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a b s t r a c t

The removal of Reactive Black 5 from aqueous solutions onto the strongly basic acrylic anion exchang-
ers of type 1, namely Amberlite IRA-458 and Amberlite IRA-958 were investigated. According to the
results, the equilibrium time was found to be 180 min for each Reactive Black 5-anion exchanger system.
Adsorption experiments indicated that the amount of the dye adsorbed on both Amberlite IRA-458 and
Amberlite IRA-958 was dependent on the initial dye concentration in the range of 50–500 mg/L. Modeling
of kinetic results showed that the sorption process of the dye adsorption on both anion exchangers was
best described by the pseudo second-order kinetic model in the entire investigated concentration domain.
orption
sotherms
inetics
hermodynamics

The effect of temperature on dye removal showed that the maximum capacity was obtained at 318 and
308 K for the dye adsorption on Amberlite IRA-458 and Amberlite IRA-958, respectively. The adsorption
isotherm data were fitted well to the Langmuir isotherm and according to this model, Amberlite IRA-458
and Amberlite IRA-958 exhibited the highest monolayer sorption capacity of 1295.93 and 1723.964 mg/g.
Various thermodynamic parameters, such as �G, �H and �S were evaluated and revealed that Reac-

ocess
tive Black 5 adsorption pr
favourable.

. Introduction

Dyes usually have a synthetic origin and complex aromatic
olecular structures which possibly come from coal-tar based

ydrocarbons such as benzene, naphthalene, anthracene, toluene
nd xylene. They can be classified into three categories: (1)
nionic: acid, direct and reactive dyes; (2) cationic: basic dyes;
nd (3) non-ionic: disperse dyes [1]. Reactive dyes are typically
zo-based chromophores combined with different types of reac-
ive groups, e.g., vinyl sulfone, chlorotriazine, trichloropyrimidine,
ifluorochloropyrimidine. Almost 45% of all textile dyes produced
nnually belong to the reactive class as a consequence of an inten-
ive use of these dyes for colouring cellulose and viscose-rayon
bres. They are extensively used in many textile industries due
o their favourable characteristics, such as bright colour, water-
astness, and simple application techniques. The expanded use of
eactive dyes during the last decade has made an impact on con-
entional methods for treating textile effluents due to generally

oor biodegradation of such dyes (especially those containing azo
roups) in an aerobic environment and decomposition of most of
hem into potential carcinogenic aromatic amines under anaer-
bic conditions. Furthermore, reactive dyes have been identified

∗ Corresponding author. Tel.: +48 81 537 57 38; fax: +48 81 533 33 48.
E-mail address: magdalena.greluk@gmail.com (M. Greluk).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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on both Amberlite IRA-458 and Amberlite IRA-958 was endothermic and

© 2010 Elsevier B.V. All rights reserved.

as problematic compounds in textile wastewaters because they
are water-soluble, and found in the wastewater at higher concen-
trations than other dye classes mainly in their spent, hydrolysed
form [2–5]. It is estimated that 10–20% of reactive dyes remain in
wastewater during production and nearly 50% of reactive dyes may
be lost to the effluents during the dyeing process, and their removal
from effluent is difficult by conventional physical/chemical as well
as biological treatment [6].

Adsorption/ion exchange seems to be an alternative method for
the removal of reactive dyes. Recent research [7,8] has explored
applying commercial anion exchange resins to water contam-
inated with a broad range of reactive dyes and it has been
shown that anion exchangers possess excellent adsorption capac-
ity (200–1200 �mol/g) and demonstrate efficient regeneration
property for their removal and recovery [9,10]. However, the inves-
tigations by Karcher et al. reported in [7,8] are related to the anion
exchangers derived from styrene-divinylebenzene copolymers and
in the current literature, there is a lack of information about anion
exchangers based on the acrylic copolymers used for reactive dyes
removal. However, the applicability of ion exchange resin con-
taining acrylic matrix for removing other classes of dyes is well

documented [11–14]. It is predicted, and subsequently confirmed,
that an anion exchange resin based upon an acrylic matrix should
demonstrate beneficial exchange equilibria and kinetics towards
large organic ions compared with the styrenic structures. A direct
explanation for this lies with greater hydrophilic nature of the

dx.doi.org/10.1016/j.cej.2010.06.043
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:magdalena.greluk@gmail.com
dx.doi.org/10.1016/j.cej.2010.06.043
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liphatic skeletal structure of the acrylic matrix, which, in turn,
eans a weaker van der Waals type attraction between the resin
atrix and the hydrocarbon structure of an organic counter-ion

15]. Acrylic anion exchangers have also higher values of the anion
xchange capacities and pollute a much lower degree than styrenic
esins do when used in applications where high levels of organic
ompounds are present [16].

In the present study, two commercial strong acid anion
xchange resins based on the acrylic copolymers with quater-
ary ammonium groups were applied to remove Reactive Black
from aqueous solutions. The system variables studied included

nitial dye concentration, phase contact time and temperature. The
inetic, equilibrium and thermodynamic studies were carried out
o observe the effects of the above mentioned various process
arameters.

