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a b s t r a c t

This research deals with the evaluation of highly available and cost effective waste biomass of olive
pomace for the removal of reactive textile dye, RR198 from aqueous medium and a real effluent. The
experiments were conducted to assess the effects of process variables such as initial pH, biosorbent
dosage, contact time, temperature and ionic strength. The results showed that the highest dye biosorption
capacity was found at pH 2 and the needed time to reach the biosorption equilibrium was 40 min with
a biosorbent concentration of 3.0 g L−1. The sorption kinetics of dye was best described by the pseudo-
second-order kinetic model. The equilibrium biosorption data were analyzed by Langmuir, Freundlich and
Dubinin–Radushkevich isotherm models and the results from the isotherm studies showed that the RR198
eactive dye
eal wastewater

sotherms

biosorption process occurred on a homogenous surface of the biosorbent. The waste biomass of olive
oil industry displayed biosorption capacities ranging from 6.05 × 10−5 to 1.08 × 10−4 mol g−1 at different
temperatures. The negative values of �G◦ and the positive value of �H◦ suggest that the biosorption
process for RR198 was spontaneous and endothermic. Dye–biosorbent interactions were examined by
FTIR and SEM analysis. Finally, high biosorption yield of olive waste for the removal of RR198 dye from
real wastewater makes it possible that the olive pomace could be applied widely in wastewater treatment

accou
as biosorbent taking into

. Introduction

The olive oil industry has a great economical importance in many
editerranean countries, i.e., Spain, Italy, Greece, Turkey, Tunisia

nd Morocco [1,2]. It is estimated that there are approximately 95
illion olive trees and 658,000 ha olive orchard in Turkey [3]. The

nnual production of olive oil in Turkey is 100,000–250,000 tons
4]. Olive oil is produced from olives using hydraulic presses or mod-
rn horizontal axis centrifuges and both processes generate highly
olluted wastewater and/or solid residue [5,6]. The solid waste

s commonly known as “olive cake” or “olive pomace” [7]. Olive
omace consists of cellulose, lignin, amino acid, protein and uronic
cids along with oily wastes and polyphenolic compounds. These
omponents contain many functional groups. These include car-
oxylic, hydroxylic and methoxy groups and a high amount of fixed

nionic and cationic functional groups [8,9]. The pomace is gen-
rally swallowed by means of controlled spreading on agricultural
oil. Only small amount of this residue is used as natural fertilizer,
source of heat energy and additive in animal food [10]. Most of

∗ Corresponding author. Tel.: +90 222 239 3750/2871; fax: +90 222 2393578.
E-mail address: takar@ogu.edu.tr (T. Akar).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.12.029
nt that no pretreatment on the solid residue is carried out.
© 2008 Elsevier B.V. All rights reserved.

these applications are not believed to have great economical value
[11]. Therefore it would be beneficial to find other applications for
such an agro-industrial solid waste.

Although olive pomace has no market value, the use of this sub-
stance or its by-products as adsorbent for some heavy metal ions
[7,9,11,12–14] is limited. There is lack of information about the sorp-
tion ability of untreated olive pomace for the removal of reactive
dyes. Therefore, it is chosen as sorbent material in this study. To
our knowledge, olive pomace is only used to prepare active carbon
as adsorbent to remove methylene blue [10,15–17] and RR22 [18]
apart from the degradation of Azo-dye orange (II) [19].

Approximately 10,000 different dyes are commercially avail-
able and annual production of dyes is more than 7 × 105 metric
tones worldwide [20]. Textile dye effluents contain reactive dyes in
a concentration range of 5–1500 mg L−1. Therefore, the treatment
of dye contaminated effluents is currently a primary environmental
concern [21]. Generally, sorptive processes can reduce capital, oper-
ational and total treatment costs by 20%, 36% and 28%, respectively,

when compared with the conventional processes [12]. In recent
years, a number of studies have focused on the use of different
potential agricultural materials as inexpensive adsorbents for the
removal of dyes from aqueous solutions. Some of these are de-oiled
soya waste [22], sunflower seed hull [23], baggase pith [24], banana

