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ão Cristóvão, Sergipe, Brazil

r t i c l e i n f o

rticle history:
eceived 6 November 2007
eceived in revised form 24 January 2008
ccepted 1 March 2008
vailable online 8 March 2008

eywords:

a b s t r a c t

A factorial design was employed to evaluate the quantitative removal of an anionic red dye from aqueous
solutions on epichlorohydrin-cross-linked chitosan. The experimental factors and their respective levels
studied were the initial dye concentration in solution (25 or 600 mg L−1), the absence or the presence
of the anionic surfactant sodium dodecylbenzenesulfonate (DBS) and the adsorption temperature (25 or
55 ◦C). The adsorption parameters were analyzed statistically using modeling polynomial equations. The
results indicated that increasing the dye concentration from 25 to 600 mg L−1 increases the dye adsorption
whereas the presence of DBS increases it. The principal effect of temperature did not show a high statistical
hitosan
yes
dsorption thermodynamics
actorial designs

significance. The factorial results also demonstrate the existence of statistically significant binary interac-
tions of the experimental factors. The adsorption thermodynamic parameters, namely �adsH, �adsG and
�adsS, were determined for all the factorial design results. Exothermic and endothermic values were found
in relation to the �adsH. The positive �adsS values indicate that entropy is a driving force for adsorption.
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. Introduction

Chitin is a biodegradable and nontoxic polysaccharide widely
pread among marine and terrestrial invertebrates and fungi [1,2]. It
s usually obtained from waste materials of the sea food-processing
ndustry, mainly shells of crab, shrimp, prawn and krill. Native
hitin occurs in these natural composite materials usually com-
ined with inorganics, proteins, lipids and pigments. Its isolation
alls for chemical treatments to eliminate these contaminants [3,4].
y treating crude chitin with aqueous 40–50% sodium hydroxide

n the 110–115 ◦C range chitosan is obtained [5]. Fig. 1 presents
schematic representation of the partially deacetylated chitosan

tructure. Both biopolymers are chemically similar to cellulose,
iffering only from the R group attached to carbon 2 of the gen-
ral carbohydrate structure. Chitin and chitosan are closely related
ince both are linear polysaccharides containing 2-acetamido-

-deoxy-d-glucopyranose and 2-amino-2-deoxy-d-glucopyranose
nits joined by ˇ(1 → 4) glycosidic bonds. Due to the features men-
ioned, the chemical and physical properties of these polymers
re different in nature [6]. The fully deacetylated product is rarely

∗ Corresponding author. Tel.: +55 79 21056656; fax: +55 79 21056684.
E-mail address: cestari@ufs.br (A.R. Cestari).
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tly affected by an important synergistic effect of the factors and not by the

© 2008 Elsevier B.V. All rights reserved.

btained due to the risks of side reactions and chain depolymeriza-
ion [6,7].

Numerous studies have demonstrated the effectiveness of chi-
osan and derived products in the uptake of metal cations such as
ead, cadmium, copper, and nickel and the uptake of oxyanions
s well complexed metal ions. In other areas, chitosan has been
mployed as an excellent adsorbent for sorption of phenols and
olychlorined biphenyls [8], anionic dyes [9], enzymes [10], and in
ollution control, as a chelating polymer for binding harmful metal

ons [11]. Adsorptions of metals from solutions take place using
ypically both immobilized nitrogenated and oxygenated Lewis
ases of the chitosan structure [1,3]. On the other hand, adsorptions
f anionic dyes occur mainly due to the electrostatic interactions
etween the protonated amine groups on the chitosan ( NH3

+) and
he SO3

− groups of the anionic dyes structures.
The extent of metal and/or dye adsorption depends on the source

f chitosan, the degree of deacetylation, the nature of the adsor-
ate molecules, and solution conditions such as the solvent and
he adsorption pH value, which makes experimental procedures

he only manner to evaluate the interactive chitosan-adsorbate

olecule. Since these studies involve a prohibitively large num-
er of experiments, chemometric procedures based on multivariate
tatistical techniques are employed here. Statistical methods of
xperimental design and system optimization such as factorial