Reactive Black 5 was chosen in this study because it is a dye
idely used in textile industry of different commercial names such

s Cavalite Black B, Celmazol Black B, Diamira Black B, Drimarene
lack R/K 3B, Intracron Black VS-B, Levafix Black E-B, Primazin Black
N, Remazol Black B, Remazol Black GF, Sumifix Black B. It is a
lack disazo reactive vinylosulfonyl dye used for urea- and sodium
icarbonate-padded cotton utilizing stream or dry heat for fixing
17].

. Materials and methods

.1. Materials

.1.1. Dye
The textile dye, Reactive Black 5 (abbreviation: RB5, C.I. num-

er: 20,505, molecular formula: C26H21N5Na4O19S6, molecular
eight: 991.82 g/mol) was purchased from Sigma–Aldrich (Ger-
any) and used without further purification (dye purity: 55%).

B5 [4-amino-5-hydroxy-3,6-bis((4-((2-(sulfooxy)ethyl)sulfonyl)
henyl)azo)-2,7-naphthalenedisulfonic acid tetrasodium salt] is
issociated anionic sulfonate in aqueous solution with the molec-
lar structure presented in Fig. 1. The dye is highly soluble, of
50 g/L. Its molecule has a size of 3.15 nm × 1.23 nm × 0.92 nm [18].

.1.2. Resins
The commercial synthetic, strongly basic anion exchange resins

ith the acrylic skeleton: Amberlite IRA-458 of gel type structure

nd Amberlite IRA-958 of macroporous structure were obtained
rom Rohm & Haas (France). The physico-chemical properties and
pecifications of ion exchange resins are presented in Table 1 [19].

Both Amberlite IRA-458 and Amberlite IRA-958 were chosen
n the study on the dye removal because they are referred as the

able 1
hysico-chemical properties of the anion exchangers.

Characteristics Amberlite IRA-458

Physical characteristics
Physical form Transparent white beads
Shipping weight 720 g/dm3
Uniformity coefficient ≤1.90
Particle size range 0.300 mm: 2% max1.800 mm: 20
BET surface area 2.03 m2/g
Average pore diameter 3.6 nm
Temperature limitations 35 ◦C
Effective size 0.600–0.900 mm

Chemical characteristics
Matrix Crosslinked acrylic structure
Structure Gel
Functional groups Quaternary ammonium
Ionic form Chloride
pH limitations None
Total exchange capacity ≥1.25 eq/dm3

Moisture retention 57–64%
Fig. 1. Chemical structure of Reactive Black 5.

anion exchange resins being particularly useful as an organic scav-
enger for effective adsorption of the naturally occurring organic
molecules present in many water supplies.

The resins were washed with distilled water to remove impuri-
ties and dried.

2.2. Methods

2.2.1. Sorption kinetics
For the kinetic studies, 20 mL Reactive Black 5 solution at a

respective initial dye concentration varying from 50 to 500 mg/L
was introduced into a 100 mL joint-stopper conical flask containing
0.2 g of the dried anion exchanger. The flask was capped and agi-
tated at a constant temperature of 298 K in the thermostatic shaker
(Elphin +358S, Poland) at 180 rpm for 1–240 min. After that time,
the resin was filtered off and the concentration of the residual dye
was determined spectrophotometrically at 598 nm using an UV/vis
spectrophotometer (Specord M 42, Carl Zeiss Jena, Germany). The
amount of solute adsorbed at time t, qt was calculated as:

qt = (c0 − ct)
w

× V (1)

where c0 and ct (mg/L) are the liquid-phase concentrations of
solutes at the initial and given time t, respectively, V (L) is the
volume of solution and w (g) is the mass of dry resin.

2.2.2. Sorption kinetic models

The pseudo-first-order Lagergren equation based on solid

capacity is given as:

dqe

dt
= k1(qe − q1) (2)

Amberlite IRA-958

White opaque beads

≤1.80
% max 0.355 mm: 1% max1.180 mm: 5% max

2.03 m2/g
6.46 nm
80 ◦C
0.630–0.850 mm

Macroporous

≥0.8 eq/dm3

66–72%
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ntegrating Eq. (3) and applying the boundary conditions qt = 0 at
= 0 and qt = qt at t = t, this equation may be rearranged for linearised
ata plotting as shown by Eq. (3):

og(qe − q1) = log q1 − k1t

2.303
(3)

here qe and q1 are the amounts of dye adsorbed at equilibrium
mg/g) and at time t, respectively, and k1 is the rate constant of
seudo-first-order sorption (1/min).

A straight line of log(qe − q1) vs. t suggests the applicability of
his kinetic model and the values of log q1 and k1 can be deter-

ined by the intercept and the slope of this linear plot respectively
2,4,20–25].

The pseudo second-order Ho equation based on the sorption
apacity of the solid phase and the assumption that the sorption
rocess involves chemisorption mechanism is expressed as:

dqe

dt
= k2(qe − q2)2 (4)

After taking the boundary conditions into account, qt = 0 at t = 0
nd qt = qt at t = t, the integrated form of Eq. (5) can be rearranged
o obtain Eq. (5):

t

q2
= 1

k2q2
e

+ 1
qe

t (5)

here q2 is the amount of dye adsorbed at equilibrium (mg/g), k2
s the equilibrium rate constant of pseudo second-order sorption
g/mg min).

