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a b s t r a c t

The ability of crude olive stones, a residue of the olive-oil industry, for the adsorption of iron present
in the industrial wastewaters was studied. Olive stones were used directly and characterized by mer-
curic porosimetry. The equilibrium adsorption capacity was higher when the particles size (from <1 to
ccepted 12 June 2010

eywords:
ron
dsorption

4.8 mm) decreased. The percentage of iron adsorption increased from 30 to 70% when the initial con-
centration of biomass increased from 25 to 125 g dm−3. The optimum concentration of olive stones was
fixed at 37.5 g dm−3. The adsorption of iron was determined as a function of their initial concentration
and multiplayer formed at high iron concentration.

© 2010 Elsevier B.V. All rights reserved.
live stones
ndustrial wastewaters

. Introduction

Industrial wastewater is one of the major sources of aquatic
ollution. Heavy metals stand out among the aquatic pollutants
ue to their persistence and toxicity. Aqueous industrial wastes
rom several activities, such as metal plating, mining, tanning, etc.
ause contamination by heavy metals. Different methods of treat-
ng wastewater containing heavy metal ions have been developed
ver years which include coagulation, ion exchange, membrane
eparation, reverse osmosis, solvent extraction, chemical precipita-
ion, electroflotation etc. (Namasivayam and Ranganathan, 1995).
owever, the above-mentioned methods are effective for treating
igh concentration of heavy metal ions. For low concentration of
eavy metal ions (<100 mg dm−3), adsorption is a much preferable
echnique and activated carbon has been widely applied for treat-
ng industrial wastewater. For the past few decades, attention has
een devoted to develop adsorbents from agricultural by-products,
lso called biosorbents as alternative to activated carbon.

Hydrogen peroxide has been used to reduce BOD, COD, offensive
dor and foaminess in domestic or industrial wastewater for many
ears. Hydrogen peroxide can be used as an autonomous treatment

r as an improvement of existing physical or biologic treatment
rocesses, according to the situation. Hydrogen peroxide can be
sed alone (Millero et al., 1989) or with a catalyst such as iron (Fe3+)
Martinez Nieto et al., 2009).

∗ Corresponding author. Tel.: +34 954 349527; fax: +34 954 349813.
E-mail address: ghodaifa@upo.es (G. Hodaifa).

926-6690/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.indcrop.2010.06.017
The companies of olive-oil produce variable quantities of
wastewaters, which require treatment for disposal or reuse. Today,
regulations are becoming increasingly strict regarding the param-
eters measured in these effluents. In Spain, the resolution by the
president of the Hydrographical Confederation of the Guadalquivir
on water use 2006 set parameter limits as follows: pH 6.0–9.0,
total suspended solid = 500 mg dm−3; and maximum values for
COD and BOD20

5 were fixed at 1000 mg O2 dm−3. To solve this prob-
lem, Martinez Nieto et al. (2009) were proposed chemical oxidation
based on the Fenton’s process as a solution, to obtained irrigation
water, to the above-mentioned effluents. This solution has made
obtaining an irrigation water with some iron.

On the other hand, olives and olive-oil industry generate olive
stones (OS) as by-product. In Spain, more than 370,000 tons of
triturated olive stones are produced per year (Andalusian Energy
Agency, 2008), most of which being destined for combustion and
for production of active carbon (Rodriguez et al., 2008). Despite
the environmental benefits of using this biomass as a fuel or a
raw material for active carbon, some problems remain such as air
pollution. Another economically and environmentally interesting
alternative would be using it directly as an adsorbent for heavy
metals. Following this line, different studies have show that olive
stones could be used as biomass sources to eliminate pollutants
such as phenols (Stasinakis et al., 2008), dyes (Akar et al., 2009),

or heavy metals like Cd(II), Pb(II), Ni(II) (Gharaibeh et al., 1998;
Pagnanelli et al., 2002; Blázquez et al., 2005; Fiol et al., 2006).