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cestari@ufs.br
dx.doi.org/10.1016/j.jhazmat.2008.03.004


338 A.R. Cestari et al. / Journal of Hazardous Materials 160 (2008) 337–343

d
f
r
n
t
f
p
t
[
m
t
w
m
i
i
i
e
e
d
a
o
c
t

a
d
f
n
b
c
e

2

2

R
p
i
f

Table 1
Factors and levels used in the 23 factorial design study

Factors Levels
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Fig. 1. Structure of partially deacetylated chitosan.

esign and response surface analysis have been applied to dif-
erent adsorption systems because of their capacities to extract
elevant information from systems while requiring a minimum
umber of experiments. Examples of recent applications of the fac-
orial design methodology in adsorption from solution are found,
or instance, in the interaction of non-ionic dispersant on lignite
articles [12], removal of Ga(III) from aqueous solution using ben-
onite [13], adsorption of cationic dye on activated carbon beads
14], and optimization of solid-phase extraction and separation of

etabolites using HPLC [15]. Since substantial interactions among
he experimental adsorption variables are frequently evidenced,
hich can predominate over main factor effects, univariate opti-
ization strategies have been shown to be relatively inadequate

n these kinds of adsorption studies. Besides economizing exper-
mental effort, multivariate methods are capable of measuring
nteraction effects on metal adsorption as well as the individual
ffect of each experimental factor on response properties of inter-
st in the most precise way possible. However, to our knowledge,
espite the large number of works concerning adsorption of metals
nd dyes on chitosan, the role of experimental parameter changes
n the thermodynamic of adsorption, such as temperature, solute
oncentration and the presence of micelar interferents, as well as
heir interactions, are few and scattered.

In this work, chitosan was cross-linked to improve the chemical
nd mechanical features of raw chitosan. A 23 complete factorial
esign was used to evaluate the importance of three experimental

actors concerning the adsorption quantities and the thermody-
amical adsorption of an anionic red dye on cross-linked chitosan
eads. To determine the statistical significance of the effects, dupli-
ate determinations were made for each of these experiments to
valuate experimental error.

. Materials and methods

.1. Materials and characterization of the raw chitosan sample
Water was used after double-distillation. The sulfonated dye
eactive Red RB (abbreviated hereafter as red dye for simplicity),
urity of 50%, from The Dystar Company, whose chemical structure

s shown in Fig. 2, was used as received. Epichlorohydrin (99%) was
rom Synth/Brazil and the surfactant sodium dodecylbenzenesul-

Fig. 2. Chemical structure of the red dye.
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S) = Presence of surfactant DBS No Yesa

T) = Temperature (◦C) 25 55

a The proportion of DBS/dye was 1:1 in relation to the dye concentration in solu-
ion.

onate (abbreviated hereafter as DBS for simplicity), 90% of purity,
as from Sigma/Aldrich.

The chitosan powder used was from fresh Norwegian shrimp
hells from Primex Ingredients A.S. (Norway/Iceland). The fol-
owing characterizations were performed (details not shown), in
rder to check some important aspects, concerning the purity
nd structural aspects of the chitosan sample. Briefly, the degree
f deacetylation was determined by infrared spectroscopy [16].
olid-state 13C NMR spectroscopy was used to verify the purity of
he chitosan sample by the positions and their respective inten-
ities of the 13C absorption peaks, from 20 to 200 ppm [11,16].
he total quantity of nitrogen was determined by the Kjeldhal
ethod.
The chitosan beads were synthesized and cross-linked using a

0% (v/v) epichlorohydrin solution as described earlier [4]. Fig. 3
hows a schematic view of the epichlorohydrin-modified chitosan
ross-linking reaction. The cross-linked chitosan beads were sieved
nd used in the 60–100 mesh range and conditioned in a dark air-
ree flask, in order to prevent possible interactions between the
mine groups and atmospheric CO2 [17].

