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ABSTRACT

Poly(glycidylmethacrylate) was grafted via surface-initiated-atom transfer radical polymerization (SI-
ATRP) on a cross-linked acrylate based resin. Epoxy groups of the grafted polymer, were modified into
strong cation-exchange groups (i.e., sulfonic groups) in the presence of sodium sulfite. The adsorption
of Crystal Violet and Basic Fuchsine on the strong cation-exchange resin was studied under different
experimental conditions. The adsorption process for both basic dyes was pH dependent. The maximum
adsorption was observed for both dyes between pH 2.0 and 7.0. The maximum adsorption capacity of the
cation-exchange resin for CV and BF dyes were found to be 76.8 and 127.0 mg/g, respectively. Adsorption
of the dyes on the resin fitted to Langmuir and Temkin isotherm models and followed the pseudo-
second-order kinetics. The values of Gibbs free energy of adsorption (AG°®) were found to be —2.92 and
—6.31 kJ/mol at 308 K for CV and BF dyes, respectively. These negative values indicated the spontaneity
of the adsorption of the dyes on the resin. Desorption of both dyes was achieved from the resin by using

0.1 M HNOs3 and desorption ratio up to 97% was obtained over seven adsorption/desorption cycles.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Dyes are present in the wastewater streams of many industrial
sectors such as, dyeing, textile, tannery and the paint industry. The
dye molecules or their metabolites (e.g., aromatic amines) may be
highly toxic, potentially carcinogenic, mutagenic and allergenic on
exposed organisms. They contaminate not only the environment
but also traverse through the entire food chain, leading to biomag-
nification [1-5]. There are about 3000 types of dyes in the world
market. Among them, cationic dyes are more toxic than anionic
dyes, and their tinctorial values are very high (less than 1.0 mg/L)
[5]. Cationic dyes can easily interact with negatively charged cells
membrane surfaces, and can enter in to cells and concentrate in the
cytoplasma [6]. Crystal Violet and Basic Fuchsine are cationic dyes,
and extensively used in textile dyeing and paper printing [7,8]. A
range of conventional physico-chemical and biological treatment
technologies for dye removal from the wastewater have been inves-
tigated extensively. Among them, adsorption has been found to
be superior to other techniques for dye wastewater treatment in
terms of cost, simplicity of design, ease of operation and insensitiv-
ity to toxic substances [9-16]. Many solid materials as adsorbents
have been investigated, which include activated carbons, alginate,
chitosan and modified chitosan, functionalized polymeric resins.
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The later resins have been employed as an excellent adsorbent for
sorption of phenols [17,18], textile dyes [19,20], enzymes [21], and
in pollution control, as a chelating adsorbent for binding harmful
metal ions [22-24].

In recent years, the fibrous polymer grafted and functionalized
resin have been used increasingly as an alternative to activated
carbon and other adsorbents due to their economic feasibil-
ity, adsorption-regeneration properties and mechanical strength
[25,26]. Such material is characterized by large surface areas,
narrow size distribution and a moderate swelling character, and
can be easily adapted to various continuous reactor applications
for treatment of wastewaters. Recently, a strong cation-exchange
membrane has been used to adsorb a basic dye (i.e., Methyl Violet
2B) from wastewater and is proven to be an effective adsorbent for
the removal of the basic dyes [27]. The surface modification is very
helpful in the improvement of the adsorption capacity and selectiv-
ity of the resin by taking advantage of specific interactions between
the adsorbents and the target molecules [28-30]. Furthermore, the
application of polymeric resins for the removal of dyes from the
aqueous medium is not well documented, and efficient adsorbents
for removal of textile dyes still remain to be developed. In this study,
fibrous polymer grafted and acidic sulfonic groups functionalized
resin have been used first time to remove cationic dyes viz. Crys-
tal Violet and Basic Fuchsine from aqueous solutions. These dyes
were selected because they are widely used in Turkey textile dye-
ing industry and have high tinctorial values: even a concentration
as low as 1.0 mg/L produces a distinct color. The effects of solution
pH, contact time, adsorbent dosage, adsorbent concentration, reac-


http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:g_bayramoglu@hotmail.com
mailto:gbayramoglu@gazi.edu.tr
mailto:yakuparica@tnn.net
dx.doi.org/10.1016/j.cej.2009.04.051

340 G. Bayramoglu et al. / Chemical Engineering Journal 152 (2009) 339-346

CH3
| CH;
Hy;C~ N b+
YO
7 Cl
/ N\
H;C CH;

Basic Fuchsine (BF)

Crystal Violet (CV)

Fig. 1. The chemical structures of Crystal Violet (CV) (A) and Basic Fuchsine (BF) (B).

tion temperature, and ionic strength on the dyes removal efficiency
of the resin were studied. Adsorption isotherms, kinetics and ther-
modynamic parameters were also evaluated for adsorption of both
dyes on the cation-exchange resin.