If pseudo second-order kinetics is applicable, the plot of t/q
gainst t of Eq. (5) should give a linear relationship, from which
e and k2 can be determined from the slope and intercept of the
lot and there is no need to know any parameters beforehand
2,23,26,27].

The applicability of the Lagergren and Ho models was checked
y attempting to obtain a linear fit of the experimental data by
he appropriate equations. The corresponding parameters of dif-
erent kinetic models were determined by linear regression. The
onformity between the experimental data and the values obtained
rom the two equations mentioned above was expressed by the
orrelation coefficients, r2. A relatively high r2 value indicates that
he equation successfully describes the kinetics of Reactive Black 5
dsorption.

.2.3. Sorption isotherms
For adsorption isotherms studies, 0.2 g of the dried anion

xchanger was equilibrated separately with 20 mL solutions con-
aining different Reactive Black 5 concentrations (50–24,000 mg/L)
n a 100 mL joint-stopper conical flask. The contents were shaken
horoughly at the temperatures of 298, 308 and 318 K using a
hermostatic shaker (Elphin +358S, Poland) rotating at 180 rpm.
he solutions were then filtered and the equilibrium concentra-

ions of Reactive Black 5 concentrations were determined using
he UV/vis spectrophotometer (Specord M 42, Carl Zeiss Jena, Ger-

any). The amount of solute adsorbed at equilibrium, qt was
alculated as:

e = (c0 − ce)
w

× V (6)

here c0 and ce (mg/L) are the liquid-phase concentrations of
olutes at the initial and equilibrium time t, respectively, V (L) is
he volume of solution and w (g) is the mass of dry resin.
ring Journal 162 (2010) 919–926 921

2.2.4. Sorption isotherm models
The Langmuir sorption isotherm is most widely used for the

sorption of a pollutant from liquid solutions. The model is based
on several basic assumptions: (i) sorption takes place on specific
homogeneous sites within the adsorbent; (ii) a dye molecule occu-
pies a site; (iii) the adsorbent has a finite capacity for the adsorbate
(at equilibrium, a saturation point is reached and further adsorption
can proceed); (iv) all sites are identical and energetically equivalent
(adsorbents are structurally homogeneous). The linear form of the
Langmuir equation is represented as follows:

ce

qe
= 1

q0b
+ Ce

q0
(7)

where q0 is the maximum capacity of adsorbate to form a complete
monolayer on the surface (mg/g), b is the Langmuir constant related
to the heat of adsorption (L/mg).

By plotting ce/qe versus ce, it is possible to obtain the value of
q0 from the slope which is 1/q0 and b from the intercept which is
1/q0b.

The essential characteristics of the Langmuir isotherm can
be expressed by a dimensionless constant called an equilibrium
parameter, RL, which perfectly determines the favourability and
shape of the isotherm of the adsorption process by applying Eq.
(8):

RL = 1
(1 + bc0)

(8)

The RL values indicate the type of isotherm to be either irreversible
(RL = 0), favourable (0 < RL < 1), linear (RL = 1), or unfavourable
(RL > 1) [10,28].

The Freundlich isotherm is the earliest known relationship
describing the adsorption equation. The model applies to adsorp-
tion on heterogeneous surfaces with the interaction between the
adsorbed molecules and the application of the Freundlich equa-
tion suggests that the adsorption energy exponentially decreases
on completion of the adsorption centres of an adsorbent. This
model also predicts that the dye concentration on the material will
increase as long as there is an increase of the dye concentration in
the solution (this is not restricted to the monolayer in the adsor-
bent). This isotherm is an empirical equation employed to describe
the heterogeneous system and is expressed by the following lin-
earized Eq. (9):

log qe = log KF + 1
n

log ce (9)

where KF (mg/g) is the Freundlich constant related to the adsorp-
tion capacity of the adsorbent and 1/n is another constant related
to the surface heterogeneity. On this basis, the latter constant can
be classified as irreversible (1/n = 0), favourable (0 < 1/n < 1) and
unfavourable (1/n > 1).

The plot of log qe versus log ce should give a straight line with a
slope of 1/n and the intercept of log KF [29–32].

2.2.5. Thermodynamic parameters
The Gibbs free energy change of the adsorption process can be

calculated by using the following Eq. (10):

�G = −RT ln Kd (10)

where T (K) is the solution temperature, R is the gas constant
(8.314 J/mol K) and Kd is the distribution coefficient for the adsorp-
tion.
The distribution coefficient indicates the adsorbent capability
of retaining the solute and also the extent of its movement in a
solution phase. It is expressed as:

Kd = ca

ce
(11)
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ig. 2. Influence of the initial Reactive Black 5 concentration on the sorption of
he dye on gel Amberlite IRA-458 (conditions: volume: 20 mL, resin mass: 200 mg,
emperature: 298 K, agitation rate: 180 rpm).

here ca (mg) is the amount of dye adsorbed on the adsorbent at
quilibrium.