The determinations of the average density of the beads were
ade by weighing, separately, 15 beads in an analytical balance. The

ensity of the beads (d) was estimated calculated by the expression
= m/v, where m is the mass of the bead and v is its volume, which
as calculated as the volume of a perfect sphere. The final results
ere average values of the 15 densities calculated. FTIR spectra of

he chitosan beads, before and after the cross-linking reaction, were
aken as KBr pellets using a Bohmen spectrophotometer.

.2. Adsorption experiments

A full 23 factorial design was performed to evaluate the impor-
ance of the initial red dye concentration, the presence of the
urfactant DBS and temperature on the quantity of dye adsorbed.
able 1 summarizes these factors and their respective levels.
he adsorptions of the red dye were performed using a batch
rocedure [18], where 50 mL of the red dye solutions were agi-
ated for 180 min, sufficient time to reach equilibrium, according
o the kinetic isotherms (data not shown), which were per-
ormed using the same experimental conditions of each factorial
esign experiment. In order to increase the red dye removal
nd to preserve the polymeric chemical structure of the chi-
osan, the pH values of the solutions were adjusted to 4.0 using

0.1 mol L−1 HCl solution. After a pre-determined contact time,
upernatant aliquots were separated by decantation and the red
ye concentrations were determined spectrophotometrically at
30 and at 519 nm, in the absence and in the presence of DBS,
espectively.

The adsorptions of red dye were calculated using the expression
9,18]:
f = (Ci − Ct)V
m

(1)

here Nf is the fixed quantity of dye per gram of chitosan beads at a
iven time t in mol/g, Ci is the initial concentration of dye in mg/L, Ct
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ig. 3. Partial cross-linking reaction of chitosan using epichlorohydrin. Experime
emperature = 40 ◦C.

s the concentration of dye present at a given time t in mg/L, V is the
olume of the solution in L, and m is the mass of beads in grams.
able 2 presents the quantities of dye absorbed for each factorial
xperiment.
The statistical calculations (t-tests, F-tests, analysis of variance
ANOVA) and multiple regressions) were performed using the soft-
are packages ORIGIN®, release 7.0 and the Statistica® release 7.0

19].

t
(
g

able 2
esults of the adsorption quantities (Nf) and �adsG of the 23 factorial design for the intera

xperiment C S T Nf (mg g−1)

−1 −1 −1 3.21
1 −1 −1 90.62

−1 1 −1 1.47
1 1 −1 32.41

−1 −1 1 2.05
1 −1 1 70.21

−1 1 1 0.71
1 1 1 23.33

a Nf(p) and −�adsG(p) represent the adsorption results predicted from Eqs. (4) and (15)
etails: 10% (m/v) of epichlorohydrin aqueous solution; pH 10; stirring time = 3 h;

. Results and discussion

.1. Initial considerations
The amount of nitrogen of the chitosan, before and after
he cross-linking reaction, showed the presence of 6.77 ± 0.30%
4.84 ± 0.25 mmol g) and 6.47 ± 0.34% (4.39 ± 0.25 mmol g) of nitro-
en. The average densities of the beads were d = 7.08 ± 0.34 × 10−4

ctions of the red dye with the chitosan beads

Nf(p)a (mg g−1) −�adsG (kJ mol−1) −�adsG(p)a (kJ mol−1)

3.06 40.32 42.00
88.68 54.35 54.64

1.54 39.63 40.96
35.44 41.80 44.34

2.14 43.50 42.00
73.68 54.06 54.64

0.62 42.22 40.96
20.44 46.30 44.34

, respectively.
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Table 3
Effect values and their standard errors for the interactions of the red dye with the
chitosan beads

Effects Nf (mg g−1) �adsG (kJ mol−1)

