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Kinetic and equilibrium studies on the removal of cationic dyes from
aqueous solution by adsorption onto a cyclodextrin polymer
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Abstract

Batch adsorption experiments were carried out for the removal of basic dyes, namely C.I. Basic Blue 3, Basic Violet 3 and Basic Violet 10,
from aqueous solutions using a cyclodextrin polymer. Studies concerning the effects of contact time and initial dye concentration are presented
and discussed. Results of batch experiments showed that this adsorbent exhibited high sorption capacities toward basic dyes. Experimental data
were analyzed using pseudo-second order kinetics, mass transfer, and intraparticle diffusion models. It was found that kinetics followed
a pseudo-second order equation, suggesting that the rate-limiting step may be chemisorption. Equilibrium isotherm data were analyzed accord-
ing to Langmuir and Freundlich equations. The characteristic parameters for each model have been determined. The Freundlich isotherm gave
the best correlation for the adsorption of basic dyes on CDP material. On the basis of the Langmuir analysis, the maximum adsorption capacities
were determined to be 53.2, 42.4 and 35.8 mg of dye per gram of polymer for C.I. Basic Violet 3, C.I. Basic Blue 3, and Basic Violet 3,
respectively. The differences in adsorption capacities may be due to the effect of dye structure. The negative value of free energy change indicated
the spontaneous nature of adsorption.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Synthetic dyes are an important class of recalcitrant organic
compounds and are often found in the environment as a result
of their wide industrial use. These industrial pollutants are
common contaminants in wastewater. Color is the first con-
taminant to be recognized in wastewater and the presence of
very small amounts of dyes in water is highly visible and un-
desirable. Neglecting this aesthetic problem, the greatest envi-
ronmental concern with dyes is their absorption and reflection
of sunlight entering the water, which interferes with the
growth of bacteria, limiting it to levels insufficient to biologi-
cally degrade impurities in the water. It is evident, therefore,
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that removal of such colored agents from aqueous solutions
is of significant environmental and technical importance.

During the past three decades, several physical, chemical
and biological decolorization methods have been reported
(see Table 1) and attempted for the removal of pollutants
from plastics, dyestuffs, textile, pulp and paper effluents;
few, however, have been accepted by these industries [1e13].
Amongst the numerous techniques of dye removal, adsorp-
tion is the procedure of choice and gives the best result as
it can be used to remove different types of coloring mate-
rials. This wastewater technique is a well known separation
process and is widely used to remove certain classes of
chemical pollutants from waters, especially those that are
practically unaffected by conventional biological wastewater
treatments. Synthetic dyes represent one of the problematic
groups. Adsorption has been found to be superior to other
techniques for water re-use in terms of initial cost, flexibility
and simplicity of design, ease of operation and insensitivity
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to toxic pollutants. Adsorption also does not result in the for-
mation of harmful substances [9].

Adsorption techniques employing solid adsorbents are effec-
tive methods for water decontamination. Most commercial sys-
tems currently use activated carbons and organic resins as
adsorbents to remove dye in wastewater because of their excellent
adsorption abilities [14e16]. A large variety of non-conventional
adsorbent materials have been also proposed and studied for their
ability to remove dyes [9]. Some of the reported adsorbents

Table 1

Reviews on existing and emerging technologies for color removal

Technology/reference(s)

Conventional treatment processes

� Physicochemical treatment (sedimentation/flotation, coagulation/

flocculation, precipitation, electrokinetic coagulation) [1e3]

� Biodegradation (microbiological decomposition, lagoon, enzymatic

treatment, integrated treatment processes) [1e8]

� Adsorption (carbon-based adsorbents, other materials) [1e4,9]

Established recovery processes

� Oxidation (ozonation, electrochemical destruction) [1e3,4,11,12]

� Membrane filtration (ultra-filtration, ion-exchange) [2,13]

Emerging removal processes

� Bioadsorption [9]

� Biomass [2,10]

� Advanced oxidation process (irradiation, photochemical treatment,

photocatalysis, sonication) [2,4,12]

Nomenclature

aL Langmuir isotherm constant (L mg�1)
C0 initial dye concentration in liquid phase

(mg L�1)
Ce liquid phase dye concentration at equilibrium

(mg L�1)
k equilibrium rate constant of pseudo-second or-

der sorption (g mg�1 min�1)
KF Freundlich constant (L g�1)
KL Langmuir isotherm constant (L g�1)
qe amount of dye adsorbed at equilibrium (mg g�1)
qt amount of dye adsorbed at time t (mg g�1)
qmax maximum adsorption capacity of the adsorbent

(mg g�1)
m mass of adsorbent used (g)
nF Freundlich isotherm exponent
r2 non-linear correlation coefficient
R2 linear correlation coefficient
S surface area (mg g�1)
T time (min)
te equilibrium time (min)
V volume of dye solution (L)
x amount of dye adsorbed (mg)

Greek letter
b mass transfer coefficient (m s�1)
include clay materials [17], zeolites [18], siliceous materials
[19], agricultural wastes [20,21], industrial by-products [22,23]
and biomass [24]. Much attention has recently been focused on
biopolymers and natural molecules [25e38] such as chitosan,
starch or beta-cyclodextrin.