The standard enthalpy and entropy change values of adsorption
an be calculated from the van’t Hoff equation given as below:

n Kd = �S

R
− �H

RT
(12)

s can be seen from Eq. (12), if the equilibrium constants for an
dsorption reaction at different temperatures are known, the val-
es of standard enthalpy and entropy changes for adsorption can
e estimated from the slope and intercept of the linear van’t Hoff
lots of ln Kd vs. 1/T [28,30].

. Results and discussion

.1. Kinetic studies

.1.1. Effect of the initial dye concentration
The adsorption data for uptake of Reactive Black 5 on Amberlite

RA-458 and Amberlite IRA-958 vs. contact time at different initial
ye concentrations for the fixed anion exchanger dose of 10 g/L are
resented in Figs. 2 and 3.

The concentration of the dye in solution can strongly affect
he sorption kinetics. When the initial dye concentration increases
rom 50 to 500 mg/L, the adsorbed amount of Reactive Black 5
ncreases from 5.00 to 49.98 mg/L for Amberlite IRA-458 and from
.99 to 49.99 mg/L for Amberlite IRA-958. It is due to the increase in
he driving force with an increase in the initial dye concentrations.
t high initial Reactive Black 5 concentrations, the driving force

avours adsorption because the gradient between the dye solution
nd the center of the anion exchanger particle enhances the dye
iffusion through the film surrounding the particle.

The concentration of the dye in the solution can also affect
trongly the mechanism controlling the overall kinetic coefficient.
t is evident that Reactive Black 5 concentration hardly influences
he time required to reach equilibrium and it is found that the
ime of 20 min of contact time is sufficient to achieve complete
ptake of dye in the whole examined dye concentration range.
sing chitosan, Gibbs et al. [17] observed that, in the concentration
ange 50–100 mg/L, Reactive Black 5 concentration hardly influ-
nced the time required to reach equilibrium. Robinson et al. [33]
lso observed a limited effect of the dye concentration on sorption
inetics of Reactive Black 5 using agricultural waste residues, corn-
ob and barley husk, in the dye concentration range 50–200 mg/L.
Fig. 3. Influence of the initial Reactive Black 5 concentration on the sorption of the
dye on macroporous Amberlite IRA-958 (conditions: volume: 20 mL, resin mass:
200 mg, temperature: 298 K, agitation rate: 180 rpm).

However, Reactive Black 5 adsorption on a high lime fly ash was
found to be significantly influenced by the initial dye concentration
[20].

The concentration of the dye solution drastically decreases to
zero within the first minutes of contact because the used amount
of both Amberlite IRA-458 and Amberlite IRA-958 is in excess.
Because of a large ratio between the anion exchange sites (large
anion exchanger dosages) and the solute amounts in solution, there
is a sufficient number of ion exchange sites at the surfaces of
both anion exchange resins for complete reduction of the resid-
ual concentration. Thus, the contribution of intraparticle diffusion
to kinetic control cannot be correctly estimated, and a false con-
clusion on the nature of limiting kinetic steps can be drawn [17].
However, it seems that the intraparticle diffusion may not be active
in the control of sorption kinetics in the examined dye concentra-
tion range because the external surface areas of anion exchangers
are probably high enough to adsorb the total amount of Reactive
Black 5 at the initial dye concentration below 500 mg/L.

3.1.2. Adsorption kinetics modeling studies
In order to analyze the adsorption kinetics for Reactive Black

5 on Amberlite IRA-458 and Amberlite IRA-958, the pseudo first-
order and the pseudo second-order equations were adopted to
stimulate the data. These models basically include all steps of
adsorption such as external film diffusion, internal particle dif-
fusion, and adsorption, so they are pseudo-models [29,34,35].
The estimated pseudo first-order and pseudo second-order kinetic
parameters in all concentrations tested as well as the values of
correlation coefficients are shown in Table 2.

The pseudo first-order equation does not fit well for the whole
range of contact time and is applicable only over the initial stages
of the process equal to about 30 min in the case of Reactive Black
5 adsorption on both Amberlite IRA-458 and Amberlite IRA-958.
Thus, the Lagergren expression cannot be applied for the entire
process of dye adsorption. Similarly, previous studies by some
researchers showed that the pseudo first-order kinetics was proved
to be successful where the sorption process was found to be rapid
and showed a poor-fit in the later stages. Kumar et al. [36] showed

that the pseudo first-order kinetics was found to be successful only
for the first 25 min where the solute uptake process was found to
be rapid for methylene blue/fly ash system. A similar observation
was also reported by Ho and McKay [37] for the sorption of basic
dyes onto peat particles [38]. Furthermore, the pseudo first-order
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Table 2
Linear estimates of the pseudo-first order and pseudo second-order parameters for the adsorption of Reactive Black 5 by gel Amberlite IRA-458 and macroporous Amberlite
IRA-958 at different dye concentrations (conditions: the volume: 20 mL, resin mass: 200 mg, temperature: 298 K, agitation rate: 180 rpm).