Average 28.00 ± 0.60 −45.48 ± 0.68

Principal
C 52.72 ± 1.21 −8.00 ± 1.37
S −27.39 ± 1.21 5.67 ± 1.37
T −7.95 ± 1.21 −2.52 ± 1.37

Interactions
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ig. 4. FTIR spectra of chitosan beads before and after crosslinked with epichloro-
ydrin.

nd 4.10 ± 0.22 × 10−4 g/mm3 for the beads before and after the
ross-linking reaction, respectively. These results reflect a small
ncrease in the ordering of the chitosan chains after the cross-
inking reaction [20].

Comparative IR spectra of pristine and epichlorohydrin-
rosslinked chitosan beads are shown in Fig. 4. The changes in
ntensity of the broad band of the hydroxyl groups at about
400 cm−1 of the cross-linked beads show that the hydroxyl groups
OH) have been consumed for the cross-linking reactions [21] For

pichlorohydrin-crosslinked chitosan beads spectrum, the trans-
ittance was reducted at the range of 1000–1300 cm−1, related

o C O stretching vibrations of the chitosan chemical structure. In
ddition to this, the presence of a small peak at 1463 cm−1 in this
pectrum, related to secondary amine groups, suggest the possi-
ility that the nitrogen atoms in the carbon C-2 groups of chitosan
ere also involved in the cross-linking reaction in a small extension.

.2. Factorial designs calculations

.2.1. Analysis of the adsorption factors and modeling of the
uantitative adsorption of red dye on the chitosan beads

The initial dye concentration, pH, temperature, the presence of
urfactants and other experimental factors, have been shown to
e significant in the adsorption of dyes taking into account their
nvironmental impact, at dye trace levels [22]. Note that the factors
sed in this work have never been investigated simultaneously
sing factorial designs, and they were chosen for their importance,
s determined previously using one-variable-at-a-time experi-
ental procedures [1]. The experiments were executed in random

rder to correctly evaluate experimental errors [23].
Principal and interaction effect values are easily calculated from

actorial design results. Both types of effects are calculated using the
q. (2) [23].

ffect = R̄+,i − R̄−,i (2)

here R̄+,i and R̄−,i are average values of Nf for the high (+) and
ow (−) levels of each factor. For principal or main effects, the above
verages simply refer to the results at the high (+) and low (−) levels
f the factor whose effect is being calculated independent of the
evels of the other factors. For binary interactions R̄+ is the average
f results for both factors at their high and low levels whereas R̄− is
he average of the results for which one of the factors involved is at

he high level and the other is at the low level. In general, high-order
nteractions are calculated using the above equation by applying
igns obtained by multiplying those for the factors involved (+) for
igh and (−) for low levels. If duplicate runs are performed for each

ndividual measurement, as done in this work, standard errors (E)

t
i
o
a
[

C-S −25.85 ± 1.21 4.63 ± 1.37
C-T −7.03 ± 1.21 0.19 ± 1.37
S-T 2.97 ± 1.21 −1.43 ± 1.37
C-S-T 2.80 ± 1.21 −1.52 ± 1.37

n the effect values can be calculated by [23,24]:

=
{∑

(di)
2/8N

}1/2
(3)

here di is the difference between each duplicate value and N is
he number of distinct experiments performed.

The results obtained in a factorial design depend, in part, on
he ranges of the factors studied. The chosen levels should be large
nough to provoke response changes that are larger than exper-
mental error. However, these differences should not be so large
hat quadratic or higher order effects due to the individual factors
ecome important and invalidate the factorial model. Under these
onditions factorial designs are particularly efficient for evaluating
he principal effects of each factor and their interactions on adsorp-
ions at the solid/solution interfaces, as well as those for academic
nd industrial processes [25].

The factorial design results are in Table 2 and the respective
rincipal and interaction effects for the first factorial design study
re presented in Table 3. The predicted adsorption values (Nf(p))
re also presented in Table 2. The effects error was 1.21 mg g−1. If
he interaction terms are left out of the model the error increases
ignificantly to 7.88 mg g−1.