2. Materials and methods
2.1. Materials

Bipyridine, CuBr, 2-bromo-2-methylpropionyl bromide,
triethylamine, tetrahydrofuran, aqueous ammonia «,0'-
azobisizobutyronitrile (AIBN), Crystal Violet (CV) and Basic
Fuchsine (BF) were obtained from Sigma-Aldrich (St. Louis, USA).
The monomers, 2-hydroxyethyl methacrylate (HEMA), glycidyl
methacrylate (GMA) and ethyleneglycol dimethacrylate (EGDMA)
were supplied from Sigma-Aldrich. Both former monomers dis-
tilled under reduced pressure in the presence of an inhibitor
(hydroquinone) and stored at 4°C until use. All other chemicals
were of analytical grade and were purchased from Merck (Darm-
stadt, Germany). The water used in the present work was purified
using a Barnstead (Dubuque, IA, USA) ROpure LP reverse 0smosis
unit with a high flow cellulose acetate resin (Barnstead D2731)
system. The chemical structures and properties of CV and BF dyes
are presented in Fig. 1 and Table 1.

2.2. Preparation of Br-end surface resin

The cross-linked poly(hydroxyethylmethacrylate) resin was
produced by suspension polymerization, and the method was
described in detail elsewhere [31]. For Br-end functionalization,
the cross-linked acrylate based resin (about 10.0 g), tetrahydrofu-
ran (100mL) and triethylamine (3.0 mL) were transferred into a
round bottom flask, and it was stirred magnetically at 50 rpm. It
was then 2-bromo-2-methylpropionyl bromide (2.0 mL) was added
drop wise within 30 min. The bromination reaction was allowed to
proceed for 5h at room temperature. After the bromination reac-
tion, the resin was removed, and extensively washed with acetone
and purified water. The resin was dried in a vacuum oven for 1
day prior to grafting as reported previously [31]. Grafting of gly-
cidyl methacrylate (GMA) on the Br-end functionalized resin was

Table 1
The general characteristics of Crystal Violet and Basic Fuchsine.

Crystal Violet Basic Fuchsine

Chemical formula C25H30CIN3 C20H20C1N3
Molecular weight (g/mol) 407.99 337.86

C.I. number 42555 42510
Amax (nm) 585 550

achieved via SI-ATRP. A 10 g Br-end functionalized resin was trans-
ferred into a glass reactor. The chemicals GMA (30 mL, 225 mmol),
CuBr (0.6 g), bipyridine (2.81g, 18.0 mmol) and dioxane (30 mL)
were added. The solution was purged with nitrogen about 10 min,
and the system was sealed and agitated magnetically. SI-ATRP reac-
tion was carried out at 65°C for 18 h. Then, the reaction content
was transferred into acetone (250 mL) and stirred magnetically to
remove polymerization impurities. The p(GMA) grafted resins were
cleaned, and epoxy groups were modified in to sulfonic acid groups
as previously reported [32].

2.3. Characterization of ion-exchange resin

The grafting percentage (GP) was determined by calculating the
percentage increase in weight using following equation:
GP(%) = [

Mg — Mo

" } « 100 1)

where m, and my are the weights of the resin before and after
grafting, respectively.

The amount of available surface functional epoxy groups content
of the resin was determined by pyridine-HCI method as described
previously [33]. The content of sulfonic group grafted polymer
chains was measured by titration against a standard potassium
hydroxide solution (0.1N) using phenolphthalein as an indicator.
The resins were coated with a thin layer of gold under reduced
pressure and their scanning electron micrographs were obtained
using a JEOL (JSM 5600) scanning electron microscope.

