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ABSTRACT: A weak acid acrylic resin was used as an ad-
sorbent for the investigation of Basic Blue 3 (BB3) adsorp-
tion kinetics, isotherms, and thermodynamic parameters.
Batch adsorption studies were carried out to evaluate the
effect of pH, contact time, initial concentration (28-100 mg/
g), adsorbent dose (0.05-0.3 g), and temperature (290-323 K)
on the removal of BB3. The adsorption equilibrium data
were analyzed by the Langmuir, Temkin, and Freundlich
isotherm models, with the best fitting being the first one.
The adsorption capacity (Q,) increased with increasing ini-
tial dye concentration, adsorbent dose, and temperature; the
highest maximum Q, (59.53 mg/g) was obtained at 323 K.
Pseudo-first-order and pseudo-second-order kinetic models
and intraparticle diffusion models were used to analyze the

kinetic data; good agreement between the experimental and
calculated amounts of dye adsorbed at equilibrium were
obtained for the pseudo-second-order kinetic models for the
entire investigated concentrations domain. Various thermo-
dynamic parameters, such as standard enthalpy of adsorp-
tion (AH’ = 88.817 k] /mol), standard entropy of adsorption
(AS° = 0.307 k] mol ' K™'), and Gibbs free energy (AG’ < 0,
for all temperatures investigated), were evaluated and
revealed that the adsorption process was endothermic and
favorable. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 113:
607-614, 2009
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namics; waste

INTRODUCTION

Dyes have been extensively used in many industries,
such as the textile, paper production, and food tech-
nology industries. The discharge of dyes in the envi-
ronment is worrying for both toxicological and
esthetical reasons.' Even at a very low concentrations,
the presence of dyes in effluents can be highly visible
and undesirable.” Colored wastewater damages the
esthetic nature of water and reduces light penetration
through the water’s surface and also the photosyn-
thetic activity of aquatic organism.> This wastewater
contains a variety of organic compounds and toxic
substances that are harmful to fish and other aquatic
organisms.*

Thus, the treatment of effluents containing textile
dye is of great interest because of the dye’s negative
impact on receiving waters. Various methods, includ-
ing chemical and electrochemical oxidation,”® coagu-
lation,”® photocatalysis,” and adsorption techniques,
have been examined. Adsorption is an attractive
option because it may use a large number of suitable
adsorbents, such as activated carbon, polymeric res-
ins, or various low-cost adsorbents.'” Moreover, the
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adsorption method has been found to be superior to
other techniques for wastewater treatment in terms of
cost, simplicity of design, ease of operation, and
insensitivity to toxic substances.'' Also, adsorption
techniques for wastewater treatment have become
more popular because of their efficiency in the re-
moval of pollutants (which are too stable for biologi-
cal methods). Adsorption can produce high-quality
water and is also a process that is economically feasi-
ble.”” One important point to be considered in the
choice of an adsorbent is the possibility of easy
regeneration.

Astrazon Blue BG [Basic Blue 3 (BB3)] is one of the
dyes most commonly used in nylon and acrylic tex-
tiles. It can cause eye burns, which may be responsi-
ble for permanent injury in humans and animals. A
large number of adsorbents have been used for the
removal studies of dyes,”>?° and the search for
cheaper and more effective adsorbents still continues
unabated.

The aim of this study was to determine the
efficiency of the removal of basic dye, namely,
Astrazon Blue BG (BB3), from water solution with
an acrylic copolymer (10% divinylbenzene, 5% acry-
lonitrile, 85% ethyl acrylate) functionalized with
—CH,COONa, namely, CM-60 resin. Batch studies
were carried out involving process parameters such
as solution pH, initial dye concentration and temper-
ature, time contact, and adsorbent dose. Equilibrium
and kinetic analysis were conducted to understand
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the sorption process and to determine the optimiza-
tion of various parameters in dye recovery.

EXPERIMENTAL

Materials
Adsorbent

Sorption experiments of basic dye were carried out
on a weak acid exchange resin [CM-60 resin, struc-
ture in Fig. 1(a)] as an adsorbent, which was per-
formed by the carboxymethylation reaction of an
acrylic weak base exchange resin with sodium chlor-
oacetate. The synthesis of the weak acid resin was
shown previously.”!

