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Abstract The global olive oil production for 2010 is estimated
to be 2,881,500 metric tons. The European Union countries
produce 78.5%of the total olive oil, which stands for an average
production of 2,136,000 tons. The worldwide consumption of
olive oil increased of 78 % between 1990 and 2010. The
increase in olive oil production implies a proportional increase
in olive mill wastes. As a consequence of such increasing trend,
olivemills are facing severe environmental problems due to lack
of feasible and/or cost-effective solutions to olive-mill waste

management. Therefore, immediate attention is required to find
a proper way of management to deal with olive mill waste
materials in order to minimize environmental pollution and
associated health risks. One of the interesting uses of solid
wastes generated from olive mills is to convert them as inex-
pensive adsorbents for water pollution control. In this review
paper, an extensive list of adsorbents (prepared by utilizing
different types of olive mill solid waste materials) from vast
literature has been compiled, and their adsorption capacities for
various aquatic pollutants removal are presented. Different phys-
icochemical methods that have been used to convert olive mill
solid wastes into efficient adsorbents have also been discussed.
Characterization of olive-based adsorbents and adsorption
mechanisms of various aquatic pollutants on these developed
olive-based adsorbents have also been discussed in detail.
Conclusions have been drawn from the literature reviewed,
and suggestions for future research are proposed.

Keywords Olive mill . Solid waste products . Valorization .

Adsorbents .Water treatment

Introduction

The increasing worldwide contamination of freshwater sys-
tems with industrial and natural chemical compounds is one of
the key environmental problems (Schwarzenbach et al. 2006).
About one fifth of the world's population does not have access
to safe water, and two fifths suffer the consequences of unac-
ceptable sanitary conditions (UNESCO 2003). Intensive re-
search on effective water treatment has resulted in several
technologies, which have been employed with varying degree
of success for the removal of toxic pollutants from water
and wastewater. Among various water treatment technolo-
gies, “adsorption” process is considered as one of the best
methods available for the removal of diverse types of
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pollutants from water and wastewater. Various convention-
al and nonconventional adsorbents have been used for their
suitability towards water remediation (Bhatnagar 2012). From
last few decades, research has been directed towards develop-
ing low-cost adsorbents utilizing naturally occurring and agro-
industrial waste materials as these materials are cheaper, re-
newable, and abundantly available. Various review articles
have been published in recent years where the potential of
these adsorbents have been reviewed (Ahmad et al. 2012;
Bhatnagar and Sillanpää 2010; 2009; Bhatnagar et al. 2010;
Chuah et al. 2005; Crini 2006; Zhou and Haynes 2010).
Special focus is now being given to utilize solid industrial
wastes (by-products), which sometimes pose serious disposal
problems. Olive oil industry is one such industry that produces
enormous amount of solid and liquid wastes, and these wastes
cause serious environmental problems.

Today, over 10 million ha area worldwide is covered by
about 900 million olive trees, 98 % of which are located in the
Mediterranean Basin (Sesli and Yeğenoğlu 2009), covering an
area of 5,163,000 ha, while deriving >93 % of the total olive
oil produced. The global olive oil production for 2010 is
estimated to be 2,881,500 metric tons (Stamatakis 2010).
The European Union countries produce the 78.5 % of total
olive oil which stands for an average production of
2,136,000 tons (Stamatakis 2010). The largest olive-
producing country is Spain with 1,200,000 tons followed by
Italy with 540,000 tons, Greece with 348,000 tons, Portugal
with 50,000 tons, and finally, France and Cyprus with
5,000 tons (Stamatakis 2010). Other non-EU-Mediterranean
olive-producing countries are Tunisia with 185,000 tons,
Syria with 128,000 tons, Turkey with 117,000 tons, and
Morocco with 78,300 tons (IOC 2010; Niaounakis and
Halvadakis 2006). Each olive tree produces 15–40 kg of
olives/year depending on the climate conditions. The chemi-
cal composition of olives, which is the raw material for olive
oil extraction, is very variable and depends on several factors
such as, the olive variety, soil type, and climatic conditions,
but in general, it consists of 18–28 % oil, 40–50 % vegetation
water and stone, and 30–35 % of olive pulp (Niaounakis and
Halvadakis 2006). In the last decade, olive oil production has
increased by approximately 40 % worldwide. The olive tree
yield is greatly affected by a biennial cycle: one year it grows,
and the other year gives more fruits. Therefore, more olive oil
and wastes are generated every other year (Azbar et al. 2004;
Boskou 2006).