c0 qe,exp ± Sa Pseudo-first-order kinetic Pseudo second-order kinetic

k1 q1,cal r1
2 k2 q2,cal r2

2

Amberlite IRA-458
50 5.00 ± 0.00 0.041 0.46 0.403 0.145 5.04 0.999

100 9.99 ± 0.01 0.207 5.21 0.847 0.088 10.06 0.999
200 19.99 ± 0.01 0.221 15.59 0.951 0.032 20.17 0.999
300 29.99 ± 0.01 0.208 27.95 0.993 0.019 30.30 0.999
400 39.96 ± 0.04 0.244 35.83 0.999 0.018 40.28 0.999
500 49.98 ± 0.03 0.280 57.26 0.998 0.013 50.43 0.999

Amberlite IRA-958
50 4.99 ± 0.01 0.572 7.35 0.990 0.314 5.01 0.999

100 9.99 ± 0.01 0.315 8.03 0.977 0.118 10.04 0.999
200 19.99 ± 0.01 0.286 18.17 0.989 0.050 20.11 0.999
300 30.00 ± 0.00 0.124 5.43 0.694 0.037 30.18 0.999
400 39.98 ± 0.03 0.287 21.43 0.970 0.036 40.15 0.999
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500 49.99 ± 0.01 0.303 33.16

0 [mg/L]; q,exp, q1,cal. , q2,cal. (mg/g); k1 (1/min); k2 (g/(mg min)); ε (%).
a Standard deviation.

inetic equation does not describe the sorption kinetics of both
ye-anion exchanger systems adequately because the experimen-
al qe values do not agree very well with those calculated. A time
ag, probably resulting from the presence of the boundary layer or
xternal resistance affecting the beginning of adsorption process,
s the cause of these discrepancies. For this reason, the adsorption
f Reactive Black 5 on both Amberlite IRA-458 and Amberlite IRA-
58 cannot be considered as that following the pseudo first-order
echanism despite relatively high values of fitting correlation coef-

cients. However, it is worth noticing that for some adsorption
ata, the values of correlation coefficients are relatively low, rang-

ng from 0.403 to 0.951, when the dye adsorption from the solution
f 50–200 mg/L occurs on Amberlite IRA-458. Also in the case of the
ye adsorption on Amberlite IRA-958, some deviations of correla-
ion values are observed for the solution containing 300 mg/L of
eactive Black 5 (Table 2). It also confirms the fact that the pseudo
rst-order equation is unable to fit the kinetic Reactive Black 5
dsorption data on both examined anion exchangers.

Therefore, the most commonly used pseudo second-order
odel was applied to the presented sorption systems and as fol-

ows from Table 2 this kinetic expression provides a better fit to
he experimental kinetic data than that of the pseudo first-order in
oth examined cases.

Firstly, it is seen that the Ho’s model fits the experimental results
ith much higher correlation (=0.999) values than the Lagergren’s
odel. The plots of t/qt vs. t for the removal of Reactive Black 5

n Amberlite IRA-458 and Amberlite IRA-958, respectively give
traight lines for all the initial dye concentrations studied with
xtremely high correlation coefficients.

Furthermore, the values of qe obtained from the Ho’s equa-
ion are very close the experimental results, whereas the qe values
redicted from the pseudo first-kinetic equation are underesti-
ated as it was mentioned above. Thus, the pseudo second-order

inetic expression can be used to predict successfully the amount
f the dye adsorbed at equilibrium using the kinetic experimen-
al data. In addition, on the contrary to the Lagergren’s expression,
he pseudo second-order model predicts Reactive Black 5 adsorp-
ion behaviour on both anion exchangers over the whole range of
dsorption period.
These results suggested that the pseudo second-order adsorp-
ion mechanism is predominant and that the overall rate of the dye
dsorption process appeared to be controlled by the chemisorp-
ion process [13,29,31,34,39,40]. Although Reactive Black 5 is an
rganic compound, it can be ionized in solution to form nega-
0.979 0.028 50.20 0.999

tive ions. As Amberlite IRA-458 and Amberlite IRA-958 are anion
exchangers possessing numerous quaternary ammonium groups,
a chemical reaction through electrostatic interaction may occur
between the functional groups of the anion exchanger in the
chloride form (R–N+(CH3)Cl−) and the anions of dye molecules.
However, this may indicate a major drawback to the application
of such a process to the removal of the dye from wastewaters,
as chemical sorption is seldom reversible, which eliminates the
possibility of sorbent regeneration and reuse. This further implies
that a destructive method will need to be employed to free the
adsorbed dye. Both of these issues would negatively impact on
the low-cost aspect usually associated with sorption processes
[13,39,40].

As follows from Table 2, the pseudo second-order rate con-
stants are affected by the initial dye concentration for both anion
exchange resins and they decrease irrelevantly with the increas-
ing initial dye concentration. Furthermore, the higher values of the
pseudo second-order rate constants for Reactive Black 5 adsorp-
tion on Amberlite IRA-958 than on Amberlite IRA-458 show that
the dye is more rapidly adsorbed by the macroporous than by gel
anion exchange resin [22].