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:takar@ogu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.12.029
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nd orange peels [25], sugar cane dust [26] and raw date pits [27],
haseolus vulgaris waste [28]. But new, economical, easily available
nd highly effective adsorbents are still needed. This study pro-
ides such information and aims to reverse the current negative
uman activities and use solid agro-industrial waste, olive pomace,

or environmental cleanup from reactive dye pollution.
The objective of the present study was to conduct a preliminary

tudy on the use of olive pomace as reactive dye biosorbing mate-
ial. The solid waste was characterized using FTIR and SEM analysis.
n order to determine the surface charge of waste biomass, zeta
otential measurements were carried out. Reactive Red 198 (RR198)
as selected as a model sorbate due to its extensive use in textile

ndustry. The biosorption experiments were conducted in various
perating conditions (such as pH, biosorbent dosage, time, ionic
trength and temperature). The biosorption mechanism was inves-
igated using the pseudo-first-order, the pseudo-second-order and
ntraparticle diffusion kinetic models and some thermodynamic
onstants were calculated. Equilibrium biosorption data were ana-
yzed by Langmuir, Freundlich and Dubinin–Radushkevich (D–R)
sotherm models. In order to evaluate the potential use of olive
omace in industrial wastewater, the proposed biosorption process
as also applied to real samples.

. Material and methods

.1. Preparation of the biosorbent

Biosorbent material was the solid waste of olive oil production,
rovided from Gemlik, Turkey. The sample was repeatedly washed
ith deionized water to remove adhering dirt and soluble impu-

ities and dried at 80 ◦C, to obtain a constant weight. Next, it was
rushed and sieved, using an ASTM Standard sieve, to select the
article sizes of less than 150 �m. The powdered biosorbent was
tored in a glass bottle prior to use in biosorption studies.

.2. RR198 solutions

The textile dye, RR198, was obtained from a local textile fac-
ory and selected as a representative reactive dye for this study.
ts chemical structure is shown in Fig. 1. RR198 was dissolved in
eionized water to prepare the stock solution with required con-
entration of 1000 mg L−1. The concentrations of RR198 used in this
tudy (50–500 mg L−1) were obtained by dilution of the stock solu-
ion. The pH of the solution was adjusted to the desired value by
dding a small quantity of 0.1 mol L−1 HCl, and/or 0.1 mol L−1 NaOH.

.3. Experimental operations

Batch experiments were conducted in 100 mL glass beakers con-
aining known concentrations of RR198 solutions. The effect of pH

n the biosorption process was examined by equilibrating the mix-
ure containing 0.1 g of biosorbent samples, and RR198 solutions
ere used at a concentration of 100 mg RR198 L−1, with pH val-
es ranging from 1 to 10. The mixture was stirred at 200 rpm for
0 min using a digitally controlled magnetic stirrer. The samples

Fig. 1. Chemical structure of RR198.
aterials 166 (2009) 1217–1225

were centrifuged at 4500 rpm for 3 min in order to separate the
solid phase from the liquid phase. The supernatants were analyzed
for the determination of the remaining RR198 concentration by a
spectrophotometer. In order to predict the effect of the biosorbent
dosage on the removal of RR198, biosorbent concentration was var-
ied between 0.4 and 4.0 g L−1, at the optimum solution pH of 2.0. The
biosorption kinetics of RR198 was examined at constant tempera-
tures of 20, 30, 40 and 50 ◦C and the contact time ranged from 5 to
90 min. The pseudo-first-order, the pseudo-second-order and intra-
particle diffusion kinetic models were applied to data. The effect of
salt concentration was investigated. The Langmuir, Freundlich and
D–R isotherm models were examined in batch mode using an initial
RR198 concentration range of 50–500 mg L−1 and varying operat-
ing temperatures. In addition, the thermodynamic parameters of
biosorption were extracted using the Langmuir isotherm constant
(KL). The biosorption capacity (qe) of olive pomace was calculated
from the following general mass-balance equation:

qe = V(Ci − Ce)
m

(1)

where Ci and Ce represent the initial and equilibrium concentra-
tions of RR198, respectively, V is the volume of the dye solution (L)
and m is the amount of olive pomace (g).