Olive oil extraction is the process of separating and
collecting the oil from the olives. The main processing steps
needed to obtain olive oil include: feeding, leaf removal and
washing, crushing, mixing, separating the olive oil, and
centrifuging the oil. Today, three different extraction processes
are commonly used: (1) The traditional process, (2) the two-
phase decanter process, and (3) the three-phase decanter pro-
cess. In the traditional press process, the olives are washed,

crushed, and kneaded with the addition of warm water
(∼38 °C). The resulting paste is then pressed to drain the oil,
and the liquid waste originating from presses consists of a
mixture of olive juice and added water and contains residual
oil. Finally, olive oil is separated from the water by vertical
centrifugation or decanting (Azbar et al. 2004). The use of the
traditional process has decreased, and nowadays, it is almost
only employed in small olive mills. The continuous system
can be operated by three- and two-phase extraction technolo-
gies, diverging in the water supplies. While the two-phase
system does not require the addition of water, producing olive
oil and olive cake, the three-phase demands the addition of hot
water to the decanter, producing olive oil, olive mill wastewa-
ter (OMW), and olive cake (residual solids). As a result of
these differences, the three-phase extraction process has a
slightly better yield, leading to less amount of olive cake but
a significant production of olive mill wastewater (Paraskeva
et al. 2007a,b; Roig et al. 2006). The traditional cold press
method typically generates about 50 % of OMW, relative to
the initial weight of the olives, while the continuous centrifu-
gation process generates (80–110)% of OMW (Mantzavinos
and Kalogerakis 2005). The advantages and disadvantages of
each method, as well as other details, can be found elsewhere
(Borja et al. 2006; Boskou 2006; Niaounakis and Halvadakis
2006).

To release most of the oil present in the olive during
processing, water is used in various steps e.g., in washing,
mixing (when olives are entirely dry) and diluting the paste,
and in the final separation of the olive oil where the olive oil is
purified. Water used in these stages corresponds to 10, 40, and
20 % out of the initial olive weight, respectively. To show the
mass yield, 1 kg of olive oil is produced after the processing of
approximately 5 kg of olives. The composition of the waste
streams is not constant qualitatively or quantitatively, and it
varies according to soil cultivation, harvesting time, degree of
ripening, olive variety, climatic conditions, use of pesticides
and fertilizers, and duration of aging (Niaounakis and
Halvadakis 2006). In general, during the two-phase olive
extraction process, olive mill waste consists of about 44 %
of solid wastes and 56 % of liquid waste (Ayrilmis and
Buyuksari 2010). Three-phase oil extraction procedure re-
sults in the production of ∼20 % of olive oil per kilogram
of treated olive fruits and both solid and liquid wastes.
OMW are acidic, have extremely high biological oxygen
demand (BOD) and chemical oxygen demand (COD)
values (100–150 g/L), and also contain toxic levels of
polyphenols (Azbar et al. 2004; Paraskeva et al. 2007a,b;
Paraskeva and Diamadopoulos 2006).

According to the facts of International Olive Council, the
worldwide consumption of olive oil increased of 78 % be-
tween 1990 and 2010. The increase in olive oil production
implies a proportional increase in olive mill wastes. It has been
estimated that the annual world olive oil production yields
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enormous quantities of wastes: 8.1 million cubic meters of
OMW, 3.2 million metric tons of OPC (olive press cake), and
0.3 million metric tons of leaves (Zervakis and Balis 1996).
Moreover, the total amount of twigs and leaves resulting from
pruning each year reaches 15 million metric tons (Nefzaoui
1995). As a consequence of such increasing trend, olive mills
are facing severe environmental problems due to lack of
feasible and/or cost-effective solutions to olive-mill waste
management. As a matter of fact, publications related to olive
research in indexed journals have been growing rapidly,
indicating a growing interest of the scientific community
on olive research (Fig. 1). The management of solid and
liquid wastes in olive mills is always challenging, and exten-
sive efforts have been made by various researchers to utilize
these wastes in different beneficial products (Amar et al. 2011;
Arvanitoyannis et al. 2007; Gavala et al. 2005; Georgieva and
Ahring 2007; Ihemouchen et al. 2012; La Rubia-García et al.
2012; Moftah et al. 2012; Mousa et al. 2009; Paraskeva et al.
2007a; Siracusa et al. 2001). Many reviews have also been
published mainly dealing with olive mill wastewater (Hamdi
1993; Hanifi and El-Hadrami 2009; Paraskeva and
Diamadopoulos 2006). Besides liquid waste, solid wastes
from olive mills are also of great concern, as these wastes
are a source of odor nuisance, especially during warm and dry
weather. These odors are attributed to volatile fatty acids,
particularly butyric, caproic, valeric, and isobutyric acid
(Niaounakis and Halvadakis 2006). Being a renewable re-
source and an industrial waste, olive mills solid wastes are,
therefore, a promising resource for environmental technology
if applied in the treatment of water and wastewaters. Figure 2
provides a schematic representation for the wastes generation
in olive oil industry and their application as low-cost adsor-
bents for water pollution control.

The present review focuses on the valorization approach of
different solid wastes generated in olive oil industry during
olive oil production. One of the aims of this review is to
provide a summary of updated information on research that
has been conducted in recent years in the preparation and
application of different olive mill solid wastes as adsorbents
for the removal of diverse aquatic pollutants. For information
pertaining to detailed experimental methodology and condi-
tions, readers are referred to the full articles listed in the
references.