The FTIR spectra of the p(HEMA-g-GMA) and sulfonic acid func-
tionalized resins were obtained by using a FTIR spectrophotometer
(FT-IR 8000 Series, Shimadzu, Japan). The dry sample (about 0.01 g)
mixed with KBr (0.1 g) and pressed into a tablet form. The FTIR spec-
trum was then recorded. The swelling ratio of the p(HEMA-g-GMA)
and sulfonic acid functionalized resin was determined using a volu-
metric cylinder. The height of the dry resin (Hg) was measured and
then purified water was added into the volumetric cylinder and
mixed at 50 rpm for 24 h. Then, the height of the swollen resin (Hs)
was recorded. The swelling ratio was determined by the following
equation:

e . . H,
Equilibrium water swelling ratio = H—S (2)
d

2.4. Adsorption studies

The adsorption of basic dyes on the cation-exchange resin was
investigated in a batch system. Solutions of the dye, contain-
ing 25-700 mg/L, were prepared in purified water. The ranges of
concentrations of each dye were prepared from stock solutions.
Adsorption experiments were performed by agitating magneti-
cally at 150rpm, at 25+2°C for 2 h. The adsorption volume was
50mL and a 50 mg resin was used in each test. After centrifuga-
tion, the amounts of unadsorbed dye in supernatant solutions were
analyzed for its dye concentration using a double beam UV-vis
spectrophotometer (Shimadzu, Tokyo, Japan; Model 1601). All mea-
surements were made at 585 and 550 nm for Crystal Violet and
Basic Fuchsine, respectively. The amount of adsorbed dye per gram
cation-exchange resin (mg dye/g dry resin) was obtained by using
the following expression [13],

(G -C)V
q= —m (3)
where Cy and C are the concentrations of dye in the solution before
and after the adsorption in mg/L, respectively. q is the amount of
dye sorbed onto a unit dry mass of the cation-exchange resin in
mg/g, V is the volume of the dye solution in L, and m is the weight
of the dry cation-exchange resin in g.
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Fig. 2. Schematic representation of experimental protocols.

The effect of medium pH on the adsorption capacity of the
cation-exchange resin was investigated in the pH range 2.0-9.0
for both dyes at 25°C. To optimize the solid/liquid ratio (g/L) in
terms of cost effect, batch experiments were conducted using dif-
ferent amounts of resin between 0.20 and 2.0 g/L resin at pH 5.0
and 25°C. Sodium chloride (NaCl) was employed as background
electrolyte changed between 0.0 and 1.0 M to investigate the influ-
ence of ionic strength on the dye removal. The effect of temperature
was studied at four different temperatures (i.e., 15, 25, 35 and
45°C) at pH 5.0. To determine the effect of initial concentrations
of the dye on the adsorption rate and capacity on the cation-
exchange resin, the initial concentration of each dye was varied
between 25 and 700 mg/L in the adsorption medium at pH 5.0. For
each adsorption experiments, the average of three replicates was
reported.

3. Results and discussion
3.1. Properties of p(HEMA-g-GMA) resin

The successful use of SI-ATRP in controlled polymerization of
hydrophilic monomers in aqueous media under mild conditions
has recently opened up a new pathway for surface-initiated graft-
ing of hydrophilic monomers [34,35]. Using ATRP, fibrous polymer
chains on the polymer surface can be created to produce a materi-
als surface with greater uniformity and flexibility (Fig. 2). In this
study, the grafting percentage of p(GMA) is increased with the
grafting time from 2 to 12 h, and leads to an increase up to 96%
in grafting efficiency on the p(HEMA) resin (data not shown). The
amount of available epoxy groups on the p(HEMA-g-GMA) resin
surface was determined by HCl-pyridine method and was found
to be 6.47 mmol/g resin. The epoxy groups of the resin were modi-
fied into sulfonic groups using Na,;SOj3 in alcohols/water. Following
sulfonation reaction, the sulfonic group content of the resin was
determined as 5.61 mmol/g support from the potentiometric titra-
tion. Thus, the cationic sulfonic groups could adsorb basic dyes with
strong cation-exchange interactions (Fig. 2).

The resin is grafted with p(GMA) as proved by FTIR-spectroscopy
(data not shown). The FTIR spectra of p(HEMA-g-GMA) have the
characteristic stretching vibration band of hydrogen bounded alco-
hol of HEMA at ~3500 cm~!. Among the characteristic vibrations of
both HEMA and GMA are the methylene vibration at ~2980 cm™!
and the methyl vibration at 2920 cm~!. The vibration at 1740 cm™!
represents the ester configuration of both HEMA and GMA. The FTIR

spectra of the resin after sulfonation reaction have some absorption
bands different from those of the p(HEMA)-g-p(GMA) resin. The
most important absorption bands at 1030 and 1095cm™! repre-
senting symmetric and asymmetric stretching of sulfonate groups
is due to the sulfonic groups formed during sulfonation reaction
on the p(HEMA-g-GMA) resin. The stretching frequency band at
920cm~! is attributed to the S=0 bond. The band at 1385cm™!
is characteristic of the S=0 stretching vibrations of undissociated
sulfonic acid groups.