On average, an increase in the red dye concentration causes an
ncrease in the degree of adsorption observed. This is indicated by
he principal effect for dye concentration of 52.72 mg g−1. A simi-
ar behavior of the “dye concentration effect” has been detected in

any adsorption studies [7,9,18–20]. When the initial concentra-
ion of dye increases, an increase in adsorption degree is found due
o progressive occupation of the adsorption sites until the complete
aturation of the adsorbent. So, the dynamic equilibria were influ-
nced by the initial concentration [20]. Indeed, the quantitative
dsorption, in one-variable-a-time methodology, is significantly
hanged when the initial dye concentrations are very different one
nother [26,27].

Surfactants are used for transportation or for the immobiliza-
ion of the toxic chemicals such as heavy metal ions and dyes [7].
hey can modify the surface properties of various materials, such
s their surface charge or hydrophobicity/hydrophilicity. In this
ay, the sorption of various substances (typically organic com-
ounds) can be supported (coadsorption), or even the sorption
f normally non-retained species may be enabled (adsolubiliza-
ion) [24–28]. However, a prediction of surfactant effects upon
orption is not straightforward, as several simultaneous and
ompetitive mechanisms may be operating during the sorption
rocess. In general, below the critical aggregation concentra-

ion (cac) of the dye/surfactant aggregates, the dye sorption
ncreased with increasing surfactant concentration. Above the cac,
n the other hand, the dye sorption was suppressed steeply as
result of complete micelle formation and dye solubilization

24–28]. The interactions of the dyes with the chitosan beads
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ccur by “free dyes” in solution and by the dye/DBS aggregates
28].

The cac of the dye/DBS aggregates were calculated using the
urface tension technique and they were presented and discussed
arlier [20,29]. Briefly, it is observed that the cac values of the
ed dye decrease from 124.52 to 88.50 mg L−1 with temperature
ncrease, from 25 to 55 ◦C. This behavior has been related to the
elatively ramified chemical structure of the red dye, which do not
nable the formation of a great number of the dye/DBS hydrophobic
nteractions compared to other linear and/or planar molecules. So,
he dye/surfactant hydrophobic interactions do not occur at higher
xtensions at high temperatures [26,27].

In this study, the red dye adsorption decreased in the presence
f the anionic surfactant DBS. This is indicated by the principal
ffect for presence of DBS of −27.39 mg g−1. The adsorption capac-
ty of chitosan beads decreased in the presence of DBS as a result
f the competitive adsorption for the same sites between the same
harged dye and surfactant molecules. Additionally, the relatively
arge dye/DBS aggregates difficult the diffusion of large amounts of
ye into the internal adsorption sites of the chitosan beads.

The adsorption decreased for the higher temperature value in
he factorial design. The principal “temperature effect” in this fac-
orial design is also an important factor for the removal of anionic
yes, but in a less extension than the factors “concentration” and
presence of surfactant”. Most dyes adsorption works using chi-
osan as adsorbent have been shown an opposite situation showed
n this work [27]. In fact, the increase in the uptake of dyes with tem-
erature has been attributed to the enhanced diffusion of sorbate

nto the internal adsorption sites of chitosan [30]. So, the pres-
nce of the DBS aggregates seems to be also affected the role of
emperature on the adsorption of red dye.

The interaction effect absolute values are much smaller than
he initial dye concentration, the presence of DBS and temperature

ain effects. However, at the 95% confidence level, the interaction
ffect between initial dye concentration and surfactant is statisti-
ally important. The effect will be seen to be important for obtaining
quantitative model for this chitosan adsorption process.