Olive mill solid wastes as precursors for inexpensive
adsorbents

As discussed in previous sections, the extraction of olive oil
generates huge quantities of liquid and solid wastes that may
have a great impact on land and water environments because of
their high phytotoxicity (Roig et al. 2006) due to the presence of
fats, lipids and polyphenols. Several studies have proven the
harmful effects of these wastes on soil microbial populations
(Paredes et al. 1987), aquatic ecosystems (DellaGreca et al.
2001), and even in air medium (Rana et al. 2003). It is, there-
fore, highly desirable to manage these wastes through technol-
ogies that minimize their environmental impact and lead to a
sustainable use of resources. One of the interesting uses of such
solid wastes is to convert them as inexpensive adsorbents for
water pollution control. It provides a double-fold advantage
with respect to environmental pollution. Firstly, the volume of
olive mill solid waste materials could partly be reduced, and
secondly, the developed low-cost adsorbents can treat industrial
wastewaters at a reasonable cost. It has been suggested that the
wastes from olive industry could be converted into low-cost

Fig. 1 Record of the number of
publications in indexed journals
containing the keyword “olive”
between 1990 and 2012
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adsorbents with a cost of <$50/ton against $4,500/ton of a
granular-activated carbon (Pagnanelli et al. 2003).

Various researchers have used different olive mill solid
wastes by applying different physicochemical treatment
methods to develop efficient adsorbents for the removal of
various aquatic pollutants. The nature of the precursor, the type
of activation (chemical or physical), as well as the processing
conditions decides the adsorptive properties of developed ad-
sorbents from olive wastes. In case of chemical activation,
concentration of the dehydrating agent, impregnation ratio,
and pyrolysis temperature govern the properties of the
resulting adsorbent. A detailed description about widely used
treatment methods/carbonization/activation conditions to pre-
pare olive-based adsorbents from olive solid wastes is
presented in Table 1.

Characterization of olive-based adsorbents

Different solid wastes generated during olive oil production
have been characterized by different analytical techniques,
and a brief discussion is presented herein. Fourier transform
infrared spectroscopy (FTIR) studies revealed that olive
wastes contain various functional groups such as, carbox-
ylic, hydroxyl, methoxy, and phenolic groups that are po-
tentially active in metals removal. This particular composi-
tion enables olive solid wastes to bind metallic ions and
other pollutants in solutions and make them potential
biosorbent towards water treatment applications. A detailed

description about different functional groups found in the
FTIR analysis of olive-based adsorbents is presented in
Table 2. Energy dispersive X-ray analysis of olive mill
wastes revealed the presence of potassium, calcium, sulfur,
and chlorine besides carbon and oxygen (Vegliò et al.
2003). Surface area, pore volume, and adsorption efficiency
towards iodine, phenol, and methylene blue are generally
calculated to report the enhanced properties after chemical
modifications. Table 3 represents detailed description of
some of these characteristics of different olive-based
adsorbents.

Application of different olive-based adsorbents in water
treatment

Removal of metal ions from water and wastewater

Metal ions are one of the important categories of water pol-
lutants, which are toxic for humans through the food-chain
pyramid. Various toxic heavy metal ions discharged into the
environment through different industrial activities, constitut-
ing one of the major causes of environmental pollution. Some
of the important metals that have been essentially examined
for their adsorptive removal using olive-based adsorbents
include lead, chromium, cadmium, nickel, uranium, thorium,
and mercury since these metals are present in industrial efflu-
ents and their toxicological effects are well reported in the

Fig. 2 A schematic
representation of the wastes
generated in olive oil industry,
their conversion as low-cost
adsorbents and their application
in water pollution control
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Table 2 FTIR peaks as reported in the literature for olive-based adsorbents

Material Peak Functional group Reference

Olive pomace 1,704 and 1,643 cm−1

1,507 cm−1
C=O stretching
C–C stretching

(Pagnanelli et al. 2003)

Olive pomace 3,410 cm−1

2,918 and 2,848 cm−1

1,707 cm−1

1,621 and 1,418 cm−1

1,061 cm−1, 1,212 cm−1,
and 1,136 cm−1

O–H stretching
C–H stretching vibrations of
CH, CH2, and CH3 groups

C=O stretching vibration of carboxylic groups
Asymmetric and symmetric stretching of carboxylate
C–O stretching vibrations of ethers and alcohols

(Pagnanelli et al. 2010)

Waste pomace 3,409 cm−1

2,930 cm−1

1,635 cm−1

1,507 cm−1

1,438 cm−1

1,424 cm−1

1,317 cm−1

1,256 cm−1

1,144 cm−1

1,031 cm−1

873 cm−1

526 cm−1

465 cm−1

Bonded –OH groups
Aliphatic C–H group
C=O stretching
Secondary amine group
Carboxyl groups
Carboxyl groups
Carboxyl groups
–SO3 stretching
C–O stretching
C=O stretching
Aromatic –CH stretching
–C–C– group
Amine groups

(Nuhoglu and Malkoc 2009)

Olive stone (OS), the
two-phase olive
mill solid (OMS)
and olive tree
pruning (OTP)

3,750 and 3,050 cm−1

2,925 cm−1, 2,855 cm−1

1,740 cm−1

1,650–1,635 cm−1

1,460–1,438 cm−1

1,650–1,400 cm−1

1,250 cm−1

<1,500 cm−1

Stretching vibration of O–H bonds into
polymeric compounds, C–H stretching
in aliphatic structures

