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bstract

This article describes the adsorption of an anionic dye, namely C.I. Acid Blue 25 (AB 25), from aqueous solutions onto a cationized starch-based
dsorbent. Temperature was varied to investigate its effect on the adsorption capacity. Equilibrium adsorption isotherms were measured for the
ingle component system and the experimental data were analyzed by using Langmuir, Freundlich, Tempkin, Generalized, Redlich–Peterson, and
oth isotherm equations. Five error functions were used to determine the alternative single component parameters by non-linear regression due to
he bias in using the correlation coefficient resulting from linearization. The error analysis showed that, compared with other models, the Langmuir
odel described best the dye adsorption data. Both linear regression method and non-linear error functions provided the best-fit to experimental

ata with the Langmuir model.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The removal of dye molecules from wastewaters is a matter
f great interest in the field of water pollution. Several physi-
al, chemical and biological decolorization methods [1–3] such
s coagulation/flocculation treatment, biodegradation processes,
xidation methods, membrane filtration, and adsorption have
een reported and attempted for the removal of dyes from plas-
ics, dyestuffs, pulp and paper, and textile effluents. Among these
umerous techniques of dye removal, it is now recognized that
dsorption using solid adsorbents is an effective and useful pro-
ess [4–6]. Conventional materials such as commercial activated
arbons and organic resins have been used with success. How-

ver, their widespread use is restricted due to high cost. For this
eason, alternative non-conventional materials including natural
aterials (clays, siliceous materials, zeolites), waste materials
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rom agriculture and industry (by-products), and biosorbents
peat, biomasses, polysaccharides) have been proposed and stud-
ed for their ability to remove dyes [7,8]. Recently, Crini [9]
eported an extensive list of non-conventional adsorbent lit-
rature for dye removal and discussed their advantages and
rawbacks. Polysaccharides such as chitin and starch, and their
erivatives (chitosan, cyclodextrins) deserve particular atten-
ion [10–12]. These biopolymers represent an interesting and
ttractive alternative as adsorbents because of their low-cost,
articular polymeric structure, physical and chemical proper-
ies, and excellent adsorption properties towards a wide range
f pollutants, resulting from the presence of chemical reactive
roups in polymer chains [12].

The first major challenge for the adsorption field is to select
he most promising types of adsorbent, mainly in terms of
igh capacity and adsorption rate, high selectivity, and low-

ost [8,12]. The next real challenge is to identify clearly the
dsorption mechanism(s), in particular the interactions which
re implicated at the adsorbent/adsorbate interface. Adsorption
roperties and equilibrium data, commonly known as adsorp-
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Nomenclature

aL Langmuir isotherm constant (l mg−1)
A Temkin isotherm constant (l g−1)
B Temkin isotherm constant
Ce liquid phase dye concentration at equilibrium

(mg l−1)
Co initial dye concentration in liquid phase (mg l−1)
K saturation constant (mg/l)
KF Freundlich constant (l g−1)
KL Langmuir isotherm constant (l g−1)
qe amount of dye adsorbed at equilibrium (mg g−1)
qt amount of dye adsorbed at time t (mg g−1)
qmax maximum adsorption capacity of the adsorbent

(mg g−1)
m mass of adsorbent used (g)
n cooperative binding constant
nF Freundlich isotherm exponent
R2 linear regression coefficient of determination
t time (min)
te equilibrium time (min)
T temperature (K)
V volume of dye solution (l)
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x amount of dye adsorbed (mg)

ion isotherms, describe how pollutants interact with adsorbent
aterials and are thus critical in optimizing the use of adsorbents

8,13]. In order to optimize the design of an adsorption system to
emove dye from solutions, it is important to establish the most
ppropriate correlation for the equilibrium curve. An accurate
athematical description of equilibrium adsorption capacity is

ndispensable for reliable prediction of adsorption parameters
nd quantitative comparison of adsorption behavior for differ-
nt adsorbent systems (or for varied experimental conditions)
ithin any given systems [13–15].
There are several isotherm models available for analysing

xperimental data and for describing the equilibrium of adsorp-
ion, including Langmuir, Freundlich, BET, Toth, Tempkin,
edlich–Peterson, Sips, Frumkin, Harkins–Jura, Halsey, Hen-
erson and Dubinin–Radushkevich isotherms [13–15]. Various
esearchers have used these isotherms to examine the impor-
ance of different factors on dye molecule adsorption by a given
dsorbent. However, the two most frequently used equations
pplied in solid/liquid systems to describe adsorption isotherms
re the Langmuir [16] and the Freundlich [17] models and the
ost popular isotherm theory [18] is the Langmuir model which

s commonly used for the adsorption of dyes onto biopolymers,
lthough these models were initially developed for the modelling
f the adsorption of gas solutes onto metallic surfaces, and are
ased on the hypothesis of physical adsorption.