2.4. Instrumentation

All pH measurements were carried out with a WTW INOLAB
720 model digital pH meter. A Shimadzu UV-2550 model UV/vis
spectrophotometer equipped with a tungsten lamp was used to
determine the dye concentrations in the solutions at �max 515 nm.
FTIR spectra of unloaded and dye-loaded biosorbent were recorded
in a PerkinElmer Spectrum 100IR infrared spectrophotometer in the
region of 400–4000 cm−1. The samples were prepared as KBr pel-
lets under high pressure. The surface structure and morphology
of the biosorbent material before and after dye biosorption were
characterized using a scanning electron microscope (JEOL 560 LV
SEM), at 20 kV and a 1000× magnification. Prior to analysis, the
samples were coated with a thin layer of gold under an argon atmo-
sphere to improve electron conductivity and image quality. The
surface charge characteristics of the biomass at different pH values
were determined from Zeta potential measurements by a Zetasizer
(Malvern Zetasizer nano ZS).

2.5. Real wastewater application

The wastewater sample was collected from a local factory in
Eskişehir, Turkey. The sample was placed in a sterile container,
transferred to the laboratory, and stored at 5 ◦C. In order to investi-
gate the matrix effect on the biosorption capacity of waste biomass,
the experiments were carried out with spiked wastewater samples
with RR198. The spiked samples were prepared by including RR198
dye at concentrations ranging from 5 to 150 mg L−1. The applica-
tion of the proposed biosorption method was investigated under
the predetermined optimum conditions. The biosorption yield was
calculated by using the following equation:

Biosorption yield (%) = Ci − Ce

Ci
× 100 (2)

3. Results and discussion

3.1. Characterization of olive pomace
Olive pomace used in this study was analyzed by scanning elec-
tron microscopy in order to examine its morphology. SEM image of
fracture surface of unloaded biomass is shown in Fig. 2(a), and indi-
cates the porous structure of the biomass. The biosorbent has some
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The surface charge of the biomass determined by measuring the
zeta potential of its suspension varied from +5.12 to −13.20 mV with
the corresponding pH change from 1.0 to 10.0 (Fig. 4). The surface
charge on the biomass is predominantly positive at pH 1.0–2.0 due
to protonation of functional groups such as amines. These groups
ig. 2. SEM micrograph of (a) olive pomace and (b) RR198-loaded olive pomace.

avities on the external surface capable of uptaking dye molecules.
his structural feature of the biomass may be important since it
ncreases the total surface area [29]. Fig. 2(b) shows that the biomass
tructure changed upon sorbing the RR198, and had a tendency to
orm agglomerates [30]. The differences in the surface morphology
f untreated and RR198 treated-olive pomace clearly confirm the
resence of the dye molecules on the waste biomass.

The FTIR spectra of unloaded and RR198 loaded biomass in the
ange of 400–4000 cm−1 were taken in order to find out which
unctional groups are responsible for the biosorption process and
resented in Fig. 3. This figure (a) reflects the complex nature of
he unloaded biomass with a number of absorption peaks. It has
reviously reported that all of the biological sorbent materials have

ntense absorption bands around 3500–3200 and 1540 cm−1 which
epresent the stretching vibrations of amino groups. These bands
re superimposed onto the side of the hydroxyl group band at
500–3300 cm−1 [29]. A similar and very strong absorption peak
as observed for unloaded biomass at about 3428 cm−1. There
as an important intensity decrease in the same peak for dye-

oaded biomass. Absorption band at 1540 cm−1 also disappeared
fter the biosorption of RR198. The spectrum of unloaded biomass
lso displays absorption peaks at about 2924 and 2852 cm−1, cor-
esponding to stretching of C H bonds of methyl and methylene

roups present in the lignin structure [31]. There was a sharp
ncrease in intensity of these absorption bands observed at same
requencies in the spectrum of dye-loaded biomass due to the
iosorption of reactive dye molecules including different C–H
roups in its chemical structure. The carboxyl groups showed a
Fig. 3. FTIR spectra of (a) olive pomace and (b) RR198-loaded olive pomace.

characteristic absorption peak at 1646 cm−1 for unloaded biomass,
and this band shifted to a lower frequency (1635 cm−1) with a
significant decrease in intensity after dye biosorption. The dis-
appearance of stretching bands of aromatic ring (1434 cm−1) and
C–O (1034 cm−1) groups of lignin after biosorption process may be
related to an interaction between the dye molecules and the lignin
structure on the biomass surface. The band at about 1268 cm−1

that corresponded to bending vibrations of O–C–H, C–C–H and
C–O–H groups [31] disappeared in the FTIR spectrum of the dye-
loaded biomass. The absorption peaks around 1163 and 1053 cm−1

are indicative of P–O stretching and P–OH stretching vibrations,
respectively [32]. The band between 610 and 530 cm−1 for unloaded
biosorbent represents C–N–C scissoring that is only found in protein
structures [29] and this band disappeared after RR198 biosorption
onto solid waste.