The purpose of the present study was to investigate the adsorp-
tion of iron(III) ions on olive stones. The experiments were done in a
batch system and iron adsorption was investigated with respect to

dx.doi.org/10.1016/j.indcrop.2010.06.017
http://www.sciencedirect.com/science/journal/09266690
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Table 1
Crude olive stones composition (% dry matter).
68 L.M. Nieto et al. / Industrial Cro

nitial metal ion concentration, adsorbent dose and adsorbent size.
he adsorption equilibrium was modelled by using the Langmuir
sotherm model.

. Materials and methods

.1. Preparation of olive stones and iron solutions

Olive stones were a waste acquired from an extraction olive-
il plant, S.A.T. Olea Andaluza, located in Baeza in the province
f Jaén (Spain). Olive stones were obtained from the separation
rom pulp (initial particle size <4.76 mm), were washed with water,
nd then boiled for two hours in order to remove the remaining
rganic matter which could interfere in the results. They were dried
n a 333 ± 1 K oven, and then ground in the mill (IKA brand MF
0). The olive stones particles are separated into five fractions in a
igh vibration sieve ASTM brand CISA: 3–2, 2–1.4, 2–1, 1.4–1, and
1 mm.

The different iron solutions were prepared from a standard 30%
w/w) aqueous iron(III) chloride from QP Panreac. Metal iron con-
entrations range from 5 to 100 mg dm−3.

.2. Iron adsorption experiments

For the study of the iron adsorption in the olive stones biomass,
fter the characterization of several fraction with different par-
icle size olive stones samples, the biomass of olive stones was
ntroduced in iron solution with concentrations higher than those
sually registered in the real wastewater condition (to detect the
xact amount of iron adsorption).

Iron adsorption was carried out by mixing the iron solu-
ions (5–100 mg dm−3) with olive stones as adsorbent in 200 mL
rlenmeyer flask (final concentration 37.5 g dm−3) with stirring
117 rpm) at 298 K. Samples were analyzed every 10 min during
he first hour, and every 30 min during the remaining 2 h.

Moreover, Adsorption experiments with olive stones of different
article size (iron concentration solution 20 mg dm−3) were stud-

ed. For that purpose, the particle size from <1 to 4.76 mm it have
een varied. Also, experiments with different olive stones concen-
rations have been studied (25–125 g dm−3) maintaining the same
oncentration in iron solution (20 mg dm−3).

The amount of iron adsorbed has been determined by spec-
rophotometry by difference in the contents of iron before and after
he adsorption, and the concentration of iron after the adsorption
as been determined in the supernatant obtained by centrifugation.

.3. Analytical methods

Mercury porosimetry (Thermo Electron Corporation, Pascal 440
nd 140 Series) was employed to characterize the porosity of olive
tones by applying various levels of pressure to a sample (0.3 g
pproximately) immersed in mercury and at environmental tem-
erature. The pressure required to intrude mercury into the pore
ample is inversely proportional to the size of the pores. The analy-
is was carried out loading the sample into a penetrometer, which
onsists of a sample cup connected to a metal-clad, precision-bore,
lass capillary stem. The penetrometer is sealed and placed in a
ow pressure port, where the sample is evacuated to remove air
nd moisture. The cup of penetrometer and capillary stem are
hen automatically backfilled with mercury. As the pressure on the
lled penetrometer increases, mercury penetrates into the pores,

eginning with those pores of largest diameter. The instrument
utomatically collects low pressure measurement over the range
f pressures specified (300 kPa). Then, the penetrometer is moved
o the high pressure chamber, where high pressure measurements
re taken (400 MPa).
Cellulose 40.4
Hemicellulose 32.2
Lignin 27.2

The olive stones were characterized (Table 1) according to the
parameters of lignin (TAPPI T222 os-74), neutral detergent fiber
(NDF) and acid detergent fiber (ADF) (Van Soest and Wine, 1967).
The percentages of hemicellulose and cellulose in the solid residue
were calculated according to the expressions:

%Hemicellulose = %NDF − %ADF (1)

%Cellulose = %ADF − %lignin (2)

All iron ions were reduced to iron ions (II) and, with thioglyco-
late medium and a derivative of triazine, formed a reddish-purple
complex that was determined photometrically at 565 nm (Standard
German methods ISO 8466-1 and German DIN 38402 A51).