There is no doubt that mathematical modelling is an invalu-

ble tool for the analysis and design of adsorption systems and
lso for the theoretical evaluation and interpretation of thermo-
ynamic parameters. However, an isotherm may fit experimental
ata accurately under one set of conditions but fail entirely under
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nother. In addition, no single model has been found to be gen-
rally applicable [14]. This is readily understandable in the light
f the hypotheses associated with their respective deviations. In
ingle-component isotherm studies, the optimization procedure
equires an error function to be defined in order to quantitatively
ompare the applicability of different models in fitting data.
o determine isotherm constants for two-parameter isotherms
uch as the Langmuir and the Freundlich models, two methods
re available: (i) the non-linear method consists in fitting the
sotherm equation to the data in its non-linear form and (ii) the
inear method is based on converting the equation into a lin-
ar form by transforming the isotherm variables [13,14,19,20].
n the literature, linear regression is the most commonly used
ethod to estimate adsorption, and linear coefficients of deter-
ination are preferred. However, the use of this method is

imited to solving linear forms of equation which measure the
ifference between experimental data and theoretical data in
inear plots only, but not the errors in isotherm curves. Several
tudies have shown that the linearization of a non-linear isotherm
xpression produces different outcomes [19–22]. Porter et al.
19] showed that the values of individual isotherm constants
hanged with the error methodology selected. They obtained
ontradicting results from linearization by using different error
unctions. Ho [20] also pointed out that the non-linear method
as a better way to obtain the isotherm parameters. Recently,

imilar observations have also been reported by Allen et al. [21]
nd Wong et al. [22]. Ho et al. [23], Tor and Cengeloglu [24], and
rini et al. [25] reported that linear regression and the non-linear
hi-square analysis gave different models as the best-fitting

sotherm for the given data set, thus indicating a significant dif-
erence between the analytical methods. These authors showed
hat the non-linear Chi-square test provided a better determina-
ion for the experimental data, in agreement with the previous
ork published by Ho [20].
In our group, we have recently patented a new cation-

zed starch-based material [26]. This non-conventional low-cost
aterial was prepared from a solid agro-food by-product orig-

nating in significant amounts in industrial processes, namely
starch-enriched flour. This flour is one of the cheapest and
ost unconventional materials and its utilization for the treat-
ent of wastewater from another industry could be helpful not

nly to the environment in solving the solid waste disposal
roblem, but also to the economy. In addition, the adsorbent
s also regarded as environmentally friendly and substantially
ess expensive than commercial activated carbons and synthetic
ommercial adsorbents prepared by using petroleum-based raw
aterials.
In this paper, we describe the adsorption of C.I. Acid Blue 25

AB 25) from aqueous solutions onto this cationized adsorbent.
quilibrium adsorption isotherms were measured for the sin-
le component system and the experimental data were analyzed
hanks to six commonly used models, namely the Langmuir,
reundlich, Tempkin, Generalized, Redlich–Peterson, and Toth
sotherm equations. A detailed error analysis was undertaken
o investigate the effect of using different error criteria for the
etermination of the single component isotherm parameters and
hus obtain the best-fit isotherm and isotherm parameters which
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adsorption equilibrium. The solution was then centrifuged to
remove any adsorbent particles, and the supernatant was ana-
lyzed for the final dye concentration. Temperature was varied to
investigate its effect on the adsorption capacity; isotherm data

Table 2
Dye characteristics
Scheme 1. Synthesis of ca

escribe the adsorption process. Five different error functions
ere used, i.e. the sum of the squares of the errors (ERRSQ),

he hybrid fractional error function (HYBRID), the Marquardt’s
ercent standard deviation (MPSD), the average relative error
ARE) and the sum of the absolute errors (EABS). These error
unctions were evaluated and minimized in each case across the
espective data. The sum of normalized errors (SNE) was used
o select the optimum isotherm parameters among the set of
sotherm parameters provided by the minimization of each error
unction. This normalization procedure allows a direct combina-
ion of these scaled errors and identifies the optimum parameter
et by its minimum SNE values [19].

. Materials and methods

.1. Adsorbent

The adsorbent was prepared in one step by reticulation of a
tarch-enriched flour thanks to 1,4-butanediol diglycidylether
BUDGE) as crosslinking agent in the presence of NH4OH
nd 2,3-epoxy-propyltrimethylammonium chloride (EPTAC)
Scheme 1) [26]. During the crosslinking step with BUDGE,
olymer chains were cationized with EPTAC. The polymer char-
cteristics have been reported in Table 1.

.2. Adsorbate
The adsorption capacity was investigated by using C.I. Acid
lue 25 (AB 25) as model guest solute. AB 25 was purchased

rom Aldrich (Saint Quentin en Fallavier, France) and was used

able 1
haracteristics of ion-exchanger starch material

article size 150–250 �m
ET specific surface area 75 m2 g−1

welling capacity 6 ml g−1

4%
egree of substitution
(quaternary ammonium groups)

0.81

eta potential Positive values (pH range 3–9)
ater loss at 125 ◦C 6%

S
C
C
A
C
D
M
M
λ

C

ed-starch-based material.

s received (see Table 2 for its characteristics). AB 25 was chosen
ecause of its known strong adsorption onto solids and it often
erves as a model compound for removing organic contaminants
rom aqueous solutions.

.3. Adsorption experiments

An accurately weighed quantity of the dye was dissolved in
ouble-distilled water to prepare a stock solution (1000 mg l−1)
nd the solutions for equilibrium tests were prepared from the
tock solution to the desired concentrations through succes-
ive dilutions. The calculated concentrations take the dye purity
nto account. The experiments we conducted used the batch

ethod at natural pH (pH 6 for double-distilled water), pre-
iously described in detail [25]. In each experiment, 100 mg of
olymer were mixed with 100 ml of an aqueous dye solution
t a known concentration in a tightly closed flask. The solution
as stirred on a thermostatic mechanical shaker operating at a

onstant agitation speed; 1 h was found to be enough to reach
upplier Aldrich
.I. name Acid Blue 25
.I. number 62055
bbreviation AB 25
hemical class Anthraquinone
ye content (%) 45%
olecular weight 416.39g mol−1

olecular formulae C20H13N2NaO5S
(nm) 602 nm

hemical structure
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ere obtained at 25, 35, 45 and 55 ◦C in a constant temperature
haker bath which controlled the temperature to within ±1 ◦C.
ach experiment was conducted in triplicate under identical
onditions to confirm the results, and was found reproducible
experimental error within 3%). Blanks containing no dye or
dsorbent were conducted in similar conditions as controls to
valuate possible color change and/or precipitation processes
or both components. The amount of dye adsorbed at equilib-
ium time (te) by the adsorbent (qe) was calculated from the
ass balance equation given by Eq. (1) where Co and Ce are

he initial and final dye concentrations in liquid phase (mg l−1),
espectively, V is the volume of dye solution (l) and m the mass
f adsorbent used (g).