C=O stretching
Carbonyl groups in different conformations
such as COO− and C=O of different organic
compounds, Bending vibration of O–H bonds,
Presence of aromatic rings so that double
bonds (C=C) vibrations overlap the aforementioned

C=O stretching vibration bands and O–H deformation
bands, Deformation vibration of C=O of carboxylic
groups, stretching vibration of OH of phenols or
C–O stretching of ether groups, Stretching vibrations
of C–O–C from polysaccharides

(Martín-Lara et al. 2009)

Waste pomace 3,406 cm−1

2,928 cm−1

1,635 cm−1

1,507 cm−1

1,421 cm−1

1,317 cm−1

1,243 cm−1

1,140 cm−1

1,029 cm−1

873 cm−1

Bonded –OH groups, –NH stretching
Aliphatic C–H group
C=O stretching
Secondary amine group
Carboxyl groups
Symmetric bending of CH3

–SO3 stretching
C–O stretching of ether groups
–C–C– group
–C–C– group

(Malkoc et al. 2006)

Olive stone 3,340 cm−1

2,940–2,890 cm−1

1,650 cm−1

1,590 and 1,505 cm−1

1,455, 1,420, and 1,365 cm−1

1,155 cm−1

–OH groups
Aliphatic C–H group
C=O stretch
Secondary amine groups
Symmetric bending of CH3

C–O stretching of ether groups

(Calero de Hoces et al. 2010)

Two phase
olive mill solid (OMS)
and olive stone (OS)

3,411 and 3,422 cm−1

2,927 and 2,925 cm−1,
1,740 and 1,745 cm−1

1,656 and 1,636 cm−1

1,377 and 1,380 cm−1

1,250 and 1,243 cm−1

1,110–1,160 and 1,040–1,060 cm−1

Hydroxyl peaks, Alkyl peaks
C=O bonds in carboxyl groups and their esters,
Asymmetric stretching of the carboxylic C=O
double bond, C–O bond in carboxylic groups,
Deformation vibration of C=O carboxylic acids,
stretching of the C–O–C and OH of polysaccharides

(Blázquez et al. 2010)

Olive waste cake 2,929 cm−1

1,738 cm−1

1,651 cm−1, 1,510, and 1,425 cm−1

1,462 and 1,377 cm−1

C–H vibrations in methyl and methylene groups,
Carbonyl C=O groups, Olefinic (C=C) vibrations

Skeletal C=C vibrations in aromatic rings,
Bands –CH3 and –CH2

−,

(Baccar et al. 2009)
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literature. A brief discussion of metal ions removal by olive-
based adsorbents is being presented here.

Lead

Lead [Pb(II)] in wastewater mainly comes from battery
manufacturing, printing, painting, dying, and other industries.
It is non-biodegradable and, therefore, must be removed from
water. Lead is one of the metals that have widely been studies
for its removal from aqueous solution using olive-based ad-
sorbents. Adsorption of Pb(II) using powdered activated car-
bon (PACl), prepared from olive stones, has been explored by
Ghazy and El-Morsy (2009). PACl was prepared in several
steps, namely, washing with HCl, followed by destructive
distillation and activation by gasification with steam. The
modification was done by the treatment with aqueous oxidiz-
ing agent (NH4)2S2O8. The surface area and ash content of the
PACl were reported to be 249.1 m2/g and 5.7 %, respectively.
The adsorption kinetics was found to be fast during the first
stage, and adsorption occurred mainly at the surface of the
adsorbent and to some extent by the internal macropores,
transitional pores, and micropores. Equilibrium time of
20 min was chosen for the Pb(II) adsorption experiments.
The Lagergren's pseudo-first-order model and Weber and
Morris model fitted well to the experimental data and also
explained the occurrence of intraparticle diffusion during the
adsorption process. The effect of pH on Pb(II) removal was
also investigated. It was found that Pb(II) adsorption was
diminished below pH 1.0 due to the formation of oxo groups
(CxO and CxO2), which were formed on the carbon surface
during activation with water and thereby hindered the Pb(II)
adsorption. Complete removal of Pb(II) occurred in the pH
range of 4.0–9.0 and was attributed to the adsorption of
hydrolytic species, chemical interaction with the carboxylic
groups of active carbon and sulfide group obtained from
modification with (NH4)2S2O8, and/or precipitation of
Pb(OH)2 (s). At pH >10.0, Pb(II) removal decreased due to
the incapability of adsorption of the negative species,
Pb(OH)3