The adsorption experiments and analytical methods were made
at least three times each. The calculation and statistical methods
used were available in the OriginPro 7.5 program.

3. Results and discussion

3.1. Characterization of olive stones and iron adsorption

Characterization of a biosorbent is an important analysis for
understanding the behaviour or the mechanism of iron removal
on the surface of biosorbent. Pore sizes are classified in accor-
dance with the classification adopted by the International Union of
Pure and Applied Chemistry (IUPAC), that is, micropores (diame-
ter <2 nm), mesopores (2 nm < diameter < 50 nm), and macropores
(diameter > 50 nm). In Table 2, it can be see that the porosity of
support (olive stones) has been separated in two different ranges,
pores with diameter between 3.8 and 50 nm (varied between 12
and 38% of total specific volume of pores), and pores with diame-
ter more than 50 nm (varied between 66 and 88% of total specific
volume pores), therefore OS can be categorized as macroporous
biosorbent.

Adsorption of iron on olive stones depends on the structural
and morphological features of the support. The olive stones is a
material with mesopores (pore width ca. 2–50 nm) and macrop-
ores (pore width >50 nm) (Table 2). This structure may allow its
use in iron adsorption. The pore and particle sizes could be impor-
tant to control the adsorption process. Firstly, the influence of the
particle size on the adsorption of iron on olive stones was studied.
The total specific surface area as the total cumulative specific vol-
ume has not been changed and we may consider the average values
of 23 m2 g−1 (SD = 2.4) and 0.12 cm3 g−1 (SD = 0.019), respectively.
The low total cumulative volume indicates that the surface has a
not porous structure, but the surface has roughness which mainly
manifests as macropores when the porosity was determined.The
average diameter of the pores in the original crude olive stones
is equal to 13.8 nm, this value is shifted to lower values with the
crushing and separation of different particle sizes. Similarly one can
observe the same for the data obtained after adsorption. In short, no
significant changes in the distribution of the pores were detected
(Table 2).

Fig. 1 compares the adsorption curves of iron onto olive stones
with different particles sizes (from <1 to 4.8 mm). It seems that the

adsorption rate and the equilibrium adsorption capacity depend on
the fractions size: when the diameter decreases, the adsorption is
higher because of the wider exchange surface offered by the sor-
bent to the iron metal ions. At equilibrium, the adsorption capacity
slightly increases from 0.23 to 0.35 mg g−1, ranging from the biggest
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Table 2
Characteristics of crude olive stones.

Particle size (mm) Pore diameter (nm) Total cumulative volume (cm3 g−1) Pore diameter ranges (nm) Specific volume (cm3 g−1)

<4.8a 13.8 0.17 3.8–50 0.02
>50 0.15

2–3 8.8 0.14 3.8–50 0.03
>50 0.11

2–1.4 8.8 0.09 3.8–50 0.03
>50 0.06

1.4–1 8.8 0.13 3.8–50 0.03
>50 0.10

<1 8.8 0.12 3.8–50 0.03
>50 0.09

<4.8b 4.4 0.11 3.8–50 0.02
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3.2. Influence of olive stones concentration