Kinetic adsorption of Reactive Black 5 by numerous materials
was studied using Eqs. (2)–(5). The adsorption rate constants, the
predicted equilibrium uptake values and the corresponding cor-
relation coefficients for some Reactive Black 5 adsorption studies
are reported in [2,4,20,41,42]. As can be seen, the present research
on the adsorption of this dye on Amberlite IRA-458 and Amberlite
IRA-958 is one of many cases in which the pseudo second-order
model is better than the pseudo first-order one. So far the proper-
ties of the adsorption system affecting that one model is a better
representation than another one, have not been known. However,
it is generally accepted that for the most adsorption period, the
rate is controlled by various diffusion regimes, and therefore, the
Ho’s expression is considered to be better than empirical equations
do not reflect the actual chemical and physical phenomena taking
place [43].

3.2. Equilibrium studies
3.2.1. Effect of temperature
The effect of temperature on the adsorption isotherm of Reactive

Black 5 on the anion exchangers was studied at three different tem-
peratures, 298, 308 and 318 K, with a contact time of 180 min. The
results obtained for the dye adsorption on Amberlite IRA-458 and



924 M. Greluk, Z. Hubicki / Chemical Enginee

F
o
c

A
s
w
t
i
t
F
t
d
l
a

F
o
t
1

ig. 4. Comparison of the experimental adsorption isotherms of Reactive Black 5
btained at different temperatures for gel Amberlite IRA-458 (conditions: the phase
ontact time: 180 min, volume: 20 mL, resin mass: 200 mg, agitation rate: 180 rpm).

mberlite IRA-958 are given in Figs. 4 and 5, respectively. As can be
een for Amberlite IRA-458 the equilibrium dye uptake increases
ith the increase of temperature in the whole examined tempera-

ure range. In the case of the dye adsorption on Amberlite IRA-958,
t is observed that there is a particularly notable increase in Reac-
ive Black uptake when the temperature is raised from 298 to 308 K.
urther increase in temperature has a negative effect on the adsorp-

ion process and the dye uptake diminishes insignificantly. The
ifference in the values of the total adsorption capacity of Amber-

ite IRA-958 for Reactive Black 5 for temperatures 308 and 318 K is
bout 168 mg/g.

ig. 5. Comparison of the experimental adsorption isotherms of Reactive Black 5
btained at different temperatures for macroporous Amberlite IRA-958 (conditions:
he phase contact time: 180 min, volume: 20 mL, resin mass: 200 mg, agitation rate:
80 rpm).
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3.2.2. Adsorption isotherm modeling studies
In order to optimize the design of an adsorption system to

remove dye from solutions, it is important to establish the most
appropriate correlation for the equilibrium curve. Therefore, the
two well-known and widely applied isotherm equations, namely
the Langmuir and Freundlich models, were applied to determine
the experimental data. Different equation parameters and the
underlying thermodynamic presuppositions of these models often
provide insight into both adsorption mechanism and surface prop-
erties of the adsorbent [31,44].

Figs. 4 and 5 show the experimental isotherm data of Reactive
Black 5 on Amberlite IRA-458 and Amberlite IRA-958, respectively
at three different temperatures. In the dye concentration range
examined, the resulting isotherms are positive, regular, concave to
the concentration axis, indicating a complete monolayer saturation
of the dye covering the surfaces of both resins (or maximum adsorp-
tion) at all examined temperatures. The adsorption isotherms are
also characterized by a very favourable shape: the initial slope of
the curve is steep, indicating great affinity of the material for the
dye molecules.

The Langmuir and Freundlich isotherm constants at different
temperatures for the Reactive Black 5 adsorption on Amberlite IRA-
458 and Amberlite IRA-958 are determined.

The linearized forms of the Langmuir isotherm model for
Reactive Black 5 adsorption on Amberlite IRA-458 and Amber-
lite IRA-958 are found to be linear over the whole concentration
range studied and the correlation coefficients are extremely large
(≥0.995). These high correlation coefficient values strongly support
the fact that the dye-anion exchanger adsorption closely follows
the Langmuir model of adsorption in both examined cases.

The parameters of this model were largely dependent on the
type of the anion exchanger and temperature. On the basis of
the Langmuir analysis, the q0 values of Reactive Black 5 adsorp-
tion on Amberlite IRA-458 were 854.32, 1007.36, 1295.93 mg/g
at 298, 308, 318 K, respectively. Also the Langmiur analysis for
the adsorption of the dye on Amberlite IRA-958 at three temper-
atures shows the monolayer capacity of 972.56 mg/g (at 298 K),
1723.64 mg/g (at 308 K) and 1555.97 mg/g (at 318 K). As can be
seen, the values of q0 were found to be a bit larger for the Reac-
tive Black 5-macroporous Amberlite IRA-958 system in comparison
with the maximum uptake of the dye by gel Amberlite IRA-458 in
the whole range of the examined temperature. The main reason
is that if the exchange of large, high molecular weight species like
dye molecules is concerned, the macroporous property becomes
important in providing an easier diffusion path for the uptake and
subsequent release of such species. Amberlite IRA-958 as the anion
exchanger with the macroporous structure possesses significant
porosity in comparison with gel Amberlite IRA-458 with poros-
ity no larger than about 4 nm. Thus, accepting that the release of
large fouling organic anions of Reactive Black 5 from gel Amber-
lite IRA-458 is impeded in part through entanglement within the
structure, such release is facilitated by the resin possessing gen-
uine porosity like Amberlite IRA-958 [11]. However, both Amberlite
IRA-458 and Amberlite IRA-958 have relatively large adsorption
capacities in comparison with some data obtained from literature
[4,20,42,45–50]. This suggests that both examined resins exhibit
very large adsorption capacities and can be suitable for Reactive
Black 5 removal from aqueous solutions [50].