A quantitative reduced model for the amounts of absorbed red
ye can be written in terms of the statistically significant effects on
f in Table 2 [23,24],

f = 28.20 + 26.36x1 − 13.69x2 − 12.93x1x2 − 3.98x3 − 3.52x1x3(4

here x1, x2 and x3 are codified (±1) values of dye concentration,
resence of surfactant and temperature, respectively.

Additional cubic polynomial models were also built, where val-
es of Nf were calculated in relation to several initial red dye
oncentrations in solution (25–600 mg L−1), in the absence and in
he presence of DBS, at 25 and 55◦C, as following:

In the absence of DBS, 25 ◦C:

f = 3.45 − 0.02 [dye] + 7.26 × 10−4 [dye]2

−7.56 × 10−7 [dye]3, R2 = 0.9999 (5)

In the absence of DBS, 55 ◦C:

f = 0.92 − 0.03 [dye] + 2.24 × 10−4 [dye]2

−1.45 × 10−7 [dye]3, R2 = 0.9998 (6)

In the presence of DBS, 25 ◦C:
f = 2.37 − 0.01 [dye] + 4.05 × 10−4 [dye]2

−5.09 × 10−7 [dye]3, R2 = 0.9898 (7)

a
s
o
h
d

s Materials 160 (2008) 337–343 341

In the presence of DBS, 55 ◦C:

f = 0.89 − 0.006 [dye] + 2.40 × 10−4 [dye]2

−3.13 × 10−7 [dye]3, R2 = 0.9907 (8)

Taking into account that it is the first attempt to study adsorp-
ion of an anionic dye on chitosan beads simultaneously using all
hese factors, further statistical studies will point out more accurate

odelings to evaluate the relative importance of each experimental
actor of the quantitative anionic dyes adsorptions showed in this
ork. However, other adsorption parameters, using the factorial
esign results, can also be calculated and evaluated, as described
ereafter.

.3. Determination and analysis of thermodynamic energies for
he red dye adsorption according to the factorial design

The thermodynamic parameters, namely the equilibrium con-
tants (K), the enthalpy of adsorption (�adsH), the Gibbs free
nergies of adsorption (�adsG) and the entropy of adsorption
�adsS) were calculated as shown in Eqs. (9)–(12), using the aver-
ge adsorption quantities of the factorial design matrix, in relation
o the following general equilibrium [28–30]:

hitosan − NH2(s) + dye (eq)(aq) � Chitosan − NH2/dye(s)

= �

(1 − �)Ceq
(9)

n
K55

K25
= �adsH

(T55 − T25)
R(T55T25)

(10)

adsG = −RT ln K (11)

adsG = �adsH − T�adsS (12)

here � is the fraction of adsorption that are occupied by red
ye in relation to the available free NH2 groups on chitosan
fter cross-linking reaction, or 3.10 mmol NH2/chitosan mass. Thus,
= Nf/(3.10 mmol NH2/chitosan mass). Ceq is the equilibrium con-
entration (mol L−1) of dye in solution, T is the solution temperature
Kelvin), which was used in relation to each factorial design and R
s the universal gas constant (8.314 J K−1 mol−1).

In univariate adsorption studies, the thermodynamic aspects of
dsorption are directly related to the changes of the adsorption
emperature [31]. However, from the results of the multivariate
tudy found in this work, the effects of the concentration and the
resence of surfactant were also very expressive in relation to the
alculated error. So, the different values for the thermodynamic
arameters of the red dye adsorption on chitosan beads can be due
o the role of all principal and the interactive factors of the factorial
esign and not to the “temperature effect” alone [32].

Table 4 shows the calculated values of the thermodynamic
arameters for the red dye adsorptions on the cross-linked chitosan
eads. The equilibrium constants are found to be different from one
nother, due to the differences in the Nf values found in the factorial
esign results. The different tendencies of the solvent detachment
rom both the dye molecule and the interaction sites of the chitosan
t 25 or 55 ◦C, as well as the different modes of interaction of the dye
n relation to the adsorbent coverage have been also considered as
mportant factors to produce different adsorption thermodynamic
uantities [32,33].