The surface morphology of the grafted resin was investigated by
SEM. A representative micrograph is presented in Fig. 3. The sur-
faces of the p(HEMA-g-GMA) resin were smooth and nonporous.
The fibrous polymer grafted supports can be suitable matrices due
to their intrinsically high specific surface area. Thus, the grafted
polymer can provide a high quantity binding sites for high adsorp-
tion capacity [28].

The swelling ratios of p(HEMA-g-GMA) and sulfonic acid
functionalized resin were determined in purified water. When com-
pared p(HEMA-g-GMA) resin (48%) with sulfonic acid modified
counterpart, the swelling ratio of sulfonic group modified resin was
increased to 98%. This appears reasonable when it is remembered
that p(HEMA-g-GMA) is not highly polar compound and does not
have fixed net charge. The sulfonic groups of grafted polymer chains
introduced negative charges on the polymer structure, and should
be caused more water uptake.

Fig. 3. SEM micrograph of cation-exchange resin.
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Fig. 4. Equilibrium adsorption time of CV and BF dyes on the cation-exchange resin.
Adsorption conditions—initial concentration of dyes: 50 mg/L; medium pH: 5.0;
solution volume: 50 mL; amount of cation-exchange resin: 1.0 g/L; temperature:
25°C.

3.2. Effect of adsorption system parameters

3.2.1. Contact time

The equilibrium adsorption time of two different basic dyes (i.e.,
CV and BF) on the sulfonic acid groups modified cation-exchange
resin was investigated in 2 h. As seen in Fig. 4, a high initial slope
for the adsorption curves is observed. It indicates that the initial
uptake is rapid. This may be due to the fact that at the beginning of
the sorption process all the reaction sites are vacant and hence the
extent of removal is high. After a rapid initial uptake, there was a
transitional phase in which the rate of uptake was slow with uptake
reaching almost a constant value. Consequently, the adsorption of
dyes was carried out in two distinct stages, a relatively rapid one
followed by a slower one.

3.2.2. Effect of adsorbent dosage

The dependence of dye adsorption on adsorbent dosage was
studied by varying the amount of adsorbents in the medium from
0.20to 2.0 g/L while keeping other parameters constant such as ini-
tial concentration of dyes (50 mg/L), pH 5.0, stirring rate 150 rpm
and contact time 2 h. As seen in Fig. 5, the removal efficiency of
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Fig. 5. Effect of resin dosage on the CV and BF dyes adsorption. Adsorption

conditions—initial concentration of dyes: 50 mg/L; medium pH: 5.0; solution vol-
ume: 50 mL; amount of cation-exchange resin: 0.2-2.0 g/L; temperature: 25°C.
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Fig. 6. Effect of pH’s on the adsorption capacity of the cation-exchange resin for
CV and BF basic dyes. Dye concentration: 50 mg/mL; temperature: 25 °C; solution
volume: 50 mL; amount of cation-exchange resin: 1.0 g/L; adsorption time: 2 h.

the adsorbent improved with increasing dose. This is expected
due to the fact that the higher dose of adsorbents in the adsorp-
tion medium, the greater availability of exchangeable sites for the
ions. The adsorption capacities of CV and BF basic dyes on the
cation-exchange resin increased from 10.3 to 18.0 mg/g and 16.5 to
38.0mg/g, respectively, with an increase in adsorbent concentra-
tion from 0.20 to 2.0 g/L. As the adsorbent dose increases, surface
area and available sites for the dye molecules also increase, and
consequently better adsorption takes place. Thus, the adsorption
capacity of both dyes increased with the increase in the adsorbent
dosage and reached an equilibrium value around 1.0 g of adsorbent
dosage (Fig. 5). Therefore, the remaining experiments were carried
out with 1.0 gresin/L.

3.2.3. Effect of pH and ionic strength

The adsorption of CV and BF basic dyes from aqueous solution
onto cation-exchange resin is primarily influenced by the surface
charge of the adsorbent and the degree of ionization of the adsorp-
tive sites [3]. The effect of pH on the adsorption capacity of the
cation-exchange resin was tested with two different basic dyes in
the pH range of 2.0-9.0. As seen in Fig. 6, the removal efficiency of
CV and BF dyes considered in this study remained almost constant
in the pH range from 2.0 to 7.0. As expected, cationic functional
groups of the tested basic dyes (i.e., CV and BF) did not interact
with ion-exchange resin at pH higher than 8.0 due to the depro-
tonation of interactive primary and secondary amino groups of the
dyes molecules. At pH 9.0, the adsorption capacity was very low due
to weak electrostatic interactions between both dyes and sulfonic
groups of the resin.