Beta-cyclodextrin (CD) is a torus-shaped cyclic oligosac-
charide made up of seven a-1,4-linked-D-glucopyranose units
with an internal hydrophobic cavity (Fig. 1) [39]. It is well
known that this structure gives rise to a remarkable capacity
to form inclusion complexes in solution with organic molecules
through hosteguest interactions. Hence, CD complexation is
a procedure of choice for depollution techniques. In the litera-
ture, there have been numerous studies on the preparation, char-
acterization, properties and applications of water-insoluble
materials containing CD molecules. There are several reported
procedures to synthesize these adsorbents and the methods can
be generally classified in two ways. First, CD molecules can be
polymerized with a coupling agent to form insoluble cross-
linked polymers. The second relies on the covalent bonding
of CD molecules to a pre-existing insoluble matrix. Two up-
dated reviews of the synthesis of CD-containing adsorbents
were given by Crini and Morcellet [40] and Mocanu et al. [41].

Due to the unique structure of the molecule combined with
their polyfunctionality, beta-CD molecules have the ability to
form crosslinked networks. CD can be crosslinked by a reac-
tion between the hydroxyl groups of the molecules with a cou-
pling agent to form water-insoluble polymeric structures
(Fig. 2). One of first and most frequently used crosslinkers
is epichlorohydrin (EPI). EPI, containing two reactive func-
tional groups, can react with CD molecules (crosslinking
step) and/or itself (polymerization step) [40,41]. The resulting
materials are a mixture containing CD units joined by repeat-
ing glyceryl linkers. A number of CD rings are interconnected
and a three-dimensional network is formed (Fig. 3) [40].
Crosslinked polymers synthesized by condensation between
CD and EPI are widely used in chemistry, chromatography,
pharmacy, food technology and also for wastewater treatment
[39e43]. In particular, it was found that the crosslinked CD
polymers exhibited high sorption capacities toward aromatic
and phenolic compounds [44,45], naphthalene derivatives
[46], dibenzofuran molecules [47,48], metals [49] and dyes
[9,36e38,50].
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Fig. 1. Chemical structure of (a) beta-cyclodextrin and (b) carboxymethylcellulose.
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Fig. 2. Synthesis of crosslinked CD-based polymers [40].
In this paper, we propose the use of a cyclodextrin polymer
containing carboxylic groups for the sorption of three basic
dyes, namely C.I. Basic Blue 3 (BB 3), C.I. Basic Violet 3
(BV 3) and C.I. Basic Violet 10 (BV 10). Studies concerning
the effects of contact time and initial dye concentration are
presented and discussed. Experimental data were analyzed us-
ing pseudo-second order kinetics, mass transfer, and intrapar-
ticle diffusion equations. Equilibrium isotherms were analyzed
according to Langmuir and Freundlich isotherms. The charac-
teristic parameters for each model have been determined.

2. Materials and methods

2.1. Sorbent

The sorbent has been prepared in one step by reticulation of
CD using EPI as crosslinking agent in the presence of
carboxymethylcellulose (CMC) (Fig. 1). The synthetic proce-
dure has already been described in detail [51] (see Fig. 4 for
the chemical structure of sorbent). The sorbent containing car-
boxylic and hydroxyl groups (abbreviated CDP) was dried
overnight at 100 �C, and then crushed and sieved into different
particles sizes. Studies were focused on a size fraction of
150e250 mm. The characteristics of polymer were reported
in Table 2. The surface area was 2.4 m2 g�1 (standard BET
procedure e N2 adsorption). This polymeric material has an
extremely low surface area compared to that of commercially
activated carbons. However, the two most important factors
controlling the extent of adsorption properties of cyclodextrin
polymers are their hydrophilicity and the crosslink density
[40,41,50]. In particular, the polymer possesses a remarkably
high swelling capacity in water and, consequently, its network
is sufficiently expanded to allow a fast diffusion process for
the studied adsorbates. The sample exhibits negative zeta
O
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Fig. 3. Structure of an EPI crosslinked CD polymer [40].
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Fig. 4. A possible structure of CDP material containing carboxylic groups.
potential value in the pH range 5e10. The method used for the
determination of the amount of CD immobilized onto the
polymer (i.e. 420 mg g�1) has been the determination of re-
ducing sugars with tetrazolium blue, as described earlier [45].