− and Pb(OH)4
2−, on the negatively charged surface

of PACI adsorbent. The adsorption efficiency was reported to
be maximum (100 %) at PACl dosage of 60 mg/L. Increase in
the number of binding sites on the adsorbent surface available

to the metal ions was mainly responsible for such behavior.
Increasing the temperature from 5 to 80 °C resulted in the
increased efficiency of the process. This was attributed to an
acceleration of some of the originally slow adsorption steps or
to the creation of some new active sites on the PACl. The
isotherm data was well explained by the Langmuir and
Freundlich models. The procedure was applied to the removal
of Pb(II) from different natural water samples and was suc-
cessful enough to achieve 99–100 % recovery in distilled
water, tap water, and in waters from other locations. Lead
removal from potable water has also been explored using
activated carbon (AC) prepared from olive stones by Spahis
et al. (2008). Activated carbon was prepared by the impreg-
nation of olive stone with ZnCl2 or KOH followed by carbon-
ization. It was observed that the AC yield decreased with
activation temperature due to the loss of volatile materials.
Impregnation was found to be more effective in the case of
KOH as compared to ZnCl2. In addition, with the increase in
impregnation rate, the surface area of the ACs increased,
which was attributed to the partial collapse of porosity with
high impregnation rates. In addition, ZnCl2 impregnation had
positive effect on the development of porous texture at a
relatively low pyrolysis temperature. On the other hand, treat-
ment with KOH increased the surface area at higher temper-
atures. The surface area of the porous texture also increased
with the rates of additives up to 14.7 mmol/g. Lead(II)
biosorption using raw and chemically treated olive stones
has been investigated in packed bed column (Calero de
Hoces et al. 2010). Olive stone fraction <1 mm was chosen
for all the tests, and the chemical modification was performed
using inorganic acids (HCl, H2SO4, HNO3, and H3PO4).
Breakthrough timewas found to decrease with increasing inlet
Pb(II) concentration. The best results were obtained with the
olive stone treated with H2SO4 and HNO3. The lowest
biosorption capacity was obtained for the untreated olive stone
with a value of 3.81 mg/g for an inlet Pb(II) concentration of
150 mg/L. H2SO4-treated olive stone showed an adsorption
capacity of 20 mg/g for Pb(II). The FTIR spectra of Pb(II)-
loaded adsorbent suggested the involvement of –OH, –CH,
and –COOH groups in the biosorption of Pb(II) ions and the
possibility that biosorption could be taking place through an
ion-exchange process rather than complexation. The modified

Table 2 (continued)

Material Peak Functional group Reference

1,323 cm−1

1,246 cm−1

1,048 cm−1

895 cm−1

V (C–O) vibrations in carboxylate groups,
esters (e.g., R–CO–O–R′), ethers (e.g., R–O–R′)
or phenol groups, Alcohol groups (R–OH),
C–H out of plane bending in benzene
derivative vibrations
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olive adsorbent exhibited negative charge over the entire range
of investigated pH, but the untreated olive stone was found to
be possessing positively charged groups below pH 5.0.

Blázquez et al. (2010) studied the biosorption of lead using
olive stone (OS) and two-phase olive mill solid (OMS). OMS
is a semisolid mixture of pulp and olive stones obtained from
the crushing of olives, which yield the oil in a two-phase
decanter system. It contains around 55–60 % moisture, has a
dark color, and forms a sludge-like mass. The maximum
adsorption capacities for Pb(II) ranged between 6.39–5.25
and 23.7–23.1 mg/g for OS and OMS, respectively, with the
increase in temperature from 25 to 60 °C. The equilibrium
data obtained from the adsorption experiments was analyzed
in the light of adsorption models, viz., Langmuir, Freundlich,
Sips (for OS), and a two-step Langmuir-type model and an
adaptation of the Dubinin–Astakov model (for OMS). The
Langmuir isotherm fitted well to the experimental data of OS
and OMS. The mechanism of Pb(II) uptake by OS and OMS
was also elucidated with the help of FTIR analyses. The
spectra of both the adsorbents were similar and hence con-
firmed the presence of similar functional groups on the surface
of the adsorbents. Peaks for hydroxyl, and alkyl groups were
seen in the spectra of OS and OMS. Peaks attributing to the
presence of C–O bond, C=O double bond were also present in
the spectra of the two adsorbents. Changes in the FTIR spectra
were observed after Pb(II) biosorption, which exhibited the
involvement of the functional groups in the adsorption pro-
cess. The efficiency of OS, the two-phase OMS and olive tree
pruning (OTP) for Pb(II) removal from aqueous solutions has
been reported (Martín-Lara et al. 2009). The three solids were
milled and <1.000mm fraction was chosen for the biosorption
tests. The elemental analysis of the three biosorbents was
found to be similar. The adsorbents OS and OTP exhibited
low water content (10 %) and OMS had high water content
(>50 %) and a considerable fat content (>4 %) due to its way
of obtaining. The potentiometric titration results suggested
that OMS was richer in active sites than OTP and OS. The
calculated titration curves of discrete and continuous models
were compared with the experimental data, and it was ob-
served that continuous model fitted well to experimental data.
The pHpzc values showed that all adsorbents had an acidic
surface. The heterogeneous nature of the three adsorbents was
confirmed by their IR spectra. The Langmuir model fitted well
to the Pb(II) isotherm data obtained at pH 5.0. The maximum
metal uptake capacities obtained with OS, OMS, and OTP
were 0.031, 0.122, and 0.110 mmol/g, respectively. The pres-
ence of soluble organic compounds in the three adsorbents was
also detected with higher concentration in OMS and OTP (700
and 450 mg/L mean values, respectively) than OS (47 mg/L).