Sodium chloride is currently used in textile dyeing processes as
it promotes the adsorption of the dyes by the textile fibers. Fig. 7
shows, the influence of the presence of NaCl on the adsorption
capacity of the cation-exchange resin for both dyes. Addition of NaCl
produced an important decrease of the performance of the resin for
both dyes. As seen in this figure, the sorption capacity of the adsor-
bent depended on the ionic strength of the solution. When the ionic
strength was increased, the electrical double layer surrounding the
adsorbent surface was compressed and correspondingly resulted in
a decrease in Crystal Violet and Basic Fucshine adsorption on to the
cation-exchange resin.

3.2.4. Effect of initial concentrations of dyes on the adsorption
efficiency

The initial dyes concentration provides an important driving
force to overcome all mass transfer resistances of the dye molecules
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of cation-exchange resin. Temperature: 25°C; medium pH: 5.0; solution volume:
50 mL; amount of cation-exchange resin: 1.0 g/L; adsorption time: 2 h.

between the aqueous and solid phases. Hence, a higher initial con-
centration of dye will enhance the adsorption process. It should be
noted that the initial dye concentration on an effluent was impor-
tant since a given mass of the adsorbent can adsorb only a fixed
amount of dye. The experimental equilibrium adsorption isotherms
of both CV and BF basic dyes onto the cation-exchange resin were
presented in Fig. 8. The maximum adsorption capacity of the resin
was found to be 76.8 mg/g (0.188 mmol/g) for CV, and 127.0 mg/g
(0.376 mmol/g) for BF at 25 °C. On the other hand, the data showed
that as the initial concentration of each the dye increased from

Table 2

25 to 700 mg/L, the percentage adsorption decreased from 35% to
11% for CV, and 74% to 18% for BE. This result showed that dye
removal was highly concentration dependent [36]. It should be
noted that the differences in adsorption capacity of resin for two
different basic dyes should be caused by the chemical properties.
Basic Fuchsine has a high adsorption capacity or reactivity towards
to cation-exchange resin. The high adsorption capacity for BF dye
may be resulted from the pendant primary amino groups of the
dye molecules. In contrast, Crystal Violet molecule does not con-
tain pendant amino groups; the two-methyl groups mask its each
amino group.

3.3. Kinetic parameters

The kinetics of adsorption is important from the point of view
that it controls the process efficiency. In order to examine the con-
trolling mechanism of biosorption process such as mass transfer
and chemical reaction, kinetic models were used to test the experi-
mental data. The kinetics of dye adsorption on the cation-exchange
resin was determined with three different kinetic models, i.e., the
first- and second-order and the intra-particle diffusion model. The
first-order rate equation of Lagergren is one of the most widely used
equations for the sorption of solute from a liquid solution [37,38].
For this model, the following relation was used for the variation of
adsorbed concentration with respect to time.

qeq k‘l - t
log (qeq — qt> = 2303 )
where k; is the rate constant of pseudo-first-order adsorption
(min~1) and geq and g; denote the amounts of adsorption at equi-
librium and at time t (mg/g), respectively. The slopes and intercepts
of plots of log(qeq — g¢) versus t were used to determine the pseudo-
first-order rate constant k; and ge.

In addition, a pseudo-second-order equation based on sorption
equilibrium capacity may be expressed in the form [13]:

11
qc ~ kaGeqt  Qeq

where k, (g/(mgmin)) is the rate constant of pseudo-second-order
adsorption. The rate constant (k;) and adsorption at equilibrium
(geq) can be obtained from the intercept and slope, respectively,
and there is no need to know any parameter beforehand.
According to experimental and theoretical kinetic data in
Table 2, the experimental results obtained for the adsorption of CV
and BF basic dyes on cation-exchange resin at optimum conditions
of pH, contact time and dose of adsorbent were found to obey the
second-order kinetic. The theoretical geq values estimated from the
first-order kinetic model gave significantly different values com-
pared to experimental values, and the correlation coefficients were
also found to be lower. These results showed that the first-order
kinetic model did not describe these sorption systems. The theo-
retical geq values for the resin were very close to the experimental

(5)

The first- and second-order kinetics and intra-particle diffusion models for adsorption of CV and BF on the cation-exchange resin.