e = V (Co − Ce)

m
(1)

. Theory

.1. Single-component isotherms

Adsorption properties and equilibrium data, commonly
nown as adsorption isotherms, describe how dye molecules
nteract with adsorbent materials, and so are critical in optimiz-
ng the use of adsorbents. In order to optimize the design of an
dsorption system to remove dye from solutions, it is important
o establish the most appropriate correlation for the equilibrium
urve. An equilibrium is established when the amount of dye
eing adsorbed onto the adsorbent is equal to the amount being
esorbed. The equilibrium solution concentration remains con-
tant. Plotting solid-phase concentration against liquid-phase
oncentration graphically depicts the equilibrium adsorption
sotherm. Several adsorption equilibrium theories available in
he literature such as Langmuir, Freundlich, Tempkin, Gener-
lized, Redlich–Peterson, and Toth models (see Table 3 for the
quations) can be used to describe equilibrium studies. In this
tudy, experimental data were compared by using these six well-
nown and widely applied isotherm equations in order to find
he best-fitted model for the data obtained. The different equa-

ion parameters and the underlying thermodynamic hypotheses
f these models often provide insight into both the adsorption
echanism, the surface properties and affinity of the adsorbent

13–15].

able 3
he six isotherm models used in this study

sotherms Equation Non-linear equation

angmuir (2) qe = x
m

= KLCe
1+aLCe

reundlich (3) qe = KFCe
1/nF

empkin (4) qe = RT
b

(ln ACe)

eneralized (5) qe = qmax
Cn

e
K+Cn

e

oth (6) qe = KTCe

[aT+Ce
t]1/t

edlich–Peterson (7) qe = KRCe

1+aRC
β
e

us Materials 157 (2008) 34–46 37

.2. Error functions

The typical assessment of the quality of the isotherm fit to the
xperimental data is based on the magnitude of the correlation
oefficient for the regression, i.e. the isotherm giving an R2 value
losest to unity is deemed to provide the best fit. Linearization
sing such data transformations implicitly alters the error struc-
ure however, and may also violate the error equality of variance
homoscadasticity) and normality hypotheses for standard least
quares [31,32]. This may help to explain earlier observations
ccording to which isotherm parameters derived from the lin-
arized forms of the equations are biased in that the Freundlich
arameters produce isotherms which tend to fit the data better
t low concentrations whereas those derived for the Langmuir
sotherm tend to fit the data better at higher concentrations [33].

As an alternative to the linear transformation, non-linear opti-
ization has also been applied to determine isotherm parameter

alues [19,34,35]; it most commonly uses algorithms based on
he Levenberg–Marquardt or Gauss–Newton methods [36,37].
he optimization procedure requires an error function to be
efined in order to enable the optimization process to determine
nd evaluate the fit of the isotherm to the experimental equi-
ibrium data. In this study, five different error functions were
xamined, and in each case the isotherm parameters were deter-
ined by minimising the respective error function across the

oncentration range studied when using the solver add-in with
icrosoft’s spreadsheet, Excel (Microsoft Corporation, 1994).

he error functions studied were as follows.

. The sum of the squares of the errors (ERRSQ) (Eq. (8)):
Although this is the most common error function in use,
it has one major drawback. Isotherm parameters derived
when using this error function will provide a better fit as
the magnitude of the errors and thus the squares of the errors
increase—biasing the fit towards the data obtained at the high
end of the concentration range.

p∑
i=1

(qe,calc − qe,meas)
2
i (8)

. The hybrid fractional error function (HYBRID) (Eq. (9)):

This error function was developed by Porter et al. [19] in
an attempt to improve the fit of the ERRSQ method at
low concentrations. Each ERRSQ value was divided by the
experimentally measured q value. In addition, the number

Linear equation Reference

Ce
qe

= 1
KL

+ aL
KL

Ce [16]

ln qe = ln KF + 1
nF

ln Ce [17]

qe =
(

RT
b

)
ln A +

(
RT
b

)
ln Ce [27]

ln
[

qmax
qe

− 1
]

= ln K − n ln Ce [28]

ln
[

qe
KT

]
= ln Ce − 1

t
ln(aT + Ct) [29]

ln
[

KRCe
qe

− 1
]

= ln aR + β ln Ce [30]
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tion process. It was clear that the polymer had a considerable
affinity for the anionic dye with an approximate monolayer satu-
ration capacity of 300 mg g−1. The adsorption mechanism was a
8 F. Gimbert et al. / Journal of Ha

of degrees of freedom of the system – the number of data
points, p, minus the number of parameters, n, of the isotherm
equation – was included as a divisor.

100

p − n

p∑
i=1

[
(qe,meas − qe,calc)2

qe,meas

]
i

(9)

. Marquardt’s percent standard deviation (MPSD) [38] (Eq.
(10)): This error function was used previously by a number
of researchers in the field [34,39]. It is similar to a geometric
mean error distribution that has been modified to allow for
the number of degrees of freedom in the system.

100

⎛
⎝

√√√√ 1

p − n

p∑
i=1

[
(qe,meas − qe,calc)

qe,meas

]2

i

⎞
⎠ (10)

. The average relative error (ARE) [40] (Eq. (11)): This error
function attempts to minimize the fractional error distribution
across the entire concentration range.

