coefficients also

proved that the magnitude of BY competition over other dyes was

significant (Table 6).

The extended Freundlich isotherm constants of the first and

second dye were evaluated from model equations (Eqs. (8) and (9))

and given in Table 6. The obtained s% values showed that the

extended Freundlich isotherm adequately well fits to equilibrium

data of all dyes with the lowest error values in the range of 2.8–8.4%

for binary dye systems. Comparison of error values obtained from

Freundlich and extended Freundlich isotherm models for binary

systems showed that the modification of Freundlich model equation

to extended Freundlich equation gives superior results to model

equilibrium of the binary adsorption system.

As a result, the modified Langmuir, SRS, and extended Freundlich

isotherm models fitted reasonably well to the binary adsorption data

of BB–BY, BB–BR, and BR–BY dye onto bentonite. However, it was seen

that, the extended Freundlich isotherm model fitted best to the

experimental data with the lowest error values.

4 Conclusions

The adsorption of BB, BR, and BY basic dyes was investigated in

single, binary, and ternary solutions in this study. The XRF and

SEM analyses showed that some exchangeable cations of bentonite

exchanged with dye’s cations; and typical lamellar structure

image of bentonite changes with rather homogenous surface coated

with dye after adsorption, respectively. The equilibrium studies

showed that the adsorbed dye amount of a dye at equilibrium

(qeq) change with the presence of second or third dye in the adsorp-

tion medium. A competition between the dyes occurs for the

active sites. But the competitive effect of each dye is different in

the adsorption medium.

The shape of all isotherms was evaluated according to Giles [44]

classification. The results demonstrated that the shape of all iso-

therms corresponds to the high affinity class and adsorption

nature has a chemical character. The results of equilibrium model-

ing indicate that Langmuir and Freundlich models can be applied

for BY, BR, and BB adsorption with high regression coefficients

for single, binary, and ternary solutions of dyes onto bentonite,

also better fit to the Langmuir model than Freundlich isotherm

model. For the multi-component isotherm models, it was deter-

mined that the modified Langmuir model was not superior to mono-

component Langmuir model for defining the all binary systems.

The low error% values were obtained for SRS equation model

within the ranges of 5.0–16.9%. The extended Freundlich isotherm

adequately well fits to equilibrium data of all dyes with the

lowest error values in the range of 2.8–8.4% for binary dye

systems and the best isotherm model in all applied multi-component

isotherm models. A two-factor D-optimal design combined with RSM

was applied for the understanding and optimization of adsorption

of binary dye systems on the bentonite surface from solution. The

offered statistical approach fulfilled a critical analysis of the indi-

vidual and simultaneous interactive influences of the independent

variables (initial dye concentrations) on the adsorption process of

binary dye systems. In competitive adsorption of all binary dyes

systems, observed a common result that the maximum qeq value

for a dye in binary system was obtained in the case of initial con-

centration of this dye was higher than the other. Looking at the

values of individual or total qeq, maximum values were obtained

from the BB–BR binary system.
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