It can be noted that the FTIR spectrum of unloaded biomass
supports the presence of amine groups and this is likely to be
responsible for RR198 biosorption. Carboxyl and phosphate groups
may electrostatically inhibit the binding of RR198 at high pH value
of 3.0 [33]. The changes observed in the spectra indicated the pos-
sible involvement of functional groups in the biosorption process
on the surface of the biomass.
Fig. 4. � potentials of olive pomace at different pH values.
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Fig. 5. Effect of initial pH on the biosorption of RR198 onto olive pomace.

ay be the major biosorption sites for anionic dye removal. Above
H 2.0 net negative charge density on the biomass increased due to
eprotonation of carboxylate and phosphate groups [34].

.2. Effect of initial pH

Previous studies on dye removal indicated that solution pH has
ignificant effect on the surface charge of the biosorbent and ion-
zation degree of dye molecules. Since pH is one of the important
arameters affecting the biosorption ability of biomass, optimum
H was determined for the biosorption of RR198 onto olive pomace.
he results are depicted in Fig. 5. This figure indicates that an
ncrease in the initial pH of the medium has a negative effect on
ye removal capacity of biomass. According to Fig. 4 the overall
urface charge of the biomass was positive upto ∼pH 3.0. Anionic
ye molecules would be expected to interact more strongly with the
ositively charged functional groups on the biomass surface. There-
ore maximum biosorption capacity was found to be 44.23 mg g−1

t the optimum pH value of 2.0. As the pH is increased, the surface
harge on the biomass surface will become negative and thus the
iosorption capacity of olive pomace will sharply decrease.
.3. Effect of biosorbent dosage

The effect of biosorbent concentration on RR198 biosorption
s illustrated in Fig. 6. The percentage biosorption yield increased

ig. 6. Effect of biosorbent dosage on the biosorption of RR198 onto olive pomace.
Fig. 7. Equilibrium time profile for the biosorption of RR198 onto olive pomace at
different temperatures.

from 13.00 to 95.24% with an increase in the biosorption dosage
from 0.4 to 3.0 g L−1. An increase in the biosorption yield with
the biosorbent dosage may be attributed to the increased sur-
face area of the biomass and the number of possible binding sites
[35,36]. When the biosorbent dosage was increased to 4.0 g L−1,
the biosorption yield was almost constant, due to saturation of the
biosorbent surface with RR198 molecules [37]. Therefore, the opti-
mum biomass concentration was selected as 3.0 g L−1 for the further
experiments.

3.4. Effect of contact time and temperature

Fig. 7 shows the time dependency of RR198 biosorption capac-
ity of biomass at temperatures of 20, 30, 40 and 50 ◦C. The results
clearly indicate that the biosorption process on the waste biomass
completed within 40 min and beyond which the curves became
flattened. The equilibrium biosorption capacity of olive waste
increased from 39.49 to 41.37 mg per gram weight of biosorbent
when the temperature was increased from 20 to 50 ◦C. After this
period, dye biosorption was virtually constant due to establish-
ment of the biosorption equilibrium. The equilibrium biosorption
capacity of olive pomace for RR198 was favored at higher temper-
ature. The observed trend in increased biosorption capacity with
increasing temperature suggests that the biosorption of RR198 dye
by waste biosorbent is kinetically controlled by an endothermic
process.

3.5. Effect of ionic strength

For a good approximation of the experimental data to the real
situation, effluents with salt needed to be treated. Therefore, tests
were performed with solutions at different ionic strengths. Ionic
strength of the solutions was adjusted with NaCl. The effect of
sodium chloride concentration on dye uptake was studied with
the variation of NaCl concentration from 0.01 to 0.30 mol L−1. The
results are shown in Fig. 8. It is clear that the biosorption of RR198
onto olive pomace is independent of ionic strength in the concen-
tration range of 0.01–0.15 mol L−1. However, an increase in the ionic
strength over 0.15 mol L−1 results in a decrease in RR198 removal
capacity of biomass about 6.65%. It was reported that generally, the
biosorption mechanism of surface complexation is pH-dependent,

whereas ion-exchange is ionic strength-dependent [38,39]. The
ionic strength-dependent and -independent biosorption trend at
different NaCl concentrations may be explained by both surface
complexation and ion exchange mechanisms for RR198 biosorp-
tion.
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Fig. 9. Pseudo-second-order kinetic plots for the biosorption of RR198 onto olive
pomace at different temperatures.
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ig. 8. Effect of ionic strength on the biosorption of RR198 onto olive pomace.