100

p

p∑
i=1

∣∣∣∣ (qe,calc − qe,meas)

qe,meas

∣∣∣∣
i

(11)

. The sum of the absolute errors (EABS) (Eq. (12)): This
approach is similar to the ERRSQ method. Isotherm param-
eters determined by using this error function will provide a
better fit as the magnitude of the errors increase, biasing the
fit towards the high concentration data.

p∑
i=1

∣∣qe,calc − qe,meas
∣∣
i

(12)

In all the error functions, it is assumed that both the
liquid-phase concentration and the solid-phase concentra-
tion contribute equally to weighting the error criterion for the
model solution procedure. Experimental investigations were
undertaken at m/V ratios of 1 g l−1. As a result, the difference
in the solid-phase concentrations reflects the difference in the
predicted concentrations for both phases.

. Results and discussion

.1. The influence of dye concentration and temperature on
dsorption capacity

Adsorption equilibrium is established when the amount of
ye being adsorbed onto the adsorbent is equal to the amount
eing desorbed. It is then possible to depict the equilibrium
dsorption isotherms by plotting the concentration of the dye in
he solid phase versus that in the liquid phase. The distribution
f dye molecules between the liquid phase and the biosorbent
s a measure of the equilibrium position in the adsorption pro-
ess and can generally be expressed by one or more of a series

f isotherm models [13–15]. The shape of an isotherm may
e considered with a view to predicting if a adsorption sys-
em is “favorable” or “unfavorable” (see below). The isotherm
hape can also provide qualitative information on the nature of

F
a
m

us Materials 157 (2008) 34–46

he solute–surface interaction. In addition, adsorption isotherms
re developed to evaluate the capacity of a material for the
dsorption of a particular dye molecule. They constitute the
rst experimental information which is generally used as a
onvenient tool to discriminate among different materials and
hereby choose the most appropriate for a particular applica-
ion in given conditions. The most popular classification of
dsorption isotherms of solutes from aqueous solutions has been
roposed by Giles et al. [41]. Four characteristic classes are iden-
ified, based on the configuration of the initial part of the isotherm
i.e., class S, L, H, C). The subgroups relate to the behavior
t higher concentrations. The Langmuir class (L) is the most
idespread in the case of adsorption of dye compounds from
ater, and it is characterized by an initial region, which is con-

ave to the concentration axis. Type L also suggests that there is
o strong competition between the adsorbate and the solvent to
ccupy the adsorption sites. However, the H class (high affinity)
esults from extremely strong adsorption at very low concentra-
ions giving rise to an apparent intercept on the ordinate. The
-type isotherms suggest that the uptake of pollutants by mate-

ials is associated with chemical forces rather than with physical
ttractions.

Fig. 1 shows the equilibrium adsorption of AB 25 (qe versus
e) when using a cationized starch-based material for different

emperatures. The shape of the isotherms indicates L-behavior
ccording to Giles et al. [41] classification, confirming high
ffinity between the adsorbent surface and the dye molecules.
t was shown that the equilibrium uptake increased with the
ncrease in initial dye concentrations in the range of experi-

ental concentration used. Each isotherm (experimental points)
ises sharply in the initial stages for low Ce and qe values, thus
ndicating that there are plenty of readily accessible sites and a
reat affinity of the material for the dye molecules. The adsor-
ent is saturated when the plateau is reached. The decrease in
he slope of the isotherm, tending to a monolayer, considerably
ncreasing the Ce values for a small increase in qe, is due to
he less active sites being available at the end of the adsorp-
ig. 1. Adsorption isotherm for AB 25 by a cationized starch-based adsorbent
t four different temperatures (conditions: contact time = 1 h; volume = 100 ml;
aterial mass = 100 mg; pH 6).
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ulti-step process involving adsorption on the external surface,
iffusion into the polymer network and electrostatic interactions
etween the sulfonate groups of the dye molecules and the qua-
ernary ammonium groups present at the surface of the material
submitted work). In other research studies [12,25], we demon-
trated that this kind of polymer possesses a remarkably high
welling capacity in water due to the hydrophilic nature of its
rosslinked units and, consequently, its network is sufficiently
xpanded to allow a fast diffusion process for the dye molecules.
he rapid and extensive uptake with liquid concentration by

he polymer, followed by a tailing off in the isotherm with an
pparent monolayer being achieved, suggests that the Langmuir
sotherm should provide a reasonable description and analysis
f the data.

However, it was also shown that the adsorption capacity
ecreased with increasing temperature, thus indicating that the
dsorption of AB 25 onto material was exothermic in nature. It is
ell known that temperature plays an important role in adsorp-

ion by biopolymers, with generally a negative influence on the
mount adsorbed. Similar results were reported by Abdel-Aal
t al. [42], Xu et al. [43], and Baouab et al. [44].

.2. The Langmuir model

The Langmuir adsorption isotherm [16] is most widely used
or the adsorption of a pollutant from a liquid solution given the
ollowing hypotheses:

monolayer adsorption (the adsorbed layer is one molecule
thick);
adsorption takes place at specific homogeneous sites within
the adsorbent;
once a dye occupies a site, no further adsorption can take
place at that site;
adsorptional energy is constant and does not depend on the
degree of occupation of an adsorbent’s active centres;
the strength of the intermolecular attractive forces is believed
to fall off rapidly with distance;
the adsorbent has a finite capacity for the dye (at equilibrium,
a saturation point is reached where no further adsorption can
occur);
all sites are identical and energetically equivalent;
the adsorbent is structurally homogeneous;
there is no interaction between molecules adsorbed on neigh-
boring sites.