Optimization studies for the removal of Pb(II) from aque-
ous solutions using different olive mill wastes (OS, two-phase
OMS, and OTP) have also performed (Martín-Lara et al.
2011). Two 32 full factorial designs were performed to

identify important factors and their interactions. Validation
of the statistical model was carried out by taking 14 g/L and
pH 5.0 in the validation experiments. Under the given condi-
tions, OS, OMS, and OTP removed 78.10, 85.00, and 95.20%
Pb(II), which was in agreement with the predicted values
(81.14, 90.02, and 98.61 % for OS, OMS, and OTP, respec-
tively) suggested by the models. Initial metal concentration in
the solution affected the biosorption capacity of the adsor-
bents, and an increase in metal concentration lowered the
metal uptake capacity due to the saturation of the active sites
on the adsorbents. Temperature variation between 25 and
60 °C did not influence on the metal uptake capacity. The
response surface plots well exhibited the interactions between
main variables and their effects on the responses.

Olive tree pruning waste was also examined for the
removal of Pb(II) from water (Blázquez et al. 2011b).
Removal of Pb(II) was studied at pH 5 in a batch system.
The pseudo-first-order, pseudo-second-order, and Weber
and Morris kinetic models were applied to test the kinetic
experimental data. The pseudo-second-order kinetic model
provided the best correlation of the experimental data,
indicating that adsorption might be the rate limiting step
for Pb(II) biosorption by olive tree pruning waste.
Equilibrium experimental results were fitted to Langmuir,
Freundlich, and Sips model isotherms to obtain the char-
acteristic parameters of each model. The Langmuir and
Sips isotherms best represented the measured biosorption
data. According to the Sips model calculation, the maxi-
mum biosorption capacities of olive tree pruning wastes
for Pb(II) were found to be 26.24, 33.39, and 32.15 mg/g
at 25, 40, and 60 °C, respectively.

Chromium

Chromium, another important metal, has many industrial ap-
plications such as in textile, electroplating, leather tanning,
and metallurgy industries, and therefore, the wastes generated
by these industries are rich in hexavalent Cr(VI) or trivalent
Cr(III) forms of chromium. The removal of Cr(III) by olive
stone activated carbon was investigated by Pereira et al.
(2006). The Brunauer, Emmett, and Teller (BET) surface area
of the adsorbent was found to be 855 m2/g with micro- and
mesopore volume of 0.36 and 0.04 cm3/g, respectively. The
concentrations of carboxylic and phenolic groups in the adsor-
bent were reported as 0.057 and 0.34 mmol/g, respectively.
The presence of surface groups suggested that metal removal
might have occurred due to the surface complex formation and
exchange between metal ions and acidic functional groups.
The pH of point of zero charge (pHpzc) of the adsorbent was
observed between 2.0 and 3.0. A flow rate of 2 mL/min was
found to be optimum for the studies as it promoted a higher
average residence time, which allowed favorable mass transfer
parameters. A favorable isothermwith a pronounced plateau at
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0.45meq/g was obtained. Lower amount of superficial sites for
adsorption was attributed to the lower Cr(III) uptake by the
adsorbent. The equilibrium data fitted well to the Langmuir
model. Intraparticle diffusion was considered to be the rate
controlling step for the adsorption process. In an another study,
researchers used olive stone waste for Cr(III) removal
(Blázquez et al. 2011a). The elemental analysis of the olive
stone showed the presence of C (52.34 %), H (7.11 %), N
(0.03 %), and S (<0.1 %). Titration and IR analysis revealed
the predominance of carboxylic groups in olive stone and were
considered to be mainly responsible for chromium removal.
Packed bed column studies were also undertaken to investigate
the feasibility of the process at pilot scale. The breakthrough
time was found to increase with increasing bed height, which
was attributed to the increase in number of binding sites
broadening the mass transfer zone. Higher Cr(III) uptake was
observed at highest bed height due to the increased biosorbent
dosage, which provided more binding sites for adsorption,
although the adsorption capacity in the continuous system
(0.913 mg/g) was found to be lower as compared to that found
in batch studies (5.185 mg/g).

Hexavalent chromium [Cr(VI)] is more toxic than Cr(III)
and, therefore, pose serious environmental concern. In an
attempt to remove Cr(VI), activated carbon, produced from
olive stones, was chemically activated using sulfuric acid (OS-
S) and utilized as an adsorbent (Attia et al. 2010). Adsorption
results obtained for activated carbon (OS-S) were compared
with acid-treated commercial activated carbon (CAC-S). The
optimum pH for Cr(VI) uptake was found to be 1.5. The
equilibrium adsorption data was better fitted to the Langmuir
model. The results of kinetic models showed that the pseudo-
first-order kinetic model was found to correlate the experi-
mental data well. It was concluded that activated carbon
produced from olive stones (OS-S) had an efficient adsorption
capacity compared to (CAC-S) sample. The waste pomace of
olive oil factory (WPOOF) has also been investigated for its
adsorption properties for the removal of Cr(VI) in batch and
fixed-bed column (Malkoc et al. 2006). TheWPOOF included
olive (6–8 %), water (20–33 %), and seeds and pulps (59–
74 %) depending on the olive oil extraction processes. The
desired range of particle sizes (1.0–3.3 and 0.15–0.25 mm) of
the adsorbent were obtained by grinding. The FTIR spectra of
WPOOF, before and after adsorption, exhibited that the bond-
ed –OH groups and/or –NH stretching and carboxyl groups
played a major role in Cr(VI) biosorption. Maximum Cr(VI)
adsorption occurred at pH 2.0 (8.4 mg/g) but was reduced
(2.7 mg/g) when the solution pH was increased. The lowering
of adsorption capacity at high pH was attributed to the in-
crease in H+ ion concentration and increase in overall charge
on the adsorbent surface, which caused hindrance in the
adsorption of negatively charged Cr ions like Cr2O7