.6. Kinetic study of biosorption

In order to determine the time required to attain the biosorption
quilibrium, kinetic experiments are necessary [40]. The several
inetic models are used to examine the biosorption mechanism
uch as mass transfer and chemical reaction. One of them is Lager-
ren’s pseudo-first-order model and it assumes that the occupation
ate of biosorption sites is proportional to the number of unoccu-
ied sites [41,42]:

n(qe − qt) = ln qe − k1t (3)

here qe and qt are the amount of biosorbed RR198 on the biosor-
ent at equilibrium and at time t (mg g−1), respectively. k1 is the
seudo-first-order rate constant (min−1). k1 and qe values were
alculated from the slope and intercept, respectively, of the plot
f ln(qe–qt) versus t (figure not shown). The model constants were
resented in Table 1. r2 values are reasonably low and the calculated
e values obtained from this kinetic model do not give reasonable
alues. Therefore, it can be suggested that the RR198 biosorption
rocess was not a first-order reaction.

Ho’s pseudo-second-order kinetic model has been extensively
sed by a great number of authors due to its simplicity and the
easonable representation of experimental data [40]. The model
quation [43] is:

t

qt
= 1

k2q2
2

+ 1
q2

t (4)

here k2 is the rate constant of pseudo-second-order kinetic model
g mg−1 min−1). Values of k2 and q2 were calculated from a plot of
/qt against t (Fig. 9). r2 values are reasonably high at all tempera-
ures studied and the calculated qe values obtained from this kinetic

odel agree with the experimental values (Table 1). Therefore, the
seudo-second-order model was able to fit with accuracy of the

hole experimental data, indicating that the rate-limiting step is a

hemical biosorption process.
When the biosorbent is treated as a porous material in aqueous

olution, the diffusion process can affect the biosorption pro-
ess [44]. The pseudo-first-order and pseudo-second-order kinetic

able 1
inetic model parameters for the biosorption of RR198 onto olive pomace.

(◦C) k1 (min−1) qe (mg g−1) r1
2 k2 (g mg−1 min−1) q2

0 4.66 × 10−2 8.22 0.527 7.07 × 10−3 41
0 4.06 × 10−2 6.21 0.533 9.66 × 10−3 42
0 2.56 × 10−2 4.79 0.632 1.38 × 10−2 42
0 3.09 × 10−2 5.51 0.647 2.29 × 10−2 43
Fig. 10. Intraparticle diffusion kinetic plots for the biosorption of RR198 onto olive
pomace at different temperatures.

models could not identify the diffusion mechanism. Therefore, the
intraparticle diffusion equation was applied to examine the intra-
particle diffusion mechanism as the rate-limiting step in RR198
biosorption. The equation is given as:

qt = kpt1/2 + C (5)

where C is the intercept and kp is the intraparticle diffusion rate con-
stant (mg g−1 min−1/2). According to this model, the plot of uptake,
qt, versus the square root of time, t1/2, (Fig. 10), should be linear
if intraparticle diffusion is involved in the biosorption system and
if these lines pass through the origin, then intraparticle diffusion
is the rate controlling step [45–49]. When the plots do not pass

through the origin, this is indicative of some degree of boundary
layer control and this further indicates that the intraparticle diffu-
sion is not the only rate-limiting step, but also other kinetic models
may control the rate of biosorption, all of which may be operating
simultaneously. The slope of the linear portion of the figure can be

(mg g−1) r2
2 kp (mg g−1 min−1/2) C (mg g−1) rp

2

.96 0.999 5.07 12.97 0.997

.59 0.999 3.69 20.98 0.957

.80 0.999 2.76 27.03 0.978

.75 0.999 2.09 30.67 0.913
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sed to derive values of the rate parameter, kp, for the intraparticle
iffusion, given in Table 1. The correlation coefficients (r2

p) for the
ntraparticle diffusion model are also lower than that of the pseudo-
econd-order model but this model indicates that the biosorption
f RR198 onto olive pomace may be followed by an intraparticle
iffusion model up to 25 min.