The acrylic adsorbent, with a particle size of 0.35-0.8
mm, was characterized by its volume (1.75 mequiv/
mL) and weight (5.35mequiv/g) exchange capacities.

Adsorbate BB3

The basic dye BB3 [CyoHN3OCl; structure in Fig.
1(b); 95% dye content; molecular weight = 359.9]
was used without further purification, as a commer-
cial salt.

A stock solution of 2000 mg/L was prepared by the
dissolution of BB3 textile dye in double-distilled water.
The experimental solution (from 28 to 100 mg/L) was
prepared by dilution of the stock with double-dis-
tilled water.

The dye concentration in solution was measured by
ultraviolet-visible spectrophotometry with a UV-1700
Pharma Spec spectrophotometer (Shimadzu, Kyoto,
Japan). The wavelength was selected from the absorp-
tion spectra to obtain the wavelength of maximum ab-
sorbance (Apa.x = 654 nm).
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Figure 1 (a) Polymeric resin CM-60 and (b) BB3 dye

structures.

Journal of Applied Polymer Science DOI 10.1002/app

BARSANESCU, BUHACEANU, AND DULMAN

Methods

The effects of important parameters, such as pH,
contact time, initial dye concentration, adsorbent
dose, and temperature, on the adsorptive removal of
BB3 were investigated in a series of kinetic and equi-
librium experiments.

Equilibrium studies

The sorption experiments were performed by a
batch method where samples of 0.05 g of the CM-60
resin were brought to equilibrium with 25 mL of so-
lution containing various amounts of BB3.

The solutions (flasks) were kept in a thermostatic
bath and stirred at a controlled speed (mechanical
stirrer S-420, VEB MLW Priifgerate-Werk, Medingen,
Sitz Freital, Germany).

The adsorption isotherms were taken in the tem-
perature range 290-323 K.

The solutions pH was varied from 1.1 to 7.13 and
was adjusted with a diluted solution of HCl and NaOH
and measured with a Radelkis pH meter (OP 211/2,
Budapest, Hungary).

Kinetic studies

The effect of contact time on the color removal was
studied by the addition of 0.15 g of adsorbent to 75 mL
of double-distilled water containing 28-100 mg/L of
BB3 at a constant temperature and a controlled stir-
ring speed. After regular intervals of time (15 min to
12 h), volumes of 1.0 mL of supernatant were taken,
and the amount of adsorbed dye was determined by
the difference between the initial and final solutions
concentrations as spectrophotometrically measured.
These experiments were used to establish the equilib-
rium time between the adsorbent and the dye solu-
tions. This equilibrium time was used as the contact
time in the isotherm experiments.

Dye uptake

The sorption capacity of the CM-60 resin was eval-
uated by the amount of dye adsorbent [eq. (1)], by
percentage of dye removal [eq. (2)], and by the con-
stant distribution [eq. (3)]:

ge =(Co —C,) V x 1073/7” 1)
R% = (Co — C.) x 100/C, 2)
Kd = %/Ce (3)

where g, is the amount of dye sorbed per unit
weight of adsorbent at equilibrium (mg/g), C, and
C. are the initial and equilibrium concentrations of
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Figure 2 pH influence of BB3 sorption onto the CM-60
resin. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

dye in solution (mg/L), V is the volume of solution
(mL), m is the mass of adsorbent used (g), R% is the
percentage dye retention (%), and K; is the distribu-
tion constant [(mg/g)/(mg/L)].

RESULTS AND DISCUSSION
Equilibrium studies
Effect of the pH

The effect of the initial solution pH was studied on
the amount of dye adsorbent (mg/g) at equilibrium
conditions for the uptake of BB3 onto the CM-60 resin.
It was observed, from Figure 2, that the amount of
BB3 retained on the CM-60 resin increased with
increasing pH until the pH reached 5-6, and after
that, the sorption had an insignificant variation in the
range 6—7. For this reason, the following experiments
were made at pH 5.5 (without the pH adjustment of
the dye solutions).

The higher values of pH were not tested because
textile wastewater is weakly acidic. At lower pH, the
H™ ions compete with dye cations, which causes a
decrease in the percentage retention.

Effect of the contact time and initial
dye concentrations

The sorption capacity of the CM-60 resin for basic dye
BB3 was determined at different initial dye concentra-
tions. The quantity of adsorbent was kept constant.