2.2. Adsorbate

The adsorption capacity was investigated using BB 3, BV 3
and BV 10 as model guest solutes. These cationic dyes were
commercial products and used without purification (see Table
3 and Fig. 5 for the characteristics and structural formulae of
each dye, respectively). An accurately weighed quantity of the
dye was dissolved in double-distilled water to prepare a stock
solution and the solutions for adsorption tests were prepared
from the stock solution to the desired concentrations by suc-
cessive dilutions. The calculated concentrations take into ac-
count the dye purity. To calculate the concentration from
each experiment, a calibration curve was first prepared for
each dye. This curve was used to convert absorbance data
into concentrations in kinetic and equilibrium studies.

2.3. Sorption studies and kinetics

Experimental data were determined by the following batch
method [52,53]: in each experiment, 100 mg of polymer was
mixed with 100 mL of a 0.1 mol L�1 NaCl aqueous solution

Table 2

Characteristics of polymer

Particle size 150e250 mm

BET specific surface area 2.4 m2 g�1

Swelling capacity 6 mL g�1

C (%) 46.3

Amount of beta-CDa 420 mg g�1

Water loss at 125 �C (%) 6.7

a From spectrophotometric method.
of dye at a known concentration in a tightly closed flask.
The presence of inorganic salt significantly promotes the ad-
sorption of dyes on polymers [53]. The pH was adjusted to
8 using either HCl or NaOH. The solution was stirred on a ro-
tating shaker at 25� 1 �C. Dye concentration in solution was
then measured spectrophotometrically using a UVevis
Uvikon spectrophotometer (UVK-Lab-Serlabo, France). This
data was used to calculate the adsorption capacity of the adsor-
bent. Each experiment was conducted in triplicate under iden-
tical conditions and was found reproducible (experimental
error within 3%). Blanks containing no dye were conducted
at similar conditions as controls. Initial dye concentration in
the solution was varied to investigate its effect on the adsorp-
tion capacity. Studies were also conducted for various time in-
tervals to determine when adsorption equilibrium was reached
and the maximum removal of dye was attained. The amount of
dye adsorbed at equilibrium, qe, was calculated from the mass
balance equation given by:

qe ¼
VðC0�CeÞ

m
ð1Þ

where C0 is the initial dye concentration in liquid phase
(mg L�1); Ce is the liquid phase dye concentration at equilib-
rium (mg L�1); V is the volume of dye solution used (L); and
m is the mass of sorbent used (g).

3. Results and discussion

3.1. Adsorption tests

Adsorption of basic dyes onto CDP was monitored spectro-
photometrically by the procedure described in the previous
section. Absorbance data obtained using various time intervals
were converted into concentration data and then plotted as
a function of time in Fig. 6 for each dye. In order to compare
adsorption behaviors of dyes, the operating variables (i.e.
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Table 3

Characteristics of dyes

Dye C.I. name C.I. number Abbreviation Molecular weight Chemical class

Astrazone Blue Basic Blue 3 51004 BB 3 399.9 Monoxazine

Crystal Violet Basic Violet 3 42555 BV 3 408.03 Triarylmethane

Rhodamine B Basic Violet 10 45170 BV 10 479.06 Triarylmethane
initial dye concentration, volume, mass of CDP, temperature
and pH) were taken to be the same for the adsorption study
of each dye. In particular, the pH for all the experiments
was kept at a constant value of 8. Preliminary experiments
had shown that maximal capacities were obtained in the pH
range 8e11 for C.I. Basic Blue 9 [52] and C.I. Basic Green
4 [53] adsorption onto CDP. The pH of the solution plays an
important role in the whole adsorption process, influencing
not only the solution dye chemistry, but also the surface charge
of the polymer. The polymer contains both hydroxyl and car-
boxylic groups (at pH 8, these groups are deprotonated) and it
was demonstrated that these carboxylic sites were also respon-
sible for dye binding through electrostatic interactions [53]. In
alkaline medium, the surface of polymer becomes negatively
charged, and therefore the sorption of dye cation by CDP in-
creases at higher pH values and the adsorption takes place
more easily.