2−,
and CrO4

2−. It was proposed that Cr(VI) removal by the
biomass occurred by two mechanisms: direct reduction

of Cr(VI) to Cr(III) by contact with the electron-donor
groups of the biomass and indirect reduction including
binding of Cr(VI) to the positively charged groups on
the biomass surface followed by the reduction of Cr(VI)
to Cr(III) by adjacent electron donor groups and, finally,
the release of Cr(III) ions into aqueous solution due to
electronic repulsion between the positively charged
groups and the Cr(III) ions. With increase in initial
Cr(VI) concentration from 50 to 200 mg/L, uptake
capacity of WPOOF increased from 6.1 to 12.15 mg/g.
Higher availability of Cr(VI) ions in the solution resulted in
the increase in uptake capacity of pomace. In addition, the
higher initial Cr(VI) concentration increased driving force to
overcome all mass transfer resistance of metal ions between the
aqueous and solid phases resulting in higher probability of
collision between Cr(VI) ions and adsorbents. The rise in
temperature also affected the Cr(VI) uptake and was attributed
to the fact that bond rupture of functional groups took place on
adsorbent surface at high temperature resulting in an increase in
active adsorption sites. Langmuir model provided a better fit to
the Cr(VI) adsorption onto pomace adsorbent. In case of col-
umn studies, the flow rate also strongly influenced the Cr(VI)
removal and adsorption capacities of 3.33, 1.17, and 0.96 mg/g
at 5, 10, and 20 mL/min, respectively, were recorded. The
breakthrough curve became steeper when the flow rate was
increased with which the adsorbed Cr(VI) ion concentration
decreased. It was attributed to the short residence time of the
solute in the column. Maximum values of total adsorbed
Cr(VI) quantity, maximum Cr(VI) uptake, and Cr(VI) removal
percentage were reported as 78.26 mg, 3.33 mg/g, and
21.74 %, respectively, at 5 mL/min flow rate. The data from
the column studies fitted well to the Adams-Bohart model.

Cadmium

Cadmium and its compounds have been found extremely
toxic even in low concentrations and bioaccumulate in organ-
isms and ecosystems. The removal of Cd(II) has been exam-
ined by olive-based adsorbents by different researchers. Kula
et al. (2008) assessed the potential of activated carbon pre-
pared from olive stone (ACOS) for the removal of Cd(II) from
aqueous solutions. ZnCl2 was selected for chemical activation
with different amounts. The impregnation was conducted at
70 °C and then dried at 120 °C. Two hundred milliliters of 10,
20 and 30 % ZnCl2 were used to mix olive stone samples
denoted as ACOS1, ACOS2, and ACOS3, respectively. After
carbonization and washing, the samples were vacuum dried.
The ACOS adsorbent was differentiated on the basis of their
w /w % of ZnCl2 impregnation, particles size, and other phys-
icochemical properties. The activated carbons having activa-
tion with 20 % ZnCl2 (ACOS2) showed the maximum BET
surface area (790 m2/g). The scanning electron micrograph
(SEM) image of the ACOS confirmed the presence of pores of
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different size and shapes. The external surface of the chemi-
cally activated carbon was found to be full of cavities and was
attributed to the evaporation of ZnCl2 during carbonization.
The adsorption of ACOS2 was found to be four times higher
than that of raw olive stone (∼80–20 %). The adsorbent
dosage for the experiments was set as 1.0 g/50 mL. The
absolute amount of Cd(II) per unit of adsorbent increased
from 0.68 mg/g to 1.654 mg/g at 303.15 K with the increase
inmetal ion concentration from 15 to 45mg/L. The adsorption
of Cd(II) onto ACOS2 was found to increase with the increase
in pH. At alkaline pH (>9.0), a decreasing trend in uptake was
observed due to the formation of soluble hydroxyl complexes.
Temperature elevation in the adsorption system did not favor
Cd(II) adsorption onto ACOS2, which showed that the phys-
ical adsorption governed the adsorption mechanism. The ki-
netic data fitted well to the pseudo-second-order model and
intraparticle diffusion model. The isotherm data was well
explained by both the Langmuir and the Freundlich models.
In an attempt to improve the performance of olive stone
wastes as adsorbent, succinylated-olive stone (S-OS) adsor-
bent was prepared by the esterification of lignocellulosic
matrix of olive stone waste with succinic anhydride in hetero-
geneous conditions and tested for Cd(II) removal from aque-
ous solutions (Aziz et al. 2009a). The FTIR spectra provided
unequivocal evidence for efficient esterification of the adsor-
bent. MAS 13C NMR spectroscopy also confirmed the occur-
rence of succinylation reaction. Titration results showed a total
concentration of carboxylic functions (nCOOH) value of
3.9 mequiv/g for the olive adsorbent exhibiting that esterifi-
cation functionally modified the olive waste. The kinetics of
adsorption process of Cd(II) onto sodium treated S-OS (NaS-
OS) was rapid with 99 % adsorption occurring within the first
15 min of contact time. The readily accessible adsorption
sites, which were abundant and strong ionic interactions
between the succinate groups anchored at the surface of
the material and cadmium ions in solution, were found
responsible for the fast kinetics. Adsorption mechanism
was found to be governed by chemical adsorption via ion
exchange between the adsorbate and adsorbent. The
Langmuir isotherm fitted well to the experimental data
confirming the homogeneous distribution of active succi-
nate linkers on the surface of the adsorbent. The NaS-OS
material exhibited a maximum uptake capacity of 200 mg/
g for Cd(II), but the adsorbed Cd(II) onto NaS-OS was
found lower than the succinate groups' content. The steric
crowding of Cd(II) due to the larger hydrated radius of the
ion (8.52 Å) was found to induce a quick saturation of
adsorption sites caused by the linker and accentuated by
the free rotation of ethylene carbons in succinate groups,
which eventually lowered the Cd(II) adsorption capacity.
Desorption performance of 88–92 % for Cd(II) was
obtained over five repeated adsorption–desorption cycles
confirming the reusability of the modified olive waste.