Figure 3 shows the comparative data of the effect of
contact time on the extent of BB3 sorption on the CM-
60 resin from 28 to 100 mg/L initial dye concentra-
tion. All of the experiments were realized at pH 5.5
and at an absolute temperature (T) of 290 K.

The BB3 sorption rate was high at the beginning of
adsorption, and it was independent of the dye con-
centration solutions. The saturation levels were com-
pletely reached at 120 min for all experiments. The
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experimental data was further used to evaluate the
kinetics of the adsorption process.

The amount of dye adsorbed increased with contact
time, and this confirmed strong interactions between
the dye and the material driven by electrostatic inter-
actions between the cationic dye and the carboxylic
groups (—CH,COO™) of the CM-60 resin, as reported
in literature.” As the initial dye concentration
increased from 28 to 100 mg/L, the adsorbed amount
of dye on the adsorbent increased until the equilibrium
state was reached, from 16.28 to 57.75 mg/g (Fig. 3).

The plots of the amount of dye adsorbed at time ¢
(9) versus time were single, smooth, and continuous
and led to saturation; this suggests possible mono-
layer coverage of dye on the surface of the adsorbent
and confirms the applicability of the Langmuir model.

Effect of the adsorbent mass

To determine the effect of adsorbent dose, different
amounts (0.05-0.30 g of adsorbent) were suspended
in 25 mL of dye solution (C, = 400 mg/L) under opti-
mized conditions of pH and contact time. The amount
of adsorbent significantly influenced the dye sorption.
The dye uptake increased from 37 to 102 mg/g and in
percentage terms increased from 98 to 99.67% for an
increase in adsorbent mass from 0.05 g to 0.3 g. An
optimal dose of 0.05 g of adsorbent was selected for
all further studies.

Adsorption isotherms

The analysis of the isotherm data by their fitting to
different isotherm models is an important step in
determining a suitable model that can be used for
design purposes.*

This study was carried out for three isotherm
models: Langmuir, Freundlich, and Temkin. To asses
the different isotherms and their ability to correlate
with experimental results, the theoretical plots from
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Figure 3 Influence of the contact time and initial dye con-
centration on the BB3 sorption. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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each isotherm were plotted with experimental data
for the sorption of BB3 onto the CM-60 resin at 290
(323) K. The model parameters from all of the iso-
therms obtained are presented in Table I. We further
compared the applicability of the isotherm models
to the adsorption study by judging the linear corre-
lation coefficients (R? values).

The Langmuir model assumes that the uptake of
adsorbate occurs on a homogeneous surface by mono-
layer adsorption without any interaction between
adsorbed ions.** The Langmuir’s equation can be
expressed in a mathematical form, as shown in eq. (4):

Ce/f/]e = 1/Q00€L + Ce/Qo (4)

where Q, is the maximum adsorption capacity and
or is the Langmuir constant related to the energy of
adsorption (L/mg). These were calculated from the
slope and intercept of the linear plots of C./q, versus
C./Q,, and the results are summarized in Table I.

The Langmuir parameters, that is, the Langmuir
isotherm constant (K; = 3.54-250 L/mol), Q, (34.36—
59.52 mg/g), and oy, (0.103—4.2 L/mg), increased with
temperature (290-323 K). High temperatures increased
the kinetic energy of the dye and enhanced the mobil-
ity of the dye ions. This led to a higher chance of the
dye being adsorbed onto the adsorbent and an
increase in its Q,.

The essential characteristic of a Langmuir iso-
therm, expressed in terms of a dimensionless separa-
tion factor (R;),?> can be calculated with the relation

Ry =1/1+o.C,) (5)

where K; (K, = Q,0y) is the Langmuir isotherm con-
stant (L/mol) and C, is the highest initial dye con-
centration (mg/L).

The calculated values of Ry (0.00398-0.64), in the
range (0-1), confirmed that the adsorption behavior
of the CM-60 resin was favorable for BB3.