The dependencies of the concentrations of the dye in solu-
tion versus contact time (stirring time) are shown in Fig. 6.
The initial dye concentration decreased rapidly with the con-
tact time and this confirmed strong interactions between the
dye and the polymer. In other words, the adsorption capacity
increased with contact time. Maximum dye was sequestered
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Fig. 5. Chemical structures of basic dyes.
from the solution within 120 min after the beginning for the
three experiments. After that, the concentration of dye in the
liquid phase remained almost constant. However, as seen in
Fig. 6, at the early stages of adsorption, BV 3 seems to be ad-
sorbed faster than BB 3 but in the later stages the opposite is
observed as indicated by the crossover of their corresponding
curves in the figure, suggesting a possible effect of the chem-
ical structure of each dye. In this stage of investigations, how-
ever, it was not possible to establish a relationship between the
dye structure and the sorption rate.

3.2. Dependencies of the adsorbed amounts on time

A simple re-calculation allows to plot the dependencies of
the adsorbed amounts (qt) as functions of contact time (figure
not shown). It was shown that adsorption is increased instantly
at initial stages due to rapid attachment of dye to the surface of
the polymer, and keeps increasing gradually until the equilib-
rium is reached and remains constant (the remaining concen-
tration becomes asymptotic to the time axis after 90 min of
shaking). The amount of dye adsorbed showed no significant
difference when the contact times were longer than this;
120 min was found to be sufficient for reaching adsorption
equilibrium for the three dyes. These kinetic measurements
showed that the process was rapid. The process was also uni-
form: the time profile of dye uptake was a single, smooth and
continuous curve leading to saturation, suggesting the possible
monolayer coverage of dye on the surface of the polymer. The
order of sorption was: BV 10> BB 3> BV 3 and the maxi-
mum amounts of basic dye adsorbed were 30.2, 23.9 and
19.8 for BV 10, BB 3 and BV 3, respectively. The difference
in the degree of adsorption may be attributed to the chemical
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structure of each dye. Before discussing this, it is necessary to
consider two points: firstly the polymer is an adsorbent that re-
tains the inclusion properties of native cyclodextrin; secondly,
the adsorption mechanism is different from those of other ma-
terials [50]. The adsorption process consists of several steps:
initially the dye molecules migrate from bulk of the solution
to the polymer surface (bulk diffusion); the molecules diffuse
through the boundary layer to the surface of the adsorbent
(film diffusion); then, the molecules diffuse from the surface
to the interior of the particle (pore diffusion or intraparticle
diffusion); and finally the dye reacts with an active site on
the surface of material (chemical reaction).

In previous works [52,53], it was reported that the adsorption
mechanism was complex, probably simultaneously dominated
by surface adsorption (physical adsorption, hydrogen bonding)
and diffusion into the polymer network, chemisorption via the
formation of an inclusion complex due to the presence of the
CD sites and ion-exchange interactions due to the presence of
carboxylic groups. CD molecules have a remarkable capacity
to form inclusion complexes (microencapsulation). These com-
plexes are chemical species consisting of two or more associ-
ated molecules in which one of the molecules (the host) can
admit a guest component into its cavity, resulting in a stable en-
capsulation without formation of any covalent bonds [39e41].
Several factors play a role in the inclusion complex formation
such as hydrophobic effects which induce the apolar group of
a molecule to preferentially enter the CD cavity, van der Waals
interactions, hydrogen bonding between guest molecule and
hydroxyl groups at the rim of the cavity (these contributions
increase with polar molecules), solvent effects (release of
high-energy water), and also steric effects [39,40]. In particular,
the inclusion process is influenced by shape, size and polarity of
guest molecules.

The three dyes used in this work differ in their molecular
size, chemical class, and functional groups in the molecule
(see Fig. 5 and Table 2). So, the differences in the chemical
structure between the dyes can explain the curves obtained
in Fig. 6. The adsorption is much greater in the case of mole-
cules which present compatible size, steric arrangement and
hydrophobicity with the CD. BV 10 displays the best interac-
tion with the polymer: it has a chemical structure which not
only may enable a deeper penetration of dye molecules into
the polymer network but also favors the formation of an inclu-
sion complex between the dye and the CD sites. BV 3 is a cat-
ionic triarylmethane dye and its chemical structure is totally
different from the two others. It seems that this structure dis-
favors sorption (BB 3 forms a less stable inclusion complex):
the larger dye molecules do not completely or partly penetrate
the polymer, so that the molecules preferentially adsorb near
the outer surface of the polymer. Recently, similar observa-
tions were reported by Yilmaz Ozmen et al. [36] and Gar-
cia-Zubiri et al. [46] for adsorption of dyes and aromatic
compounds on CDP polymers, respectively. Zhang et al.
[54], studying the inclusion mechanism between CD and
C.I. Basic Blue 9, also reported that the presence of ionic spe-
cies with electric charge played a role in the interaction
between the CD molecules and dyes.
3.3. Adsorption kinetics of basic dyes

The kinetic dependencies were also measured for various
initial dye concentrations whereas the other experimental pa-
rameters were kept constant (all the experiments here were
conducted at pH 8 with the same amount of adsorbent). As ex-
ample, the dependencies of the qt values versus the contact
time at various concentrations for the blue dye are shown in
Fig. 7. Similar trends were obtained for the violet dyes. Again
kinetics indicated that the sorption process was uniform with
time and can be considered very fast because of the largest
amount of dye adsorbed to the polymer within the first
90 min of adsorption. As expected, the overall trend was an in-
crease of the sorption capacity with increasing dye concentra-
tions and this confirmed strong chemical interactions between
basic dyes and polymer. However, if the results are expressed
in percentage of dye adsorbed, the values decrease when the
initial concentration increases.