To confirm the influence of the external surface area on sorp-
tion performance of olive stones, iron adsorption percentages and
a Original crude olive stones before the adsorption.
b Original crude olive stone after the adsorption. Adsorption conditions: Fe(III): 2

ize to the smallest. Due to the fact that the olive stones, a natu-
al lignocellulosic biomass, is not a microporous material (Table 2),
ll the interactions that may happen between biomass and metal
ons remain limited to the external surface of the biomass. Most
esearch conducted on heavy metal sorption indicated that other
ffects may arise from the some processes, such as the predominant
resence of hydrated species of heavy metals, changes in surface
harge and the precipitation of the appropriate salt (Blázquez et
l., 2005; Sarin and Pant, 2006; Kumar and Bandyopadhyay, 2006).
on exchange has been reported as the predominant mechanism
nvolved in many biosorption processes by lignocellulosic wastes
Ngah and Hanafiah, 2008; Fiol et al., 2006; Šcíban et al., 2006;
illaescusa et al., 2004).

In all cases, equilibrium is reached within 15–20 min in
greement with previous works on olive stones in which short equi-
ibrium times of about 2 h were obtained. Many authors (Martín
ara et al., 2009; Pagnanelli et al., 2003; Fiol et al., 2006) have shown
hat most metal is removed within the first 20 min.
Also, olive stones used in this study were analyzed by scanning
lectron microscopy in order to examine its morphology. The SEM
mage of OS before iron adsorption is shown in Fig. 2a. OS has
rregular structure, which favours the biosorption of Fe(III) ions
n different parts of biosorbent. This image confirms the previ-

ig. 1. Influence of the particle size of the crude olive stones on the Fe(III) adsorption.
upports: (�) <4.8 mm, (�) 3–2 mm, (�) 2–1.4 mm, (©) 1.4–1 mm and ( ) <1 mm.
dsorption conditions: Fe(III): 20 mg cm−3; original crude olive stones: 37.5 g dm−3;
tirring rate: 117 rpm; pH 2.9 and temperature: 293 K.
>50 0.09

m−3; olive stone: 37.5 g dm−3; stirring rate: 117 rpm; pH 2.9; temperature: 293 K.

ous results obtained by the analysis of the porosity of olive stones.
In Fig. 2b it can be observed the zones of iron accumulation after
adsorption. The reason is the sorption of Fe(III) ions in the cavities
of the material.
Fig. 2. SEM image of one particle of original crude olive stone. (a) Before iron adsorp-
tion and (b) after iron adsorption at different scale 10 and 200 �m, respectively.
Adsorption conditions: Fe(III): 20 mg dm−3; olive stone: 37.5 g dm−3; stirring rate:
117 rpm; pH 2.9; and temperature: 293 K.
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ig. 3. Influence of initial olive stones concentrations on (�) equilibrium adsorption
apacity (mg g−1) and (©) iron adsorption percentage in the equilibrium. Adsorption
onditions: Fe(III): 20 mg cm−3; stirring rate: 117 rpm; pH 2.9; temperature: 293 K.

apacities were plotted against olive stones concentrations (Fig. 3).
ccording to Fig. 3, the percentage of iron adsorption increased

rom 30 to 70% when the initial concentration of biomass increased
rom 25 to 125 g dm−3 because of a higher external surface area and
hus availability of sorption sites, in agreement with the Langmuir
ypothesis (Converti et al., 1992). Despite a higher removal, equi-

ibrium adsorption capacity decreases for biomass concentrations
anging from 35 to 125 g dm−3, a conclusion previously mentioned
y other authors (Ozer et al., 1999). This result may have differ-
nt explanations: (i) adsorption sites remain unsaturated during
he adsorption reaction, (ii) the agglomeration of biomass parti-
les at higher concentration reduces the available external surface
rea, (iii) at high biomass concentration, interaction of particles can
ause desorption of sorbed metallic ions from the biomass surface
rea (Monahar et al., 2002). The optimum concentration of olive
tones for an initial iron concentration of 20 mg dm−3 was thus
xed at 37.5 g dm−3 (Fig. 3).