TABLE 1
Langmuir, Freundlich, and Temkin Isotherm Model
Constants and R” Values for the Adsorption of BB3
by the CM-60 Resin at Three Temperatures

Values
Isotherm Parameter 290 K 303 K 323 K
Langmuir K; (L/mol) 3.54 10.800 250.00
Qo (mg/g) 34.364 46.948 59.524
o (L/mg) 0.103 0.230 4.200
R? 0.981 0.976 0.999
Freundlich Kr(L/g) 4.810 8.810 2.250
n 1.850 1.340 2.830
R? 0.960 0.951 0.903
Temkin A(L/g) 1.125 1.517 56.422
B 7.997 12.373 10.776
b (J/mol) 17.670 23.510 38.560
R? 0.945 0.983 0.9830

Journal of Applied Polymer Science DOI 10.1002/app

BARSANESCU, BUHACEANU, AND DULMAN

The Q, and correlation coefficient values obtained
(Table I) indicated the fact that the BB3—-CM 60 resin
sorption data closely followed the Langmuir model
of sorption.

The Freundlich isotherm describes equilibrium on
a heterogeneous surface with a nonuniform distribu-
tion of heat of adsorption over the surface.”® The
application of the Freundlich equation suggests that
sorption energy exponentially decreases on comple-
tion of the sorptional center of an adsorbent.

The linear form of the Freundlich model is repre-
sented by the equation

log g. = log K¢ + (1/n)log C, (6)

where K¢ (L/g) and n are the Freundlich constants
that represent the relative capacity and adsorption
intensity, respectively.

The Freundlich constants were calculated from the
slope and intercept of the Freundlich plots (Table I).

The Freundlich equation represented the poorest
fit for the experimental data among the equations,
although the value of n > 1 reflected favorable
adsorption. It is an empirical equation used to
describe heterogeneous systems and multilayer sites.

K¢ and n were determined as 4.8 and 1.85, respec-
tively, at 290 K with R* = 0.96. The value of n
greater than unity indicated that BB3 adsorption
onto the CM-60 resin was favorable.

The Temkin equations® suggest a linear decrease
of sorption energy as the degree of completion of the
sorptional centers of an adsorbent is increased. The
heat of adsorption of all the molecules in the layer
would decrease linearly with coverage because of ad-
sorbent/adsorbate interactions.”® The adsorption is
characterized by a uniform distribution of binding
energies up to some maximum binding energy. The
Temkin model also takes into account the presence of
indirect dye-adsorbent interactions.

The Temkin isotherm is applied in the following
form:

ge=BInA + BlnC, 7)

where A (L/g) and B are the Temkin isotherm
constants.

A plot of g, versus C, enables one to determine the
constants A and B (Table I). The constant B (Eq. 8) is
related to the heat of adsorption as follows:

B =RT/b )

where b is the Temkin isotherm energy constant (J/
mol) and R is the universal gas constant (J mol ' K™).
A comparison of R? for the same isotherms models at
three temperatures (290; 303, and 323 K) indicated
that the order of R* was Langmuir > Temkin >
Freundlich. High values of the regression coefficient
between the adsorbate-adsorbent system for the
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TABLE II
k; and k, Values for BB3 Sorption by the CM-60 Resin at Different Initial Dye Concentration

Experimental values Pseudo first order (Lagergren)

Pseudo second order (Ho)

C, (mg/L) g.exp (mg/g) ki (min~ ") 9. (mg/g) R? k(g mg’] minY) g, (mg/g) h(mg g’lmin”) R?
28.00 16.33 0.0174 16.63 0.9984 0.00554 16.69 1.544 0.9994
50.00 29.03 0.0169 36.07 0.9985 0.00189 30.21 1.725 0.9980
74.66 43.44 0.0143 61.89 0.9991 0.00045 48.07 1.033 0.9746

100.00 57.75 0.0122 68.66 0.9983 0.00052 61.72 1.963 0.9948

Langmuir (290-323 K), Temkin (303 and 323 K), and
Freundlich (290 and 303 K) models indicated the
applicability of this adsorbent for BB3 removal in
both monolayer sorption and heterogeneous surface
conditions, but the values of R? for the Langmuir
adsorption isotherms were greater than those of the
Freundlich isotherms, which showed its higher
applicability.

Kinetic studies

Three simplified kinetic models were adopted to
examine the mechanism of the adsorption process: a
pseudo-first-order model, a pseudo-second-order
model, and an intraparticle diffusion model.