Dye Temperature (K) First-order Second-order Intra-particle diffusion
ki (min~1) Geq (Mg/g) R? k> (g/(mgmin)) Geq (Mg/g) R? K; mg/(g min®-) R?

cv 288 0.166 69.68 0.986 0.216 52.63 0.990 1.85 0.725
298 0.077 42.66 0.991 0.246 81.30 0.996 2.96 0.810
308 0.173 75.85 0.987 0.297 90.91 0.998 3.25 0.847
318 0.067 43.65 0.998 0.376 109.89 0.995 2.89 0.759

BF 288 0.196 162.18 0.961 0.278 111.10 0.989 3.27 0.712
298 0.115 117.49 0.995 0.311 133.33 0.995 4.09 0.766
308 0.059 33.81 0.970 0.582 144.96 0.998 3.14 0.805
318 0.118 41.69 0.984 0.826 175.43 0.990 243 0.690
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Isotherm models constants and correlation coefficients for adsorption of Crystal Violet (CV) and Basic Fuchsine (BF) from aqueous solution.

Dye (K) Gexp (Mg(g) Freundlich model Langmuir model Temkin model
n(g/l) Kr(mglg) R bx10% (L/mg)  Qmax (mglg) R AG(kJ/mol)  R? Krx10*(L/mg) B R?
cv
288 484 1.63 1.21 0.948 0.62 62.5 0.990 -2.20 0.189 6.78 13.7 0.988
298 76.8 1.66 2.11 0.938 0.69 98.0 0.988 —2.56 0.172 7.85 21.1 0.993
308 88.3 1.78 2.99 0.965 0.77 108.7 0.998 —2.92 0.157 8.53 23.2 0.996
318 104.9 1.82 4.08 0.953 0.95 125.0 0.996 -3.59 0.131 10.29 27.1 0.991
BF
288 102.6 2.45 9.21 0.975 1.79 113.7 0.996 —4.32 0.074 2.27 22.3 0.986
298 127.0 2.80 16.09 0.968 2.97 134.1 0.999 -5.72 0.046 5.02 23.6 0.993
308 143.4 2.78 18.80 0.969 3.49 151.3 0.998 —-6.31 0.039 6.15 26.1 0.986
318 1711 3.42 31.50 0.957 4.63 178.6 0.998 —7.28 0.029 25.6 24.1 0.934

2 Initial concentrations (Cp) of CV and BF, 700 mg|/L.

(eq values in the case of second-order kinetics. The correlation coef-
ficients for the linear plots of 1/q; against 1/t for the second-order
equation are greater than 0.989 for CV and BF dyes for contact times
of 2 h. The pseudo-second-order equation at different temperature
fitted well with the experimental data for two basic dyes (Table 2).
The pseudo-second-order model is based on the assumption that
the rate-determining step may be a chemical sorption involving
valence forces through sharing or exchange of electrons between
adsorbent and sorbate [38].

In order to assess the nature of the diffusion process reasonable
for the adsorption of dyes onto the resin attempts were made to
calculate the pore diffusion coefficients. When the water sample
is shaken, the dye molecules are transported to the solid phase by
the intra-particle transport phenomenon. The intra-particle trans-
port is supposed to be the rate-controlling step. The rate of particle
transport through this mechanism is slower than adsorption on
the exterior surface site of the adsorbent. The amount of adsorbed
species can lead varies proportionately with a function of retention
time. The intra-particle diffusion model was proposed by Weber
and Morris [39], the initial rate of intra-particular diffusion is cal-
culated by linearization of the curve g=f{t%3):

q =Kt (6)

where g (mg/g) is the amount of adsorbed dye on the resin at time
t (s), and K; is the diffusion coefficient in the solid (mg/g min%°). K;
has been determined by a plot q=£{t9°) taking account only of the
initial period.

Plots of CV and BF amounts adsorbed, g; versus time?%>, are
plotted for cation-exchange resin (data not shown). All the plots
have the similar general features, initial linear portion followed
by a plateau. The initial linear portion was attributed to the intra-
particle diffusion. However, such a deviation of the straight line
from the origin could likely be due to the difference in the rate of
boundary layer diffusion in the initial stage of adsorption. Gener-
ally, the intercept of the plot of g; versus time®- gives an idea about
boundary layer thickness, the larger the value of the intercept, the
greater the boundary layer diffusion effect is. The values of intra-
particle diffusion rate constant, K;, are tabulated in Table 2. These
results indicate that the dye molecules diffused quickly among the
sorbents at the beginning of the adsorption process, and then intra-
particle diffusion slowed down and stabilized. If the regression of q
versus t03 islinear and passes through the origin, then intra-particle
diffusion is the sole rate-limiting step. The deviation of straight
lines from the origin indicates that intra-particle transport is not
the rate-limiting step.