3.4. Pseudo-second order kinetic model

Four kinetic models, commonly used in the literature, were
applied to experimental kinetic data in order to investigate the
behavior of dyes on CDP. These models are Lagergren, Ho and
McKay, Elovich, and Avrami equations. The validity of each
model can be checked from the linear plot. To find the order
of kinetics, Lagergren equation was first tested but the straight
lines could not be obtained (results not shown). For Lagergren
plots, correlation coefficients were below 0.80 and the calcu-
lated qe were not equal to experimental qe, suggesting the in-
sufficiency of the model to fit kinetic data for the initial
concentrations examined. The inapplicability of the Lagergren
equation to describe the kinetics of Malachite Green (a basic
dye) by adsorption using a CDP polymer was also observed
in a previous work [53]. It was reported that, after a short pe-
riod, the experimental data deviated considerably from linear-
ity (the model did not fit the data well for the whole range of
contact time and underestimated the qe values). Elovich and
Avrami models were also adopted to examine the mechanism
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of the adsorption process, but the straight lines could not be
obtained. Then, kinetics of basic dyes on CDP were analyzed
using the Ho and McKay model.

The pseudo-second order model proposed by Ho and McKay
can be represented in the following linear form [55,56]:

t

qt

¼ 1

k2q2
e

þ 1

qe

t ð2Þ

where qt and qe are the amount adsorbed at time t and at equi-
librium (mg g�1), respectively; k2 is the pseudo-second order
rate constant for the adsorption process (g mg�1 min�1).

The rate parameters k2 and qe can be directly obtained from
the intercept and slope of the plot of t/qt versus t. If the
pseudo-second order kinetics is applicable, the plot gives a lin-
ear relationship which allows computation of k2 and qe without
having known any parameter beforehand. These parameters
obtained by linear regression are reported in Table 4. The re-
sults showed that the adsorption system followed the Ho and
McKay equations for the entire adsorption period, with regres-
sion coefficients higher than 0.995 for the concentration range
used in this study. The calculated qe values from the model
were also in good agreement with the experimental values. Ki-
netics of basic dyes’ adsorption on CDP followed the pseudo-
second order model, suggesting that the rate-limiting step may
be chemisorption [55,56]. This confirmed that adsorption of
dye takes place probably via surface exchange reactions until
the surface functional sites are fully occupied; thereafter dye
molecules diffuse into the polymer network for further interac-
tions (such as inclusion complex, hydrogen bonding, hydro-
phobic interactions). The obtained k2 values were plotted
against the initial dye concentration (figure not shown). It was
observed that there was no linear relationship between the rate
constants and concentration [53]. No distinct relationship can
be also established between the k2 values and the structure of
the dye.

Table 4

Pseudo-second order kinetic constants for basic dyes sorption onto CDP

material

Dye C0 (mg g�1) qe exp (mg g�1) k2 (g mg�1 min�1) qe cal (mg g�1) R2

BV 10 10 10.1 3.01� 10�3 10.7 0.9951

20 19.5 8.55� 10�4 20.1 0.9915

40 30.2 8.40� 10�4 31.5 0.9892

60 34.3 7.19� 10�4 36.1 0.9965

80 39.5 6.53� 10�4 40.8 0.9855

100 43.2 5.34� 10�4 46.1 0.9925

BB 3 10 9.3 2.21� 10�3 10.6 0.9901

20 17.2 9.46� 10�4 17.8 0.9916

40 23.9 1.79� 10�4 27.3 0.9716

60 27.2 8.45� 10�4 30.1 0.9902

80 31.1 6.58� 10�4 32.5 0.9868

100 37.2 4.32� 10�4 40.4 0.9810

BV 3 10 7.2 5.71� 10�3 7.8 0.9951

20 11.3 4.73� 10�3 11.7 0.9982

40 19.8 3.90� 10�3 20.1 0.9913

60 21.5 2.96� 10�3 22.3 0.9988

80 25.3 3.16� 10�3 26.3 0.9986

100 30.1 1.16� 10�3 32.3 0.9946
The kinetics of adsorption of many dye species onto various
adsorbents was also found to be of second order in the litera-
ture [22,24,25,32,57,58]. The k2 values obtained in this study
were comparable to those of the other available materials. The
pseudo-second order model is commonly used to describe ki-
netics of dye adsorption on solid adsorbents, although as
pointed out by Ho and McKay [56], the application of a single
kinetic model to the adsorption on materials may be question-
able because of the heterogeneity of the adsorbent surfaces
and diversity of adsorption phenomena (transport, diffusion,
reactions).