Pseudo-first-order kinetics

First, the kinetics of adsorption were analyzed by the
pseudo-first-order equation given by Lagergren® as

log (q. — q) =log (qe) — (k1/2.303)¢ )

where g, and g are the amounts of BB3 adsorbed on
resin at the equilibrium and at time ¢t (mg/g) and k;
is the equilibrium rate constant of the pseudo-first-
order sorption (min™").

Values of k; were calculated from the plots of
log(g. — g) versus t for different concentrations of the
basic dye BB3 (Table II). The experimental g, values
did not agree with the calculated values obtained
from the linear plots.

Pseudo-second-order kinetics

The pseudo-second-order model proposed by Ho
and McKay® can be represented in the following
linear form:

(t/0)-(1/kai}) + (1/ge) t

where k; is the equilibrium rate constant of the
pseudo-second-order sorption (g mg~ ' min ™).
k, was used to calculated the initial sorption rate (h):

(10)

h = kog? (11)

Values of k;, and g, were calculated from the intercept
and slope of the linear plots of t/q versus t (Fig. 4).

The plots gave linear relationships with R* values of
above 0.97 for all concentrations. They showed good
agreement between the experimental and the calcu-
lated g, values (Table II), which indicated the applic-
ability of the pseudo-first-order model (at low
concentrations) and pseudo-second-order model (at
all concentrations) to describe the adsorption process
of BB3 onto the CM-60 resin. We also noted that, if the
dye concentration varied from 28 to 100 mg/L, the
sorption pseudo-second-order equilibrium constant
rate decreased from 0.00554 to 0.00052 g mg ™' min ™.
The kinetics of BB3 adsorption onto the CM-60 resin
followed the pseudo-second-order model, which sug-
gested that chemisorptions might have been the rate-
limiting step that controlled the adsorption process.

Intraparticle diffusion

An intraparticle diffusion model based on the theory
proposed by Weber and Morris®' was tested to iden-
tify the diffusion mechanism. The rate constant for
intraparticle diffusion [k;; (mg gflminfl/ 2)] is calcu-
lated by the following equation:

q =kt (12)
where g is the amount of BB3 adsorbed on the resin
(mg/g) at time ¢ (min).

Values of k;; were calculated from the slope of the
linear plots of g versus t'/? (Fig. 5). The first, sharper
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Figure 4 DPseudo-second-order kinetic fit for the BB3
adsorption onto the CM-60 resin at 290 K. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 5 Intraparticle diffusion plot for the BB3 adsorption
onto the CM-60 resin at 290 K. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

portion is the instantaneous adsorption or external
surface adsorption. The second portion is the gradual
adsorption stage, where intraparticle diffusion is the
rate-limiting step. In some cases, a third portion
exists, which is the final equilibrium stage, where
intraparticle diffusion starts to slow down because of
the extremely low adsorbate concentrations left in the
solutions.”” As shown in Figure 5, the linear line did
not pass through the origin, and this deviation from
the origin or near saturation might have been due to
the difference in the mass transfer rate in the initial
and final stages of adsorption.*

We concluded that the adsorption of BB3 onto
the resin was a multistep process, which involved the
adsorption of the external surface, diffusion into the
bulk, and chemical reaction (adsorption of dye at an
active site via ion exchange). We also observed that
the k;; values (Table III) increased with increasing dye
concentration.

Thermodynamics of adsorption

Effect of the temperature

The effect of temperature on the BB3 sorption onto
the CM-60 resin was investigated at three different
temperatures, 290, 303, and 323 K, with a constant
amount of adsorbent (0.05 g) and a contact time of 120
min (Fig. 6).

TABLE III
kiq Values for Adsorption of BB3 onto the CM-60 Resin
at Different Initial Dye Concentrations at 17°C

C; Experimental kia
(mg/g) g (mg/g) (mg g~ ' min'’?) R?
28.00 16.33 2.0351 0.9624
50.00 29.03 4.4283 0.9658
74.66 43.44 7.8876 0.9890
100.00 57.75 8.8865 0.9843

Journal of Applied Polymer Science DOI 10.1002/app
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The results show that with increasing reaction
temperature from 290 to 323 K, the maximum per-
centage of dye removal after 120 min of contact
increased from 73.45 to 99.48% (g, values increased
from 42.87 to 55.88 mg/g). The fact that the percent-
age dye removal was favored by temperature indi-
cated that the mobility of the dye molecules increased
with a rise in the temperature, in accordance with
other reports.**

Q, depended on the chemical interaction of resin
surface groups and the sorbate ions. The adsorp-
tion’s increase with temperature may have been due
to the increase in chemical interaction between sor-
bate ions and surface functionalities of the resin or
the increase in the intraparticle diffusion rate of sor-
bate ions into the pores at higher temperature, as
diffusion is an endothermic process,”® which indi-
cates the endothermic nature of adsorption process.
At the same time, the high temperature favored dye
molecule diffusion in the internal porous structure
of the resin. The basic dye sorption onto CM-60 was
temperature dependent.