The second Langmuir constant b is related to the free energy
adsorption and indicates the affinity of adsorbents for the dye bind-
ing. Its value is reciprocal of the dye concentration at which half of

the saturation of the adsorbent is attained, thus large value of b
indicates desirable steep beginning of the isotherm which reflects
large affinity of the adsorbents for the adsorbate resulting in a sta-
ble adsorption product. The higher values of b obtained for the
Amberlite IRA-958-dye system at temperatures of 298 and 308 K
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Table 3
Thermodynamic parameters for the adsorption of Reactive Black 5 on gel Amber-
lite IRA-458 and macroporous Amberlite IRA-958 at different dye concentrations
(conditions: the phase contact time: 180 min, volume: 20 mL, resin mass: 200 mg,
agitation rate: 180 rpm).

Temperature (K) Kd �G [kJ/mol] �H [kJ/mol] �S [J/mol K]

Amberlite IRA-458
298 0.78 0.62

34.99 115.76308 1.43 −0.92
318 1.89 −1.68

Amberlite IRA-958
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298 2.42 −2.19
58.04 202.11308 5.18 −4.21

318 10.56 −6.23

mply the strongest bonding of dye to this anion exchanger. Further
ncrease of temperature to 318 K causes that affinity of Reactive
lack 5 for Amberlite IRA 458 drastically increases and there is
bserved much stronger binding of the dye to this anion exchanger
t this temperature than to Amberlite IRA-958. As the values of the
sotherm constant b significantly increase with the temperature, it
an be assumed that the binding force is strengthened at higher
emperatures.

The values of constant RL for both investigated resins towards
he adsorption of Reactive Black 5 lie between 0 and 1 in the whole
oncentration range at all examined temperatures (not shown). It
onfirms the favourable uptake of the dye process and indicates
he suitability of both resins for Reactive Black 5 adsorption. Fur-
hermore, larger RL values at lower dye concentrations and higher
emperatures show that adsorption is more favourable at lower dye
oncentrations and a higher temperature.

The Freundlich isotherm model is found not to describe sat-
sfactorily the adsorption isotherms of Reactive Black 5 over the

hole concentration and temperature ranges studied in both anion
xchanger systems with the correlation coefficients lower than
.694 in all cases. This shows that the Freundlich expression
xhibits poor fit to the adsorption data of the dye and suggests
hat this model yields much worse fit than the Langmuir one. Simi-
ar observations were reported for the adsorption of Reactive Black

on magnetic chitosan [51] or biomass fly ash [45]. However, in
any cases the Freundlich model is more adequate to represent

he Reactive Black 5 isotherm for the system studied than the Lang-
uir expression. It is suitable especially for fitting the data from the

argely heterogeneous adsorbent system [4,20,42,46,50].

.3. Thermodynamic studies

Table 3 summarizes the values of the obtained thermodynamic
arameters.

The positive Gibbs free energy value for the dye adsorption pro-
ess on Amberlite IRA-458 at 298 K indicates the presence of an
nergy barrier in this process [52]. The increase of temperature
esults in the decreasing values of this thermodynamic parameter
elow zero indicating the feasibility of the process and the sponta-
eous nature of the adsorption at temperatures of 308 and 318 K.

n the case of Reactive Black 5 adsorption onto Amberlite IRA-958,
he values of Gibbs free energy of the process at all temperatures
re negative. The �G values are found to decrease as the temper-
ture increases in both dye-anion exchanger systems suggesting
hat higher temperatures make the adsorption easier. The positive
alues of enthalpy change for both adsorption processes indicat-

ng the endothermic nature of the adsorption favourable at higher
emperature and possible strong bonding between the dye and each
nion exchanger. The relatively high values of enthalpy change are
ompatible with the formation of strong chemical bonds between
he dye molecules and the functional groups on the resin surface,

[

ring Journal 162 (2010) 919–926 925

and the adsorption processes are likely to be chemisorption. As
the �H value for the dye adsorption on Amberlite IRA-958 is larger
than that obtained for the Reactive Black 5 adsorption on Amberlite
IRA-458, it can be supposed that the interactions between the dye
and Amberlite IRA-958 are stronger. The positive values of entropy
change indicate good affinity of the anion exchangers for Reactive
Black 5 molecules and show increase in the degree of freedom for
the adsorbed species [11,14,26,30,31,42,53].