3.5. Mass transfer coefficient

Mass transfer coefficients (b) of basic dyes at the polymere
solution interface were determined by using the following
equation [59]:

ln

�
Ct

C0

� 1

1þmKL

�
¼ ln

�
mKL

1þmKL

�
�
�

1þmKL

mKL

�
bSt ð3Þ

where KL is the Langmuir constant, m the mass of adsorbent,
and S the surface area of polymer.

In plotting the curves, KL values for the adsorption of basic
dyes onto CDP were taken from the results indicated below.
Linear graphical relations between ln[(Ct/C0)� 1/(1þmKL)]
versus t were not obtained, indicating the inapplicability of
this model.

3.6. Intraparticle diffusion model

The dye sorption is governed usually by either the liquid
phase mass transport rate or the intraparticle mass transport
rate. Hence diffusive mass transfer is incorporated into the ad-
sorption process. In diffusion studies, the rate can be expressed
in terms of the square root time. The mathematical depen-
dence of qt versus t1/2 (known as the WebereMorris plot) is
obtained if the process is considered to be influenced by diffu-
sion in the particles and convective diffusion in the solution
[59,60].

According to the intraparticle diffusion model proposed by
WebereMorris [60], the root time dependence may be ex-
pressed by the following equation:

qt ¼ kit
1=2 ð4Þ

where qt is the amount of dye on the surface of the polymer at
time t (mg g�1), t the time (min), and ki the intraparticle diffu-
sion rate constant (mg g�1 min�0.5).

Fig. 8 shows the amount of dye adsorbed versus t1/2 for in-
traparticle transport of BV 10 by CDP adsorbent at different
initial dye concentrations. Similar trends were obtained for
BB 3 and BV 3. The results showed that the plots presented
a multilinearity which indicated that two or more steps oc-
curred in the process. The R2 values for this diffusion model
were between 0.9602 and 0.9969, suggesting that the adsorp-
tion of BB 9 onto CDP material can be followed by an
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intraparticle diffusion model. It can be also observed that the
plots did not pass through the origin; this was indicative of
some degree of boundary layer control and this further showed
that the intraparticle diffusion was not the only rate-limiting
step, but other processes might control the rate of adsorption.
The slope of the linear portion characterizes the rate parameter
ki corresponding to the intraparticle diffusion (the values for
each initial concentration are given in Table 5). It was found
that the rate constant increased with increasing dye concentra-
tion. Table 6 presents the results of fitting experimental data
with pseudo-second order and intraparticle models using linear
(R2) and non-linear (r2) coefficients of determination, and also
a normalized percent deviation test (P). P is defined by the fol-
lowing equation:

P¼
�

100

N

�X ��qt;exp� qt;cal

��
qt;exp

!
ð5Þ

where qt,exp is the experimental data at any t, qt,cal is the cor-
responding predicted qt according to the model under study
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Fig. 8. Dependencies of qt versus t0.5 (intraparticle diffusion model) for BV 10

on CDP (conditions: volume¼ 100 mL; polymer mass¼ 100 mg; temper-

ature¼ 25 �C; pH¼ 8).

Table 5

Intraparticle diffusion rate constants for the adsorption of basic dyes onto CDP

Dye C0 (mg g�1) ki (mg g�1 min�1/2) R2

BV 10 10 0.937 0.9969

20 1.926 0.9862

40 2.669 0.9805

60 3.372 0.9792

80 3.802 0.9602

100 4.222 0.9964

BB 3 10 0.937 0.9969

20 1.737 0.9875

40 2.691 0.9402

60 3.010 0.9910

80 3.025 0.9771

100 4.325 0.979

BV 3 10 0.598 0.9919

20 0.865 0.9048

40 2.356 0.9867

60 1.924 0.9584

80 2.865 0.9965

100 2.537 0.9979
with best fitted parameters, and N the number of data points;
the lower P value, the better is the fit.

From the Table 5, the comparison of error analysis showed
that the order of deviation was WebereMorris model>Hoe
McKay model, which indicated that the pseudo-second order
equation was the best one in describing the adsorption kinetics
of basic dyes on CDP material. This model was better adjusted
specially for BV 10.