The values of �adsH indicate exothermic and endothermic

dsorption processes for the factorial design experiments. One pos-
ible explanation of the exothermicity or endothermicity of heats
f adsorption [34,35] is the well-known fact that dyes and carbo-
ydrate materials are both well solvated in water. In order for the
yes to be adsorbed, they have to lose part of their hydration shell.
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Table 4
Thermodynamic parameters of the adsorption of red dye in relation to the 23 factorial design results

Experiment Var C Var S Var T ln K �adsHa (kJ mol−1) −�adsG (kJ mol−1) �adsS (J K−1 mol−1)

1 −1 −1 −1 16.28 −2.70 40.32 135.3
2 1 −1 −1 21.94 −17.59 54.35 182.3
3 −1 1 −1 15.99 −4.25 39.63 133.0
4 1 1 −1 16.87 0.90 41.80 140.3
5 −1 −1 1 15.95 −2.70 43.50 132.6
6 1 −1 1 19.82 −17.59 54.50 164.8
7 −4.25 42.22 128.7
8 0.90 46.30 141.2

the experiments 1–4 are considered similar for the experiments 5–8 with errors of ±5%.
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Table 5
Comparative values of �adsH (kJ mol−1) for some adsorbent/dye interactions from
aqueous solutions

Adsorbent/adsorbate �intH Reference

Zeolite MCM-22/basic dye +5.4 [39]
Carbon slurry/ethyl orange −6.20 [38]
Carbon slurry/chrysoidine B −0.70 [38]
Fly ash/basic fuchsin 21.4 [38]
Fly ash/methylene blue 76.1 [38]
Red mud/methylene blue 10.8 [38]
Coir pith/Congo red 7.71 [38]
Red mud/methylene blue −31.0 [38]
Fullers earth/methylene blue 158 [38]
Bentonite/Nylosan red EBL 26.8 [40]
Bentonite/Nylosan blue EBL 12.2 [40]
Wool fibers/acid violet 17 20.9 [41]
Wool fibers/acid blue 90 23.3 [41]
Wool fibers/acid red 1 84.8 [41]
Wool fibers/direct red 80 49.5 [41]
74% Deacetylated chitosan/azonaphthalene-trisulfonate −2.17 [42]
85% Deacetylated chitosan/azonaphthalene-trisulfonate −23.4 [42]
Raw chitin powder/indigo carmine −40.1 [40]
Raw chitosan powder/indigo carmine −23.4 [27]
Raw chitosan powder/indigo carmine −29.2 [43]
Chitosan beads/(low red dye concentration without DBS) −2.70 This work
C
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−1 1 1 15.48
1 1 1 16.98

a Taking into account the range of values for ln K, �adsG and �adsS, the �adsH for

he dehydration processes of the dyes and the adsorbent surface
equire energy. So, in some cases, the dehydration processes super-
ede the exothermicity of the adsorption processes. In summary,
e may say that the removal of water from the dyes and the chi-

osan structure is essentially an endothermic process and it appears
hat endothermicity of the desolvation processes, in some cases
n this study, exceeds that of the exothermicity provided by the
eat of adsorption. However, we are unable to point out the exten-
ion of these desolvation processes, using the adsorption data of
his work. We think that additional computational studies should
e useful in the future, in order to estimate the endothermicity
f the desolvation processes. The main difficulties are related to
nderstanding the correct fraction of solvent released from both
he dye molecules in solution and chitosan at a given temperature.
he unreacted hydroxyl groups present on chitosan would also con-
ribute to adsorption and release of water present on the chitosan
1,6]. The involved adsorption steps, at equilibrium conditions, can
e stated, in a simplified manner, as follows [32,33]:

dsorbent + solvent = Adsorbent (solvent) (13)

dsorbent (solvent) + dye (solvent) = Adsorbent − dye

(solvent) + solvent (14)

As can be seen from Table 4, the positive �adsS values indicate
hat entropy is also a driving force for adsorption [36].