.7. Isotherm analysis

The results obtained for the biosorption of RR198 at different
emperatures were analyzed in terms of Langmuir, Freundlich and
–R isotherm models.

The Langmuir equation is valid for monolayer coverage of
iosorption of each molecule onto a completely homogeneous sur-
ace. According to this theory, once a dye molecule occupies a site,
o further biosorption can take place at that site. Langmuir equation
50]:

1
qe

= 1
qmax

+
(

1
qmaxKL

)
1
Ce

(6)

here qe and qmax are the equilibrium and monolayer biosorp-
ion capacities of the biosorbent (mol g−1), respectively, Ce is the
quilibrium dye concentration in the solution (mol L−1) and KL is
he biosorption equilibrium constant (L mol−1) related to the free
nergy of biosorption. Fig. 11 depicts a linear plot of 1/qe versus 1/Ce

or the biosorption of RR198 onto olive pomace. This plot suggests
he monolayer coverage of dye at the outer surface of the biosorbent
nd shows the applicability of Langmuir model for the system at all
emperatures studied. The maximum monolayer capacity of olive
omace for RR198 dye was found to be 1.08 × 10−4 mol g−1 at 50 ◦C
nd KL values are in the range of 2.50 × 105 and 4.64 × 104 L mol−1

rom the slope and intercept of the linear isotherm plots, respec-
ively. Greater values of KL indicate the affinity of biosorbent to
nvestigated dye and imply strong bonding of dye anions. The
imensionless separation factor, RL, was also evaluated using KL
alues for all temperatures studied and calculated according to Eq.
7).

L = 1
1 + KLCo

(7)
L values can be used for the interpretation of the sorption type
nd it was reported that, when 0 < RL < 1, the biosorption system is
favorable isotherm [51]. The values of RL in the range of 7.80 × 10−3

o 4.22 × 10−3 indicate a favorable biosorption of RR198 dye onto
live waste.

ig. 11. Langmuir isotherm plots for the biosorption of RR198 onto olive pomace at
ifferent temperatures.
Fig. 12. Freundlich isotherm plots for the biosorption of RR198 onto olive pomace
at different temperatures.

The Freundlich isotherm model provides no information on the
monolayer biosorption capacity, in contrast to the Langmuir model.
This model assumes that the biosorption process takes place on
heterogeneous surfaces and Freundlich equation [52] is expressed
as follows and Freundlich isotherm plots were shown in Fig. 12.

ln qe = ln KF + 1
n

ln Ce (8)

where KF (L mol−1) is a constant related to biosorption capacity of
biosorbent and 1/n (dimensionless) is the biosorption intensity. KF
is a useful parameter for the biosorption capacity of dye in dilute
concentrations of industrial effluents [38]. In this study, KF values
varied from 2.98 × 10−4 to 1.49 × 10−3 L mol−1 for the biosorption
of RR198 onto olive pomace. The values of KF increased with an
increase in the temperature indicated that the biosorption of RR198
onto olive pomace is favorable at higher temperatures. 1/n gives an
indication of the favorability of biosorption and the values of n > 1
represent favorable biosorption condition [53]. n values were found
high enough for olive pomace to be used for the removal of RR198
from aqueous solutions.

In order to distinguish between physical and chemical biosorp-
tion on the heterogeneous surfaces the equilibrium data are tested
with the D–R isotherm model. According to the D–R isotherm [54]
the characteristic biosorption curve is related to the porous struc-
ture of the sorbent. The D–R equation has the form [55]:

ln qe = ln qm − ˇε2 (9)

qm is the maximum biosorption capacity (mol g−1), ˇ is the activ-
ity coefficient related to the mean biosorption energy, R is the gas
constant (8.314 kJ mol−1) and T is the absolute temperature (K) and
ε is the Polanyi potential, equal to:

ε = RT ln
(

1 + 1
Ce

)
(10)

D–R isotherm plots were presented in Fig. 13. The biosorption
energy can be calculated by using ˇ values as expressed in the
following equation:

E = 1

(2ˇ)1/2
(11)
The parameters related to each isotherm together with their
correlation coefficients were presented in Table 2. The correla-
tion coefficients in Table 2 suggest that the Langmuir model is
more suitable for the experimental data in this study. Therefore the
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Fig. 13. D–R isotherm plots for the biosorption of RR198 onto olive pomace at dif-
ferent temperatures.

biosorption of RR198 is seemed to be a monolayer sorption, and the
biosorption takes place on a uniform surface.