The Langmuir equation is represented by Eq. (2) (Table 3)
here x is the amount of dye adsorbed (mg); m is the amount of

dsorbent used (g); Ce (mg L−1) and qe (mg g−1) are the liquid
hase concentration and solid phase concentration of adsorbate
t equilibrium, respectively; KL (L g−1) and aL (L mg−1) are
he Langmuir isotherm constants. The Langmuir isotherm con-

tants, KL and aL are evaluated through linearization of Eq. (2).
y plotting Ce/qe against Ce, it is possible to obtain the value of
L from the intercept which is 1/KL and the value of aL from

he slope which is aL/KL.

4

a

us Materials 157 (2008) 34–46 39

.3. The Freundlich model

The Freundlich equilibrium isotherm equation [17] was also
sed to describe experimental adsorption data. This isotherm
Eq. (3)) is an empirical equation which is used for the descrip-
ion of multilayer adsorption with interaction between adsorbed

olecules. The model predicts that the dye concentrations on
he material will increase as long as there is an increase of the
ye concentration in the solution (this is not restricted to the
onolayer in the adsorbent). The model applies to adsorption

nto heterogeneous surfaces with a uniform energy distribution
nd reversible adsorption. The Freundlich isotherm is the earli-
st known relationship describing the adsorption equation. The
pplication of the Freundlich equation suggests that adsorption
nergy exponentially decreases on completion of the adsorp-
ional centres of an adsorbent. This isotherm is expressed by
q. (3) (see Table 3) where Ce (mg L−1) and qe (mg g−1) are

he liquid phase concentration and solid phase concentration
f adsorbate at equilibrium, respectively; KF is the Freundlich
onstant (L−1 mg) and 1/nF is the heterogeneity factor. The
reundlich constants are empirical constants which depend on
everal environmental factors. The value of 1/nF ranges between
and 1, and indicates the degree of non-linearity between solu-

ion concentration and adsorption as follows [45]: if the value
f 1/nF is equal to unity, the adsorption is linear; if the value is
elow unity, this implies that the adsorption process is chemical;
f the value is above unity, adsorption is a favorable physical pro-
ess; the more heterogeneous the surface, the closer 1/nF value
s to 0 [14].

.4. The Tempkin model

Tempkin and Pyzhev [27] considered the effects of some indi-
ect adsorbate/adsorbate interactions on adsorption isotherms.
hey suggested that, because of these interactions and ignor-

ng very low and very large values of concentration, the heat
f adsorption of all molecules in the layer would decrease lin-
arly with coverage. In Eq. (4), A and RT/b = B are the Tempkin
sotherm constants. Constant B is related to the heat of adsorp-
ion.

.5. The Generalized model

In the Generalized equation (Eq. (5)), K represents the satu-
ation constant (mg L−1); n is the cooperative binding constant;
max is the maximum adsorption capacity of the adsorbent
mg g−1); for each temperature, its value is calculated using the
L/aL ratio obtained from the Langmuir model; qe (mg g−1) and
e (mg L−1) are the equilibrium adsorbate concentrations in the

olid and liquid phase, respectively. A plot of the equilibrium
ata in the form of ln[(qmax/qe) − 1] versus ln Ce gives K and n
onstants [28].
.6. The Toth model

The Toth model [29] is derived from potential theory and is
pplicable to heterogeneous adsorption. This isotherm (Eq. (6))
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Table 4
Langmuir isotherm constants with error analysis

Linear transform
(LTFM)

Sum of the squares of
the errors (ERRSQ)

Hybrid fractional
error (HYBRID)

Marquardt’s percentage
standard deviation (MPSD)

Average relative
error (ARE)

Sum of the absolute
errors (EABS)

25 ◦C
KL (L g−1) 31.456 29.405 30.017 31.009 28.060 28.050
aL (L mg−1) 0.099 0.091 0.094 0.098 0.088 0.088
R2 (linear) 0.999
ERRSQ 411.377 376.182 383.662 433.213 506.942 503.477
HYBRID 14.445 15.727 15.423 16.263 21.398 21.327
MPSD 2.753 3.372 3.241 3.159 4.039 4.038
ARE 1.467 1.803 1.810 1.829 1.667 1.664
EABS 49.301 52.549 53.116 54.689 47.728 47.562
SNE 3.872 4.258 4.241 4.397 4.806 4.769

35 ◦C
KL (L g−1) 27.362 26.852 26.901 27.107 26.860 26.458
aL (L mg−1) 0.092 0.090 0.090 0.091 0.090 0.089
R2 (linear) 0.999
ERRSQ 226.616 223.493 223.665 225.944 224.812 230.243
HYBRID 7.161 7.141 7.136 7.184 7.156 7.418
MPSD 1.810 1.854 1.849 1.841 1.853 1.929
ARE 0.803 0.801 0.885 0.878 0.865 0.872
EABS 27.869 28.979 28.354 28.370 27.584 27.396
SNE 4.741 4.894 4.853 4.858 4.814 4.913

45 ◦C
KL (L g−1) 20.412 18.978 17.991 17.182 18.959 19.187
aL (L mg−1) 0.081 0.074 0.070 0.066 0.075 0.076
R2 (linear) 0.999
ERRSQ 333.977 504.970 533.709 606.906 518.924 518.997
HYBRID 11.576 22.920 21.359 22.533 23.119 23.800
MPSD 2.382 4.161 3.711 3.580 4.130 4.257
ARE 0.910 1.642 1.697 1.853 1.562 1.575
EABS 28.728 40.693 45.309 52.608 38.292 38.063
SNE 2.633 4.432 4.426 4.516 4.367 4.429

55 ◦C
KL (L g−1) 10.883 9.527 9.558 9.617 9.890 9.980
aL (L mg−1) 0.055 0.047 0.048 0.048 0.050 0.050
R2 (linear) 0.998
ERRSQ 239.83 182.091 182.302 183.347 194.937 194.947
HYBRID 10.719 7.592 7.583 7.603 8.057 8.057
MPSD 2.628 2.128 2.123 2.120 2.174 2.174
ARE 1.558 1.334 1.325 1.314 1.271 1.271
EABS 40.186 35.278 35.153 35.011 34.609 34.609

V d erro
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h
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h
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4

SNE 5.000 4.012 4.002

alues in bold represent minimum error values and minimum sum of normalize

resupposes a quasi-Gaussian energy distribution. Most sites
ave an adsorption energy lower than the peak or maximum
dsorption energy.