For the sake of comparison, Table 5 presents comparative val-
es of �adsH for some dye-adsorbent interactions. In general, it
as been observed that exothermic �adsH values are found for
ye adsorptions that occur, mainly, on the surfaces of low-size
orous adsorbents. On the other hand, the diffusion of the dye
olecules (or ions) into the internal parts of the adsorbent mate-

ials provokes endothermic and/or very small exothermic values
f �adsH [30–36]. So, the wide range of the comparative results of
he �adsH in Table 5 (some of them obtained by direct isothermal
itration calorimetry) should be seen as evidence that the adsorp-
ion thermodynamic values are average results of both diffusional
endothermic) and chemical bonding (exothermic) processes [35].
n addition, the interactive role of the experimental variables, pro-
ided in the present work by the factorial design methodology,
hould also be taking into account to evaluate the changes of the

adsH values.
The positive �adsS values, as well as the relatively high mag-

itude of the negative �adsG values found in this work have also
een considered as the consequence of the presence of the red
ye molecules, mainly, on the surface of the cross-linked chitosan

eads [20,27,30,34]. Indeed, high negative �adsG values (less than
25 kJ mol−1) are found when adsorption occurs, mainly, on the

urfaces of the adsorbents [16,36,37].
The thermodynamic results presented in present work are in

ood agreement with the adsorption studies found in literature

p
t

t

hitosan beads/(high red dye concentration without DBS) −17.6 This work
hitosan beads/(low red dye concentration with DBS) −4.25 This work
hitosan beads/(high red dye concentration with DBS) 0.90 This work

11,16,38]. However, only the factorial design methodology can
etermine the most important principal and interactive factors to
hange the adsorption thermodynamics at the solid/solution inter-
ace.

In this work, the adsorption thermodynamics modeling was per-
ormed using the �adsG values, since their values were obtained
irectly from the equilibrium constants (K). A quantitative reduced
odel for the �adsG values is presented in Eq. (15), in terms of their

tatistically significant effects showed in Table 3 [23,24],

adsG = −45.48 − 4.00x1 + 2.84x2 + 2.31x1x2 (15)

It is noted that the adsorption of red dye, in relation to the �adsG
alues point of view, is a complex phenomenon. The concentration
f the dye and temperature work to increase the �adsG in a neg-
tive sense. The principal effect of the presence of DBS increases
he �adsG values in the positive sense. Additionally, the interactive
ffect of the variables “concentration” and “presence of surfactant”
lso works to increase the �adsG in the positive sense.

. Conclusions
The results obtained in this study show that the changes pro-
osed in the factorial design study affected the adsorption levels of
he red dye by using cross-linked chitosan beads.

The results indicated that increasing the initial dye concen-
ration from 25 to 600 mg L−1 decreases the dye adsorption/mass
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atio (mol g−1) whereas the presence of the surfactant DBS and
temperature increase of 25–35 ◦C increases it. The adsorption

apacity of chitosan beads decreased in the presence of DBS as a
esult of the competitive adsorption for the same sites between the
ye and surfactant molecules. The factorial experiments demon-
trate the existence of a significant antagonistic interaction effect
etween the “concentration” and “surfactant” factors. The quanti-
ative adsorption (Nf) modeling present good correlations with the
xperimental data.

It is noted that the values of �adsH indicate exothermic and
ndothermic adsorption processes for the factorial design exper-
ments. The adsorption thermodynamic values are average results
f both diffusional (endothermic) and chemical bonding (exother-
ic) processes. The concentration of the dye and temperature work

o increase the �adsG in a negative sense. The principal effect of
he presence of DBS increases the �adsG values in the positive
ense. The negative values of �adsG indicate that the adsorption
rocesses are thermodynamically spontaneous. The positive �adsS
alues indicate that entropy is also a driving force for adsorption.
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