3.4. Equilibrium adsorption isotherms

Equilibrium data, commonly known as adsorption isotherms,
are the basic requirements for the design of adsorption systems.

Obtaining equilibrium data for a specific adsorbate/adsorbent sys-
tem can be performed experimentally, with a time-consuming
procedure that is incompatible with the growing need for sorption
systems design. Analysis of equilibrium data is important for devel-
oping an equation that can be used to compare different sorbents
under different operational conditions and to design and optimize
an operating procedure [29,30].

The equilibrium removal of dyes was mathematically expressed
in terms of adsorption isotherms. Some isotherm equations have
been tested in the present study, namely the Langmuir, Freundlich,
Dubinin-Radushkevich (D-R) and Temkin isotherm models (Fig. 9).
These equations are given below in order:

Qmaxbceq
= T3 bCq @
q = Ki(Ceq)'I" (8)
In geq = Inqm — K&? 9)
Geq = BInKr + BIn Ceq (10)

For the Langmuir Eq. (7); the constant b is related to the energy
of adsorption, Ceq is the equilibrium concentration of the dye in
solution Q is the amount of adsorbed dye on the adsorbent sur-
face and the constant Qmax represents the maximum binding at the
complete saturation of adsorbent binding sites. K and n are the Fre-
undlich adsorption isotherm constants characteristic of the system
(Eq. (8)). K¢ and n are indicative of the extent of the adsorption
and the degree of non-linearity between solution concentration
and adsorption, respectively. In the Dubinin—-Radushkevich (D-R)
isotherm equation (Eq. (9)), K is the constant related to the mean
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Fig. 9. Experimental, Langmuir, Freundlich and Temkin isotherms for adsorption of
CV (A) and BF (B) dyes on the cation-exchange resin.
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free energy of sorption, qm is the theoretical saturation capacity,
and ¢ is the Polanyi potential, equal to RTIn(1+(1/Ce)). In Eq. (10),
Kt and B are the Temkin isotherm constants. The isotherm constant
K is the equilibrium binding constant (L/mg) corresponding to the
maximum binding energy and constant B is related to the heat of
adsorption (Temkin).

The results also showed that besides the Langmuir, Freundlich
model and Temkin models are also suitable for describing the
adsorptions of CV and BF basic dyes (Table 3). Among these
isotherms, Freundlich isotherm was the poorest to fit the experi-
mental adsorption equilibrium data (Fig. 9). Dubinin-Radushkevich
(D-R) isotherm model has been used for the analysis of the dye
adsorption on adsorbents. However, in this work, the corresponding
semi-reciprocal isotherm plots (In geq versus &%) of the experimen-
tal data gave a non-linear plot for the cation-exchange resin. The
adsorptions of BF and CV basic dyes onto cation-exchange resin
cannot be also described in terms of this model. Considering that
Langmuir isotherm assumes a monolayer coverage and uniform
activity distribution on the adsorbent surface, this is an expected
result. Adsorption of CV and BF is quite a complex process, proba-
bly forming layers on the polymer chains. In addition, a variation of
adsorption activity is expected with surface coverage. Both Lang-
muir and Temkin isotherms gave very good fit to the adsorption
data of CV and BF on cation-exchange resin.

The essential features of a Langmuir isotherm can be expressed
in terms of a dimensionless constant separation factor or equilib-
rium parameter, Ry, which is used to predict if an adsorption system
is “favorable” or “unfavorable” [6,11].

1

RL:1+bC0

(11)
where (j is the initial metal concentration. The value of Ry indi-
cates the shape of isotherm to be either unfavorable (R, > 1) or linear
(RL=1) or favorable (0 <R <1) or irreversible (R =0). Here, R val-
ues obtained for CV and BF dyes are listed in Table 3. The fact that
all the Ry values for the adsorption of CV and BF onto ion-exchange
resin are in the ranges of 0.189-0.131 and 0.074-0.029 at 288-318 K
for 700 mg/L initial dye concentration, respectively and confirmed
that the cation-exchange resin is favorable for adsorption of BF and
CV dye under conditions studied (Table 3).