.7. The Redlich–Peterson model

Redlich and Peterson [30] have proposed an empirical equa-
ion incorporating three parameters which may be used to
epresent adsorption equilibria over a wide concentration range,
nd can be applied either in homogeneous or heterogeneous
ystems due to its versatility. The Redlich–Peterson equation is

epresented by Eq. (7) where KR and aR are isotherm constants
L mg−1), and β is an exponent which lies between 0 and 1. This
sotherm combines elements from both the Langmuir and Fre-
ndlich equations, and the mechanism of adsorption is a hybrid

i
t
R
(

3.996 4.070 4.070

rs (SNE).

nd does not follow ideal monolayer adsorption. The isotherm
as a linear dependence on concentration in the numerator and
n exponential function in the denominator. Eq. (7) is simpli-
ed to a linear isotherm at low surface coverage (for β = 0, it is
implified to Henry’s equation), to the Freundlich isotherm at
igh adsorbated concentration (KR and aR � 1, β = 1), and to
he Langmuir isotherm when β = 1.

.8. Single-component isotherm parameters

The conventional approach to the determination of the

sotherm parameters is by linear regression. Examples of
he Langmuir, Freundlich, Tempkin, Generalized, Toth, and
edlich–Peterson isotherms using the linear transform model

LTFM) are illustrated in Figs. 2–7. The values of the
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the correlation coefficients were extremely high, confirming the
ig. 2. Single-component Langmuir isotherms and experimental data (condi-
ions: contact time = 1 h; volume = 100 ml; material mass = 100 mg; pH 6).

onstants for isotherms were obtained from the slope and inter-
ept of the plots of each model linear form. The isotherm
arameters obtained, together with the values of the error mea-
ures for each isotherm, are all fully presented in Table 4
nd the final sum of the normalized error values (SNE) in
ables 5–9.

Examination of the linear isotherm plots suggested that the
angmuir model yielded a much better fit than the other models.

n addition, the approach of the isotherm parameters determi-
ation by linear regression appears to give acceptable fits to

he experimental data with good respective regression coeffi-
ients (R2 values) as shown in the linear transform columns in
ables 5–9. Overall, the Langmuir isotherm has the highest R2

Fig. 3. Single-component Freundlich isotherms and experimental data.

m
g
m

Fig. 4. Single-component Tempkin isotherms and experimental data.

alues (close to unity), whereas the Freundlich and Tempkin
alues are lower, although the values of nF > 1 indicate favor-
ble adsorption conditions [45]. From Fig. 3, it is also clear
hat the Langmuir model yields a much better fit than the Fre-
ndlich model. Purely from a comparison of the R2 values,
he linearized Langmuir, Toth and Redlich–Peterson isotherms
ould also be expected to provide a better fit to the experimen-

al data than the linearized Freundlich and Tempkin isotherms.
o, the linearized forms of the Langmuir isotherms are found

o be linear over the whole concentration range studied, and
onolayer coverage of dye onto particles and also the homo-
eneous distribution of active sites on the material, since the
odel presupposes that the surface is homogenous. In addi-

Fig. 5. Single-component Generalized isotherms and experimental data.
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Fig. 6. Single-component Toth isotherms and experimental data.

ion, the general shape of the isotherm curve including sharp
urvature near the saturation point and short equilibrium time
ere highly characteristic of a Langmuir equilibrium with high

dsorption capacity. The maximum adsorption capacity of the
dsorbent, qmax, (equilibrium monolayer capacity or saturation
apacity) is numerically equal to KL/aL. The qmax values were
22, 294, 250 and 196 mg of dye per gram of material for 25, 35,
5, and 55 ◦C, respectively. The maximum adsorption capacity
f AB 25 at 25 ◦C was comparable to the adsorption capacities
f some other adsorbent materials. The qmax values also showed
hat the capacity decreased with increasing temperature. Baouab

t al. [44] have reported that the adsorption of organic pollu-
ants onto a solid biopolymer is an exothermic process, and the
hysical and chemical bonding between the organic molecules

ig. 7. Single-component Redlich–Peterson isotherms and experimental data.
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ig. 8. Comparison of (a) Freundlich, Generalized and Toth isotherms, and (b)
angmuir, Tempkin and Redlich–Peterson isotherms for the adsorption of C.I.
cid Blue 25 onto a cationized starch-based adsorbent.

nd the active sites of the material will weaken with increasing
emperature. The high degree of correlation for the linearized
angmuir relationship suggested that a single surface reaction
ith chemisorption was the predominant adsorption step, and
ossibly the predominant rate-controlling step. Fig. 8 also shows
he comparison between the different models at a constant tem-
erature of 45 ◦C along with the experimental data. Again, it
as observed that, in simulation, the equilibrium data were very
ell represented by the Langmuir isotherm equation when com-
ared with the other equations. There was a good agreement
etween the experimental value and the calculated value. On the
asis of the R2 values, the order of linear best-fit was Langmuir

odel > Redlich–Peterson model > Toth model > Generalized
odel > Tempkin model > Freundlich model at 45 ◦C. However,

t has been shown that this order is temperature-dependant.