.3. Adsorption isotherm
In order to determine the adsorption isotherm the initial iron
oncentration was varied in the interval ranging from 5.0 to
00 mg iron dm−3. Olive stones particle size <4.8 mm was selected
s support to determinate the isotherm equilibrium. Firstly, equi-
ibrium time for the adsorption was determinated. Fig. 4 shows the

ig. 4. Influence of the different initial iron concentrations on the olive-stones
dsorption. Iron concentration: (�) 5, (�) 20, (©) 40, (�) 50 and (�) 100 mg dm−3.
dsorption conditions: original crude olive stones particles (<4.8 mm): 37.5 g dm−3;
tirring rate: 117 rpm; temperature: 293 K.
Fig. 5. Influence of the initial iron concentrations on the equilibrium adsorption
capacity. Adsorption conditions: original crude olive stones particles (<4.8 mm):
37.5 g dm−3; stirring rate: 117 rpm; temperature: 293 K.

variation of iron adsorption over time for five experiments with
different initial iron concentrations.

As presented in Fig. 5, the equilibrium adsorption capacity
increases linearly from 0.06 to 0.7 mg g−1 when the initial Fe(III)
concentrations varies from 5 to 50 mg dm−3, as a result of the
increase of the driving force (gradient of iron concentration).
The same conclusion was obtained by Tiemann et al. (2000) and
Ahluwalia and Goyal (2005) for the sorption of iron onto Medicago
Sativa and Tea leaves biomass. Then, iron adsorption is possible even
at low metal concentrations but it is favoured for high concentra-
tions.

The adsorption proceeds at a high rate (≈5 min) and the adsorp-
tion equilibrium is attained in 20 min (Fig. 4) being achieved in the
first five minutes around 80% of the total adsorbed by the support.
Fig. 6 shows the adsorption isotherms of iron on olive stones parti-
cles (<4.8 mm). The experimental data (Fig. 6) were adjusted to the
Langmuir model Eq. (3),

KqmaxCFe
qe =
1 + KCFe

(3)

where qe is the load of Fe (mg) adsorbed per gram of support
on equilibrium and CFe is the iron concentration (mg dm−3) on
equilibrium. The maximum adsorption expressed in terms of iron

Fig. 6. Adsorption isotherm of iron to olive-stone. (�) Experimental data, (–) Lang-
muir model. Adsorption conditions: original crude olive-stones particles (<4.8 mm):
37.5 g dm−3; stirring rate: 117 rpm; temperature: 293 K.
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Van Soest, P.J., Wine, R.H., 1967. Use of detergents in the analysis of fibrous feeds.
L.M. Nieto et al. / Industrial Cro

as qmax = 1.2 mg iron (g olive stones)−1 and the model constant is
= 0.034 (mg dm−3)−1 and R2 = 0.963.

Fig. 6 shows the proper adjustment of Langmuir to the experi-
ental data up to 37.3 mg dm−3 (0.65 mg/g olive stones). From this

alue the second layer adsorption appears. This second layer begins
efore reaching the maximum capacity of the model. The maxi-
um adsorption expressed in terms of iron which determines the
athematical model (Eq. (1)) is an apparent value (dash line Fig. 6).

eally, the second layer starts forming before it reaches the max-
mum adsorption corresponding to the first layer (Fig. 6). The real

aximum value of iron adsorbed 0.65 mg/g on olive stones in the
onolayer corresponds to the iron equilibrium concentration in

he liquid phase CFe = 37.3 mg iron dm−3. The adsorption of iron on
live stones occurs both in a monolayer (solid line in Fig. 6) and in
multilayer form.

The maximum real value of iron adsorbed on crude olive stones
s similar or higher than other values registered for other metals
uch as Cd(II), Cr(III), Pb(II) in the same conditions (Blázquez et al.,
005; Calero et al., 2009). The importance of this adsorption pro-
ess is determined by the fact that iron ions are present in some
ndustrial treated or untreated wastewaters. Especially, in olive oil
ndustry (Cañizares et al., 2006). Martinez Nieto et al. (2009) have
emonstrated the effectiveness of the use of crude olive stones
o eliminate residual iron ions from the wastewater of olive oil
ndustry in real conditions.