3.7. Adsorption isotherms

Adsorption isotherms describe how pollutants interact with
sorbent materials and so, are critical in optimizing the use of
adsorbents. In order to optimize the design of an adsorption
system to remove dye from solutions, it is important to estab-
lish the most appropriate correlation for the equilibrium curve.
There are several isotherm equations available for analyzing
experimental sorption equilibrium data [61]. Four isotherm
equations have been tested in the present study, namely gener-
alized, Temkin, Toth, and RedlichePeterson. Applicability of
these equations was compared by judging the correlation coef-
ficients and P values. However, the fits of the experimental
data were poor (the straight lines could not be obtained).
Then, experimental data were fitted to well-known and widely
applied isotherm models of Langmuir [62,63] and Freundlich
[64]. The linear equations are given below:

Table 6

Comparison of linear (R2) and non-linear (r2) regression coefficients of deter-

mination, and normalized percent deviation (P) for pseudo-second order and

intraparticle diffusion models

Dye C0 (mg g�1) Pseudo-second order Intraparticle diffusion

R2 r2 P R2 r2 P

BV 10 10 0.9951 0.9853 3.12 0.9969 0.7989 9.20

20 0.9915 0.9807 3.09 0.9862 0.7954 9.63

40 0.9892 0.9821 3.32 0.9805 0.7988 10.24

60 0.9965 0.9881 3.57 0.9792 0.7996 9.57

80 0.9855 0.9789 3.62 0.9602 0.8147 10.39

100 0.9925 0.9792 3.41 0.9964 0.8176 9.99

BB 3 10 0.9901 0.9824 4.34 0.9969 0.8021 17.20

20 0.9916 0.9833 4.21 0.9875 0.8004 17.65

40 0.9716 0.9657 4.68 0.9402 0.8112 18.45

60 0.9902 0.9796 4.98 0.9910 0.8240 18.87

80 0.9868 0.9777 5.02 0.9771 0.8337 17.55

100 0.9810 0.9778 5.32 0.979 0.8277 18.40

BV 3 10 0.9951 0.9857 4.76 0.9919 0.6981 23.11

20 0.9982 0.9878 4.21 0.9048 0.6989 24.37

40 0.9913 0.9801 4.99 0.9867 0.7021 24.66

60 0.9988 0.9788 5.02 0.9584 0.7008 25.39

80 0.9986 0.9654 5.32 0.9965 0.7108 25.51

100 0.9946 0.9698 5.28 0.9979 0.7155 26.21

Langmuir :
Ce

qe

¼ 1

KL

þ aL

KL

Ce ð6Þ

Freundlich : ln qe ¼ ln KF þ
1

nF

ln Ce ð7Þ
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where Ce (mg L�1) and qe (mg g�1) are the liquid phase
concentration and solid phase concentration of adsorbate at
equilibrium, respectively; KL (L�1 mg) and aL (L�1 mg) are
the Langmuir isotherm constants; KF is the Freundlich con-
stant (L�1 mg), and 1/nF is the heterogeneity factor.

By plotting Ce/qe against Ce (Fig. 9), it was possible to ob-
tain the value of KL from the intercept which was 1/KL and the
value of aL from the slope which was aL/KL. The maximum
adsorption capacity of the adsorbent (qmax) is numerically
equal to KL/aL. The plot of ln qe versus Ce was employed to
generate the intercept value of KF and the slope 1/nF

(Fig. 10). 1/nF is a measure of the deviation from linearity
of the adsorption. The value ranges between 0 and 1, and in-
dicates the degree of non-linearity between solution concen-
tration and adsorption as follows: if the value of 1/nF is
equal to unity, the adsorption is linear; if the value is below
unity, this implies that adsorption process is chemical; if value
is above unity, adsorption is a favorable physical process. The
more heterogeneous the surface, the closer 1/nF value is to
0 [65]. The Langmuir and Freundlich isotherm parameters
for the adsorption of basic dyes onto CDP are listed in Table
7. The adsorption behavior of dyes was analyzed using both
linear and non-linear regression.