4. Conclusions

Removal of Reactive Black 5 from aqueous solution was studied
using the strongly basic anion exchangers with the acrylic skele-
ton, namely Amberlite IRA-458 and Ambelrite IRA-958. These anion
exchangers turned out to be very efficient at adsorption of the
dye. Reactive Black 5 is bound to Amberlite IRA-458 and Amber-
lite IRA-958 through electrostatic attraction between the anionic
groups of the dye and the quaternary ammonium groups of anion
exchangers. The extent of the dye removal increased with the
increasing the initial concentration of the dye. Furthermore, the
adsorbed amounts of Reactive Black 5 increase with an increase
in contact time and reach the maximum at an equilibrium with
180 min. The kinetics of adsorption process is determined to follow
the pseudo second-order rate equation indicating the chemisorp-
tion as the rate-limiting step. The equilibrium data are the best
fitted with the Langmuir isotherm model confirming the mono-
layer adsorption of Reactive Black 5 on both anion exchangers, with
the maximum monolayer adsorption capacities of 1295.93 mg/g at
318 K and 1723.64 mg/g at 308 K for Amberlite IRA-458 and Amber-
lite IRA-958, respectively. The negative value of �G confirms the
spontaneous nature of the adsorption process. Only the positive
value of �G obtained for the dye adsorption on Amberlite IRA-458
at a temperature of 298 K, indicating the presence of an energy bar-
rier is the exception to this rule. The positive value of �S shows that
the randomness at the solid-solution interface is enhanced during
adsorption. The positive value of �H indicates that the adsorption
process is endothermic.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cej.2010.06.043.

References

[1] R. Gong, X. Zhang, H. Liu, Y. Sun, B. Liu, Uptake of cationic dyes from aque-
ous solution by biosorption onto granular kohlrabi peel, Bioresour. Technol. 98
(2007) 1319–1323.
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34] M. Özacar, İ.A. Şengil, Adsorption of reactive dyes on calcined alunite from
aqueous solutions, J. Hazard. Mater. B98 (2003) 211–224.

35] B.-J. Liu, Q.-L. Ren, Sorption of levulinic acid onto weakly basic anion exchang-
ers: equilibrium and kinetic studies, J. Colloid Interface Sci. 294 (2006) 281–287.

36] K.V. Kumar, V. Ramaurthi, S. Sivanesan, Modeling the mechanism involved dur-
ing the sorption of methylene blue onto fly ash, J. Colloid Interface Sci. 284
(2005) 14–21.

37] Y.S. Ho, G. McKay, The kinetics of sorption of basic dyes from aqueous solution
by sphagnum mass peat, Can. J. Chem. Eng. 76 (1998) 822–827.

38] K.V. Kumar, S. Sivanesan, Selection of optimum sorption kinetics: comparison
of linear and non-linear method, J. Hazard. Mater. B134 (2006) 277–279.

39] C.L. Mack, B. Wilhelmi, J.R. Duncan, J.E. Burgess, A kinetic study of the recovery
of platinum ions from an artificial aqueous solution by immobilized Saccha-
romyces cerevisiae biomass, Miner. Eng. 21 (2008) 31–37.

40] B. Stephen Inbaraj, J.T. Chien, G.H. Ho, J. Yang, B.H. Chen, Equilibrium and kinetic
studies on sorption of basic dyes by a natural biopolymer poly(�-glutamic acid),
Biochem. Eng. J. 31 (2006) 204–215.

41] J.F. Osma, V. Saravia, J.L. Toca-Herrera, S. Rodríguez Couto, Sunflower seed
shells: a novel and effective low-cost adsorbent for the removal of the diazo dye
Reactive Black 5 from aqueous solutions, J. Hazard. Mater. 147 (2007) 900–905.

42] D. Karadag, M. Turan, E. Akgul, S. Tok, A. Faki, Adsorption equilibrium and
kinetics of Reactive Black 5 and Reactive Red 239 in aqueous solution onto
surfactant-modified zeolite, J. Chem. Eng. Data 52 (2007) 1615–1620.

43] B.H. Hameed, M.I. El-Khaiary, Sorption kinetics and isotherm studies of cationic
dye using agricultural waste: broad bean peels, J. Hazard. Mater. 154 (2008)
639–648.

44] A.E. Ofomaja, Y.-S. Ho, Equilibrium sorption of anionic dye from aqueous solu-
tion by palm kernel fibre as sorbent, Dyes Pigments 74 (2007) 60–66.

45] P. Pengthamkeerati, T. Satapanajaru, O. Singchan, Sorption of reactive dye from
aqueous solution on biomass fly ash, J. Hazard. Mater. 153 (2008) 1149–1156.

46] A.W.M. Ip, J.P. Barford, G. McKay, Reactive Black dye adsorption/desorption
onto different adsorbents: effect of salt, surface chemistry, pore size and surface
area, J. Colloid Interface Sci. 337 (2009) 32–38.

47] I.Y. Kimura, V.T. Fávere, A.O. Martins, V.A. Spinelli, A. Josué, Adequacy of
isotherm adsorption of black 5 reactive dye for crosslinked chitosan micro-
spheres, Acta Scientarium 23 (2001) 1313–1317.

48] O. Ozdemir, B. Armagan, M. Turan, M.S. Çelik, Comparison of the adsorption
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