. Conclusions

Olive stones, agro-industrial abundant and cheap remainder
rom olive-oil industry, were demonstrated to become an alterna-
ive process for the detoxification of iron and good sorbent for these

etal ions present in the wastewaters from the same industry. The
orption is affected by many factors: (1) The increase of the biomass
nd metal concentrations favours the adsorption. (2) The attrac-
ions between adsorbent–adsorbate only happen at the external
urface of this non-porous biomass leading to a strong influence of
he granular size. (3) The comparison between olive stones and
ther bio-adsorbent indicates the efficiency of its advantage as
dsorbent. 4- The use of the olive stones without pretreatment
n adsorption of the metals is possible. (5) The crude olive stones
without triturating) can be use as metallic cations adsorbent in
ndustrial applications.

cknowledgements

We are grateful to the Ministry of Science and Technology for
nancial support through Project PPQ2003-07873 “Treatment of
live oil wastewater for its reuse in agriculture irrigation”, and
he project CTQ 2007-66178 “Depuration process of the olive mill
astewaters by Fenton like treatment and later purification for

iosorption”.
eferences

hluwalia, S., Goyal, D., 2005. Removal of heavy metals by waste Tea leaves from
aqueous solution. Eng. Life Sci. 5, 158–162.
Products 32 (2010) 467–471 471

Akar, T., Tosun, I., Kaynak, Z., Ozkara, E., Yeni, O., Sahin, E.N., Akar, S.T., 2009. An
attractive agro-industrial by-product in environmental cleanup: bye biosorp-
tion potential of untreated olive pomace. J. Hazard. Mater. 166, 1217–1225.

Andalusian Energy Agency 2008. Status of biomass in Andalusia, http://
www.agenciaandaluzadelaenergia.es/agenciadelaenergia/portal/com/bin/
contenidos/proyectos/areas/energiasRenovables/biomasa/proy biomasa1/
1202479474122 la biomasa en andalucxa en08.pdf.

Blázquez, G., Hernáinz, F., Calero, M., Ruiz-Núñez, L.F., 2005. Removal of cadmium
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Šcíban, M., Klasnja, M., Skrbić, B., 2006. Modified softwood sawdust as adsorbent of
heavy metal ions from water. J. Hazard. Mater. B136, 266–271.

Tiemann, K., Gardea, J., Gamez, G., Dokken, K., Cano, I., Renner, M., Furenlid, L.,
2000. Effects of oxidation state on metal ion binding by Medicago sativa (alfalfa):
atomic and X- ray absorption spectroscopic studies with Fe(II) and Fe(III). Envi-
ron. Sci. Technol. 34, 693–698.
IV. Determination of plant cell-wall constituents. J. Assoc. Official Anal. Chem.
50, 50–55.

Villaescusa, I., Fiol, N., Martínez, M., Miralles, N., Poch, J., Serarols, J., 2004. Removal
of copper and nickel ions from aqueous solutions by grape stalks wastes. Water
Res. 38, 992–1002.

http://www.agenciaandaluzadelaenergia.es/agenciadelaenergia/portal/com/bin/contenidos/proyectos/areas/energiasRenovables/biomasa/proy_biomasa1/1202479474122_la_biomasa_en_andalucxa_en08.pdf

	Adsorption of iron on crude olive stones
	Introduction
	Materials and methods
	Preparation of olive stones and iron solutions
	Iron adsorption experiments
	Analytical methods

	Results and discussion
	Characterization of olive stones and iron adsorption
	Influence of olive stones concentration
	Adsorption isotherm

	Conclusions
	Acknowledgements
	References