F. Gimbert et al. / Journal of Hazardous Materials 157 (2008) 34–46 43

Table 5
Freundlich isotherm constants with error analysis

Linear transform
(LTFM)

Sum of the squares of
the errors (ERRSQ)

Hybrid fractional
error (HYBRID)

Marquardt’s percentage
standard deviation (MPSD)

Average relative
error (ARE)

Sum of the absolute
errors (EABS)

25 ◦C
KF (L mg−1) 76.925 95.891 84.004 74.892 73.667 95.991
nF 3.479 4.289 3.809 3.458 3.384 4.261
R2 (linear) 0.905
SNE 4.449 4.545 4.332 4.566 4.665 4.560

35 ◦C
KF (L mg−1) 74.951 92.022 80.803 71.898 89.972 89.993
nF 3.690 4.499 3.994 3.616 4.429 4.430
R2 (linear) 0.892
SNE 4.648 4.546 4.365 4.753 4.452 4.453

45 ◦C
KF (L mg−1) 66.573 81.897 70.751 61.726 79.886 93.790
nF 3.965 4.845 4.236 3.780 4.684 5.495
R2 (linear) 0.833
SNE 4.154 4.079 3.959 4.370 4.037 4.624

55 ◦C
KF (L mg−1) 49.074 58.023 52.668 48.322 52.572 58.873
nF 4.021 4.667 4.292 4.001 4.204 4.614
R2 (linear) 0.902
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SNE 4.558 4.475 4.418

alues in bold represent minimum sum of normalized errors (SNE).

n addition, the value of the Redlich–Peterson exponent being
reater than 1 (β > 1 at 25 ◦C, see Table 9) suggests that no
onstraint was fixed to the Redlich–Peterson exponent when

sing regression techniques. Due to its simplicity compared with
he non-linear analysis, linear regression may give an inaccurate
onclusion.

a
a
f

able 6
empkin isotherm constants with error analysis

Linear transform
(LTFM)

Sum of the squares of
the errors (ERRSQ)

Hybrid fractional
error (HYBRID)

5 ◦C
A (L g−1) 1.735 1.735 1.433
B 55.509 55.509 57.946
R2 (linear) 0.952
SNE 4.909 4.909 4.591

5 ◦C
A (L g−1) 1.870 1.870 1.448
B 50.042 50.042 52.892
R2 (linear) 0.947
SNE 4.781 4.781 4.493

5 ◦C
A (L g−1) 1.804 1.804 1.195
B 41.702 41.702 45.351
R2 (linear) 0.899
SNE 4.632 4.632 4.508

5 ◦C
A (L g−1) 1.105 1.105 0.899
B 33.717 33.717 35.162
R2 (linear) 0.932
SNE 4.712 4.712 4.646

alues in bold represent minimum sum of normalized errors (SNE).
4.646 4.456 4.753

Due to the inherent bias resulting from linearization, alter-
ative single-component parameter sets were determined by
on-linear regression using the five different error functions

s described earlier, namely ERRSQ, HYBRID, MPSD, ARE
nd EABS. The process of minimizing the respective error
unctions across the experimental concentration ranges yielded

Marquardt’s percentage
standard deviation (MPSD)

Average relative
error (ARE)

Sum of the absolute
errors (EABS)

1.297 1.250 1.500
59.447 59.644 57.699

4.478 4.628 4.645

1.236 1.582 1.584
55.043 50.703 50.681

4.633 4.639 4.642

0.905 1.567 1.568
48.396 42.758 42.753

4.774 4.481 4.481

0.779 0.855 0.889
36.299 36.306 35.889

4.706 4.764 4.672
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Table 7
Generalized isotherm constants with error analysis

Linear transform
(LTFM)

Sum of the squares of
the errors (ERRSQ)

Hybrid fractional
error (HYBRID)

Marquardt’s percentage
standard deviation (MPSD)

Average relative
error (ARE)

Sum of the absolute
errors (EABS)

25 ◦C
K (mg L−1) 9.502 10.576 9.698 8.964 10.181 10.730
n 0.959 0.987 0.956 0.924 0.950 0.966
R2 (linear) 0.986
SNE 4.401 4.404 4.225 4.337 4.746 4.971

35 ◦C
K (mg L−1) 10.214 8.204 8.744 9.093 9.123 8.294
n 0.972 0.810 0.828 0.841 0.835 0.805
R2 (linear) 0.990
SNE 2.594 4.902 4.662 4.715 4.705 4.707

45 ◦C
K (mg L−1) 11.483 17.598 19.935 21.993 16.976 13.001
n 0.949 1.084 1.121 1.153 1.047 0.983
R2 (linear) 0.969
SNE 4.772 3.704 3.701 3.823 3.833 4.065

55 ◦C
K (mg L−1) 18.231 21.685 20.759 19.951 18.948 19.303
n 0.969 1.007 0.995 0.983 0.970 0.977

2
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R (linear) 0.936
SNE 5.000 4.544 4.490

alues in bold represent minimum sum of normalized errors (SNE).
he isotherm constants (Tables 4–9). As shown in these tables,
he results tend to suggest that a lower absolute error value is
btained for both Langmuir and Toth isotherms. However, it was
oted that only the Langmuir model proved to be efficient for

b
i
a
e

able 8
oth isotherm constants with error analysis

Linear transform
(LTFM)

Sum of the squares of
the errors (ERRSQ)