3.5. Thermodynamic parameters

Batch adsorption runs of basic dyes on cation-exchange resin
were performed at different temperatures (15, 25, 35 and 45 °C),
and the results are summarized for CV and BF dyes in Table 3. It
is seen that the adsorption capacity increases with the increasing
of the temperature, showing an endothermic adsorption process.
Activation energy is determined according to the pseudo-second-
order rate constant is expressed as a function of temperature by
the Arrhenius equation, k=Ayexp(—Ea/RT). Ao, is the temperature
independent factor, k is the second-order rate constant and R is
the gas constant (8.314]/(mol K)). Value of the activation energy,
E,, can be determined from the slope of Ink versus 1/T plot. The
activation energies for BF and CV on the cation-exchange resin were
calculated and the values were found to be 14.03 and 29.35 kJ/mol,
respectively.

In order to evaluate the feasibility and the effect of temperature
better, for dye adsorption onto cation-exchange resin, thermody-
namic parameters such as standard free energy change (AG°),
standard enthalpy change (AH°) and standard entropy change
(AS°) were also obtained. The Gibbs free energy change of adsorp-
tion process was calculated by using the following equations:

AG® = —RT Ink, (12)

where K is the dependency of the equilibrium association constant
(K3 =b, from Langmuir constant). T is the solution temperature.

Standard enthalpy and entropy change values of adsorption can
be calculated from van’t Hoff equation given as below

AS°  AH°
R RT

In K; = (13)

The thermodynamic parameters, AG for both basic dyes
adsorbed on the resin were calculated for each temperature and
tabulated in Table 3. When the temperature increased from 288
to 318K, AG is increased for both of CV and BF dyes. As pre-
sented in Table 3, the negative of AG values at given temperatures
indicates the spontaneous nature of the adsorption and confirm
the feasibility of the adsorption process. Generally, the change in
adsorption enthalpy for physical adsorption is in the range of —20
to —40 kJ/mol, but chemisorption is between —400 and —80 kJ/mol.
The enthalpy change values were obtained 10.71 and 24.39 k]J/mol
for CV and BF, respectively. The positive value of AH° reveals the
adsorption is endothermic and physical in nature. The enthalpy
change value 10.71 and 24.39k]/mol indicates the uptake of CV
and BF dyes on resin to be a physical adsorption. The adsorption
enthalpy change for BF is larger than that of CV. It means the interac-
tion between BF and cation-exchange resin surface is stronger and
then leads to an enhanced adsorption. The entropy change values
were obtained 44.66 and 99.27]/(molK) for CV and BF, respec-
tively. Positive AS° values of CV and BF adsorption process indicates
an irregular increase of the randomness at the cation-exchange
resin-solution interface during adsorption.

3.6. Desorption and regeneration

The economic feasibility of using adsorbent to remove contam-
inants from wastewater relies on its regeneration ability during
multiple adsorption/desorption cycles. In this study, we tested var-
ious desorption solutions in the batch system in order to find a
suitable agent for basic dyes desorption from the cation-exchange
resin and for cation-exchange resin regeneration. The optimal
desorption condition for both dyes was 0.1 M HNOs, and almost
complete desorption (up to 98.7%) was achieved under this con-
dition. These results indicate that CV and BF was bound onto
the cation-exchange resin through a combination of electrostatic
interactions. Seven adsorption desorption cycles were performed
without significant decrease in adsorption capacity.

4. Conclusions

Adsorption process was shown to be highly efficient for color
removal from wastewaters due to its sludge-free clean operation,
simplicity and flexibility of design and complete removal of dyes
even from dilute solutions. The result clearly demonstrated that
cationic sulfonic groups contributed to the adsorption mechanism
through electrostatic interactions between sulfonic groups of the
adsorbent (which are known as strong cation exchangers) and the
cationic sites of CV and BF basic dyes. The percentage uptake of
dyes is concentration dependent, decreasing with an increase in
dye concentration. The equilibrium adsorption behavior of CV and
BF onto cation-exchange resin followed the Langmuir adsorption
isotherm with a maximum theoretical adsorption capacity of 98.0
and 134.1 mg/g resin, respectively. The adsorption of both basic dyes
on the cation-exchange resin was found to be mainly based on ion-
exchange interactions, and these were confirmed by the results of
adsorption isotherms. For the removal basic dyes from wastewa-
ter with the adsorption method, it is a promising route to graft
functional polymer on the solid supports with high performance.
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