Thermodynamic parameters

We evaluated the thermodynamic criteria for the
adsorption process through the calculation of Gibbs
free energy (AG’), enthalpy of adsorption (AH’), and
entropy of adsorption (AS°) by carrying out the adsorp-
tion experiments at three different temperatures (290,
303, and 323 K) and using the following equations:

AG® = AH® — TAS® (13)

log (q¢/C.) = AS/2.303R — AH°/2.303RT ~ (14)

where q./C, is called the adsorption affinity and is the
ratio of g, to C,.

The values of AH’ and AS° were determined from
the slope and the intercept of the plots of log(g./C.) ver-
sus 1/T. The AG’ values were calculated with eq. (13).

120 - |l290K m 308 K D323K|

100 -

80 -

60 4

Retention (%)

20 28 50 60 72 80 100
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Figure 6 Temperature influences of the BB3 sorption.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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TABLE IV
Comparison of BB3 Dye Adsorption of this Study and Previous Studies
Adsorbent AG° (k] /mol) AH° (kJ/mol) AS° (kK] mol ' K™ Reference
Chitosan —6.400 (298 K) — — 22
Sepiolite —12.730 (303 K)
—17.760 (323 K) 17.830 0.016 36
Fly ash —13.020 (303 K)
~11.820 (323 K) 31.310 0.061
Apricot stone activated carbon —13.100 (303 K)
—12.870 (323 K) 16.600 0.012
Cyclodextrin polymer —0.519 (298 K) — — 37
CM-60 resin —0.389 (290 K) 88.817 0.307
—5.862 (303 K) Mean value Mean value This study

~10.473 (323 K)

Enthalpy. The enthalpy change for the sorption pro-
cess with BB3 solutions with concentrations ranging
from 20 to 100 mg/L and temperatures ranging from
290 to 323 K varied between 61.4 and 110.39 kJ/mol,
with a mean value of 88.8 k] /mol. The positive values
of AH® confirmed the endothermic nature of adsorp-
tion. This was also observed in the increased sorption
capacity with temperature. The relatively high values
of enthalpy change were compatible with the forma-
tion of strong chemical bonds between the dye mole-
cules and functional groups on the resin surface
(CHx,COO™ groups), and the adsorption process was
likely to be chemisorption.

Entropy. The adsorption process result was an increase
in the entropy of the system from 0.213 to 0.382 kJ
mol ! K™}, with a mean value of 0.307 k] mol ! K,
when the temperature was varied from 290 to 323 K.
This indicated that the adsorbed BB3 molecules onto
the CM-60 resin surface were organized in a more
random fashion compared to the aqueous phase. The
positive value of entropy change confirmed a high
preference of the CM-60 resin for BB3 molecules and
suggested the possibility of some structural change or
readjustments in the BB3 dye/CM-60 resin complex.
AG®. The calculated AG’ values, at concentrations
ranging from 20 to 100 mg/L, were found to be
from —1.459 to —0.389 kJ/mol, with a mean value of
—0.723 kJ/mol, at 290 K; from —7.331 to —4.225 kJ/
mol, with a mean value of —5.862 kJ/mol, at 308 K;
and from —12.224 to —7.4214 kJ/mol, with a mean
value of —10.473 kJ/mol, at 323 K.

The AG’ values at the same dye concentration
decreased with increasing temperature, which indi-
cates that the BB3 sorption onto the CM-60 resin
became more favorable at higher temperatures.

Because the AG’ values decreased (from —0.38 to
—12.224 kJ/mol) with increased BB3 dye loading,
the adsorption should have become more favorable
with increasing dye loading.