Hybrid fractional
error (HYBRID)

5 ◦C
KT (mg g−1) 336.455 323.281 331.607
aT (mg L−1) 7.497 10.210 7.122
t 0.909 0.980 0.876
R2 (linear) 0.991
SNE 4.235 4.164 3.977

5 ◦C
KT (mg g−1) 302.764 295.103 298.091
aT (mg L−1) 10.008 12.942 10.678
t 0.973 1.045 0.990
R2 (linear) 0.996
SNE 3.704 3.955 3.637

5 ◦C
KT (mg g−1) 247.268 240.424 240.316
aT (mg L−1) 32.137 109.786 112.340
t 1.198 1.571 1.576
R2 (linear) 0.985
SNE 5.000 2.343 2.337

5 ◦C
KT (mg g−1) 203.503 199.007 200.990
aT (mg L−1) 19.856 27.478 21.448
t 0.988 1.063 1.005
R2 (linear) 0.989
SNE 4.857 3.639 3.523

alues in bold represent minimum sum of normalized errors (SNE).
4.776 4.520 4.488
oth linear and non-linear methods. Once again, the Freundlich
sotherm exhibited a tendency to yield higher error values. The
pplication of the different error functions will provide differ-
nt sets of isotherm constants, sometimes close to one another

Marquardt’s percentage
standard deviation (MPSD)

Average relative
error (ARE)

Sum of the absolute
errors (EABS)

341.561 324.061 321.237
5.396 8.082 10.130
0.792 0.909 0.965

4.115 4.441 4.757

301.187 296.853 299.102
9.179 9.834 9.612
0.944 0.977 0.961

3.680 3.761 3.543

240.907 240.061 241.930
116.638 110.003 110.050

1.585 1.562 1.558

2.334 2.376 2.305

202.804 199.978 198.515
17.841 26.985 26.059

0.960 1.052 1.049

3.491 3.672 3.623
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Table 9
Redlich–Peterson isotherm constants with error analysis

Linear transform
(LTFM)

Sum of the squares of
the errors (ERRSQ)

Hybrid fractional
error (HYBRID)

Marquardt’s percentage
standard deviation (MPSD)

Average relative
error (ARE)

Sum of the absolute
errors (EABS)

25 ◦C
KR (L g−1) 30.133 28.142 31.301 34.555 28.265 26.456
aR (L mg−1) 0.055 0.081 0.105 0.134 0.090 0.073
β 1.108 1.014 0.985 0.957 0.997 1.023
R2 (linear) 0.978
SNE 5.000 1.837 1.785 1.869 1.977 1.958

35 ◦C
KR (L g−1) 28.396 25.500 26.569 27.553 28.244 26.778
aR (L mg−1) 0.101 0.079 0.087 0.096 0.099 0.092
β 0.984 1.015 1.005 0.993 0.992 0.997
R2 (linear) 0.999
SNE 4.335 1.837 4.527 4.530 4.576 4.530

45 ◦C
KR (L g−1) 24.600 15.055 14.507 14.080 14.585 14.719
aR (L mg−1) 0.210 0.038 0.034 0.031 0.039 0.040
β 0.874 1.083 1.094 1.105 1.069 1.066
R2 (linear) 0.990
SNE 5.000 2.321 2.314 2.365 2.337 2.336

55 ◦C
KR (L g−1) 26.066 8.532 9.074 9.514 9.752 8.076
aR (L mg−1) 0.395 0.035 0.041 0.046 0.047 0.029
β 0.816 1.035 1.018 1.004 1.009 1.060
R2 (linear) 0.995
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SNE 4.065 3.381 3.330

alues in bold represent minimum sum of normalized errors (SNE).

nd thus difficult to compare. To identify the optimum or best
et of isotherm constants, the results for each set were normal-
zed and combined as a sum of the normalized errors values
SNE) (see for instance [19,35]) presented in Tables 4–9. SNE
alues were obtained by dividing the error values calculated for
ach error function for each set of isotherm constants by the
aximum errors for that error function. SNE values allowed the

omparison between error functions, and the identification of the
et of isotherm constants providing the fit closest to the exper-
mental data. For the Freundlich model (Table 5), and for the
edlich–Peterson model too (Table 9), the lowest value of the
NE was obtained by using the HYBRID function irrespective
f the temperature. The HYBRID method yielded the best fit in
number of cases. This error function was developed by Porter
t al. [19] in order to improve the fit of the ERRSQ method at
ow concentration values, and it appears to be applicable in this
ase. For the other models (see, for instance, the Toth isotherm),
he validity of any comparison of error functions depends on the
emperature. However, the error functions selected in this work
rovide a reasonably wide selection and the distribution of the
xperimental data does not give excessive bias to either high or
ow concentrations.

. Conclusions
The equilibrium adsorption of C.I. Acid Blue 25 by a cation-
zed starch-based adsorbent has been reported. This material
xhibited an interesting sorption capacity although the value
3.362 3.590 3.593

as temperature-dependent. The experimental data have been
odeled and evaluated by using six different models and six

ifferent optimization and error functions. The linear transform
odel provided the highest R2 regression coefficient for the case

f the Langmuir isotherm. Using any of the error functions for
on-linear optimization showed that the Freundlich isotherm
as better represented when using the HYBRID error func-

ion, which compensated for low concentrations by balancing
bsolute deviation against fractional error. Also, the Langmuir
sotherm yielded the best fit when using the other error functions.

cknowledgements

The authors thank Brigitte Jolibois and Capucine Robert
Environmental Biology Department, University of Franche-
omté) for assistance during this work, and OSEO/ANVAR and
Incubateur de Franche-Comté” for financial support.
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