3.8. Thermodynamic parameters

In order to investigate the effect of temperature on the biosorp-
tion of RR198 onto olive pomace and to understand the driving
forces involved in biosorption process thermodynamic parameters
such as standard Gibbs free energy change �G◦, standard enthalpy
change �H◦ and standard entropy change �S◦ were determined
and presented in Table 3. Temperature was changed from 293 to
323 K and KL values were used to calculate the thermodynamic
parameters in the following equations:

�G◦ = −RT ln KL (12)

ln KL = −�G◦

RT
= −�H◦

RT
+ �S◦

R
(13)

The �S◦ and �H◦ values were calculated from the slope and
intercept of a Van’t Hoff plot (Fig. 14) of ln KL versus 1/T, respec-
tively. The negative values of the free energy change suggest the
biosorption of RR198 dye onto olive waste is spontaneous. This
also emphasizes affinity of olive pomace for RR198. A positive
value of enthalpy change, �H◦ = 15.524 kJ mol−1 demonstrates the
endothermic nature of RR198 biosorption. A positive value of
entropy change indicates an increase in degree of freedom of the
sorbed dye molecules and characterizes some structural changes in
sorbate and biosorbent [56]. This also reflects the release of water
molecules due to the biosorption of large hydrated dye anions onto
the biosorbent and attractive forces between oppositely charged
groups [57].

3.9. Application to real wastewater
In order to evaluate the potential performance of the olive waste
in real effluents, an optimized biosorption procedure was tested
with model wastewater samples, with spikes, at predetermined
optimum experimental conditions (pH: 2.0, biosorbent dosage:

Table 3
Thermodynamic parameters for the biosorption of RR198 onto olive pomace.

t (◦C) �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J K−1 mol−1)

20 −30.139 15.524 155.739
30 −31.689
40 −33.246
50 −34.803
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Fig. 14. The plot of ln KL versus 1/T for the estimation of thermodynamic parameters.

Table 4
Some chemical characteristics of wastewater sample.

Parameters Effluent quality

pH 2.24
Copper 46.86 mg L−1

Lead 12.35 mg L−1

Nickel 12.05 mg L−1

Cadmium 14.83 mg L−1

Iron 214.00 mg L−1

Zinc 393.00 mg L−1

Sodium 57.50 mg L−1

Potassium 230.50 mg L−1

Calcium 112.00 mg L−1

Magnesium 182.00 mg L−1

Table 5
The application of the proposed method in spiked samples.

Added RR198 (mg L−1) qe (mg g−1) Biosorption yield (%)

5 0.99 59.40
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50 14.11 84.66
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.0 g L−1, volume of wastewater: 50 mL). Matrix effect on the
iosorption capacity of waste biomass was investigated with spiked
astewater samples because the wastewater was not including this
ye. Some characteristics of wastewater and biosorption results are
resented in Tables 4 and 5, respectively. The biosorption capacity
f olive pomace varied from 0.99 to 41.38 mg g−1 for the initial dye
oncentrations of 5.0 and 150.0 mg L−1, respectively. In industrial
astewater spiked with RR198, the biosorption capacity of sorbent
as slightly decreased due to the presence of interfering species

n the wastewater. However, the results indicate that no significant
atrix effect was observed, and that the proposed method could

e successively applied to industrial wastewater containing RR198
ye.

. Conclusions

1. This investigation shows that the olive pomace, an abundant and
cost effective agricultural waste, can be used as biosorbent for the
removal of RR198 textile dye from aqueous solutions.
. The biosorption performance is affected from various parame-
ters, i.e. pH, contact time, biosorbent concentration, temperature
and initial dye concentration.

. The kinetic and equilibrium data fitted well with the pseudo-
second-order kinetic model and the Langmuir isotherm model,

[

[

aterials 166 (2009) 1217–1225

respectively. The biosorption of RR198 onto olive pomace was
found as monolayer biosorption on the homogeneous surface
via chemisorption process.

4. The thermodynamic parameters show that the RR198 biosorp-
tion is spontaneous and endothermic.

5. The proposed biosorption system was successfully applied to real
effluent spiked with RR198 dye.
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