The negative value of AG’ at all temperatures indi-
cated the feasibility and spontaneity of the adsorp-
tion process and confirmed affinity of the adsorbent,

namely, the CM-60 resin, for the BB3 dye. The R*
values ranged from 0.8402 to 1.0.

The parameters AH®, AS°, and AG’ for the adsorb-
ate—adsorbent interactions changed in a way that
made the adsorption thermodynamically feasible
with a high degree of affinity of the dye molecules
for the adsorbent surface.*

A similar endothermic nature of the adsorption
process has been reported for other adsorbent sys-
tems (see Table IV).

CONCLUSIONS

1. CM-60 resin is a weak acid exchange resin that
can be used as an adsorbent material for remov-
ing BB3 from an aqueous solution. In batch stud-
ies, the adsorption process was dependent on
solution pH, contact time, initial dye concentra-
tion, adsorbent dose, and temperature.

We carried out experiments by varying the ini-
tial BB3 concentration between 20 and 100 mg/L.
The equilibrium was reached within about
120 min at an optimum value of pH (5-6).

2. Three different sorption isotherms, namely, the
Langmuir, Temkin and Freundlich isotherms,
were used to correlate the equilibrium experi-
mental data. The constants of each isotherm were
determined with the equilibrium adsorption
data. The Langmuir isotherm was found to fit
the experimental data better than the other iso-
therms equations when used to describe the
adsorption of BB3 onto CM-60 resin. The Lang-
muir parameters, K; (3.54-250 mg/L), Qp (34.36—
59.52 mg/g), and o (0.103-4.2 L/mg), increased
with temperature (290-323 K). High temperatures
increased the kinetic energy of the dye sorption
and enhanced the mobility of the dye ions. This
led to a higher chance of the dye being adsorbed
onto the adsorbent and an increase in its Q,.

3. The pseudo-first-order, pseudo-second-order,
and intraparticle diffusion kinetics models were
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used to analyze data obtained for BB3 adsorption
onto the CM-60 resin. We concluded that the
adsorption of BB3 onto the resin was a multistep
process involving the adsorption of the external
surface, diffusion into the bulk, and chemical
reaction (adsorption of dye at an active site via
ion exchange). We also observed that the k;; val-
ues increased with increasing dye concentration.
4. The basic dye removal technique with a resin as
an adsorbent material could be an alternative
method for the treatment of textile wastewater.
The polymer was found be an effective adsorbent.

The authors thank Ion Bunia and Cornelia Luca, researchers
of the Institute of Macromolecular Chemistry “Petru Poni”
Iasi, Romania, for their contribution to the synthesis and
characterization of the resin.
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NOMENCLATURE

Temkin isotherm constants (L/g, dimension-
less constant)

Temkin isotherm energy constant (J/mol)

Basic Blue 3

Initial concentration of dye in solution
(mg/L, ppm)

Equilibrium  concentration of dye in
solution (mg/L)

Acrylic copolymer resin (10%
divinylbenzene, 5% acrylonitrile, 85%
ethyl acrylate) functionalized with
—CH,COONa

Initial sorption rate (min~ 1)

Equilibrium rate constant of the pseudo-
first-order sorption (min~")

Equilibrium rate constant of the pseudo-
second-order sorption (g mg~' min~')
Rate constant for intraparticle diffusion

(mg g_1 min /3

Distribution constant [(mg/g)/(mg/L) or
L/g]

Freundlich isotherm constant representing
the relative capacity(L/g)

Langmuir isotherm constant (L/mol)

Freundlich  isotherm  exponent
represents the adsorption intensity

Mass of adsorbent used (g)

Amount of dye adsorbed at time ¢ (mg/g)

Amount of dye sorbed per unit weight of
adsorbent at equilibrium (mg/g)

Adsorption capacity (mg/g)

Universal gas constant (J mol ' K1)

Percentage dye retention (%)

Linear correlation coefficient

Dimensionless separation factor

Time (min)

Absolute temperature (K)

that
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Vv

AH°
AG°
AS°
ar

7\‘I'I'\EIX

BARSANESCU, BUHACEANU, AND DULMAN

Volume of solution (mL)

Enthalpy of adsorption (kJ/mol)

Gibbs free energy (kJ/mol)

Entropy of adsorption (k] K™ mol )

Langmuir isotherm constant related to the
energy of adsorption (L/mg)

Wavelength of maximum absorbance (nm)
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