The linearized forms of Langmuir and Freundlich isotherms
are found to be linear over the whole concentration range stud-
ied. Apparently, the plots in Figs. 9 and 10, and the R2 values
(>0.98) showed that the two equations provided a reasonable de-
scription of the experimental data. However, examination of the
results by non-linear regression suggested that the Freundlich
model (with r2> 0.99) yielded a much better fit than the Lang-
muir model (Table 7). In addition, the P values for the linear
form of the Langmuir isotherm were very large (especially in
the case of BV 3), suggesting that the isotherm constants of
this model did not describe well the equilibrium data. The values
of nF> 1 reflected the favorable adsorption. The Freundlich iso-
therm, the earliest known relationship describing the adsorption
process, is an empirical equation employed to describe hetero-
geneous systems. Its application suggests that adsorption energy
exponentially decreases on completion of the sorptional centres
of an adsorbent. The Langmuir equation is applicable to homo-
geneous adsorption, where the adsorption of each molecule onto
the surface has equal adsorption activation energy. On the basis
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Fig. 9. Langmuir plots for the adsorption of basic dyes onto CDP material.
of the Langmuir analysis, the maximum adsorption capacities
were determined to be 53.2, 42.4 and 35.8 mg of dye per gram
of polymer for BV 10, BB 3 and BV 3, respectively. These
values demonstrated that CDP material exhibited interesting
sorption properties. Compared with some recent data in the lit-
erature [9], the results also revealed the potential of CDP to be
an effective adsorbent for removing basic dyes.

The essential features of the Langmuir isotherm can be ex-
pressed in terms of a dimensionless constant called separation
factor (RL, also called equilibrium parameter) which is defined
by the following equation [66]:

RL ¼
1

1þ aLC0

ð8Þ

where C0 is the initial concentration (mg l�1) and aL is the
Langmuir constant related to the energy of adsorption
(L mg�1).

Thevalue of RL indicates the shape of the isotherms to be either
unfavorable (RL> 1), linear (RL¼ 1), favorable (0< RL< 1) or
irreversible (RL¼ 0) [67]. It was observed that the value of RL

0

1

2

3

4

0 1 2 3 4 5
Ln C

e
 

L
n
 
q
e
 

BV 10 BB 3 BV 3

Fig. 10. Freundlich plots for the adsorption of basic dyes onto CDP material.

Table 7

Summary of the Langmuir and Freundlich isotherm constants, and comparison

of linear (R2) and non-linear (r2) regression coefficients of determination and

the normalized percent deviation (P)

Dye Model Parameters R2 r2 P

BV 10 Langmuir qmax¼ 53.2 (mg g�1),

KL¼ 4.61 (L g�1),

aL¼ 0.087 (L mg�1),

RL¼ 0.534e0.103

0.9809 0.9724 6.98

Freundlich KF¼ 15.27 (L g�1), nF¼ 4.06 0.9894 0.9967 1.85

BB 3 Langmuir qmax¼ 42.4 (mg g�1),

KL¼ 2.87 (L g�1),

aL¼ 0.068 (L mg�1),

RL¼ 0.595e0.128

0.9849 0.9787 9.67

Freundlich KF¼ 9.17 (L g�1), nF¼ 3.22 0.9858 0.9913 3.24

BV 3 Langmuir qmax¼ 35.8 (mg g�1),

KL¼ 1.65 (L g�1),

aL¼ 0.046 (L mg�1),

RL¼ 0.684e0.178

0.9857 0.9708 10.79

Freundlich KF¼ 4.86 (L g�1), nF¼ 2.45 0.9742 0.9911 4.11
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in the range of 0e1 (Table 7) confirmed the favorable uptake of
the dye process. The calculated RL values at different initial dye
concentration are reported in Fig. 11. Also higher RL values at
lower dye concentrations showed that adsorption was more favor-
able at lower concentration.

The free energy change (DG) for adsorption at 25 �C was
calculated using the following equation:

DG¼�RT ln KL ð9Þ

where T is the temperature, R the gas constant, and KL the
Langmuir constant.

The calculated DG values were found to be �962.3,
�391.2 and �519.8 J mol�1 for BV 10, BB 3 and BV 3, re-
spectively. The negative value of free energy change indicated
the spontaneous nature of sorption and confirmed affinity of
sorbent for the dyes.

4. Conclusions

Equilibrium and kinetic studies were made for the adsorp-
tion of basic dyes from aqueous solutions onto a cyclodextrin
polymer. This adsorbent exhibited high sorption capacities: the
monolayer adsorption capacities were 53.2, 42.4 and 35.8 mg
of dye per gram of polymer for BV 10, BB 3 and BV 3, re-
spectively. The straight lines in plots of t/qt versus t showed
good agreement of experimental data with the second-order ki-
netic model for different initial sorbent concentration, suggest-
ing that the adsorption process might be chemisorption. The
equilibrium data have been analyzed using Langmuir and
Freundlich models. The results showed that experimental
data were correlated reasonably well by the Freundlich adsorp-
tion isotherm. The negative value of free energy change indi-
cated the spontaneous nature of sorption. The differences in
adsorption capacities may be due to the effect of dye structure.
To confirm this, more experiments will be carried out using
other similar basic dyes.
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