Batch adsorption studies for the removal of Cd(II) from
aqueous solution using olive cake as adsorbent have also been
reported (Al-Anber and Matouq 2008). The Cd(II) removal
efficiency was found to increase when the solution pH was
increased from 2.0 to 6.0, although a decrease in Cd(II)
adsorption was observed when the solution pH further in-
creased from 6.0 to 11.0. The removal efficiency was found
to be 66 % at pH 6.0 at 28 °C. The increase in the cadmium
ions removal with increase in pH from 2.0 to 6.0 was attrib-
uted to the decrease in H+ ions concentration with the pH
increase. At higher pH (pH 6.0), the surface of the olive cake
became increasingly negatively charged attracting the positive
charge ions to attach to the free binding sites, whereas H+ ions
would not compete with cadmium ions for the adsorption sites
on olive cake. On the other hand, the decrease in the adsorp-
tion rate with the increase in pH from 6.0 to 11.0 was attrib-
uted to the formation of Cd(OH)3, taking place as a result of
dissolution of Cd(OH)2. Based on the speciation diagram, it
was reported that all the species occurring at pH 8.0 and below
carry a positive charge either as Cd2+ or Cd(OH)+, which also
explained that the H+–Cd2+ exchange reaction governed the
adsorption mechanisms of Cd(II). Removal efficiency of
Cd(II) by olive cake adsorbent decreased with the increase
in solution temperature from 28 to 45 °C. This observation
had been attributed to the relative increase in the escaping
tendency of the Cd(II) ions from the solid to the bulk phase
and deactivation of the adsorbent surface or destruction of
some active sites on the adsorbent surface due to bond rup-
tures. It might also be due to the weakness of adsorptive forces
between the active sites of the adsorbents and the adsorbate
species and also between the adjacent molecules of adsorbed
phase. The higher dose of adsorbent in the solution also
resulted in increase in the removal efficiency of Cd(II) from
aqueous solution due to the greater availability of ex-
changeable sites for the ions. Results showed that with an
increase in temperature from 28 to 45 °C, the maximum
adsorption capacity decreased from 65.4 to 44.4 mg/g. The
thermodynamic calculation for the adsorption of Cd(II) by
olive cake adsorbent revealed that the process was feasible
and exothermic.

Zinc

Zinc, in small concentrations, is an essential element for living
organisms and plants. On the other hand, when concentration
of zinc increases above a limit, it becomes toxic to humans,
animals, and plants. The main sources of zinc to the environ-
ment are mining operations, secondary metal production, coal
combustion, rubber tire wear, and phosphate fertilizers. The
removal of Zn(II) by olive-based adsorbents has also been
examined by various researchers. Waste olive cake (OC) has
been utilized for Zn(II) removal from wastewaters by
Fernando et al. (2009). The characterization results showed
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that OC fractions >2 mm (chemically or nonchemically treat-
ed) had lower iodine numbers and thus lower surface area than
materials without fractionation resulting in materials with
poorer characteristics for adsorption of low-molar-mass sol-
utes. The nonfractionated material was comprised of different
sized particles. The results also indicated that chemically
treated OCs presented higher iodine numbers than non-
chemically treated ones. Chemical activation with H2SO4

resulted in OCs with higher surface area and degree of micro-
porosity as compared to the treatment with NaOH.
Nonfractionated material had higher nitrogen and mineral
content than fractionated material (>2 mm fractions).
Chemically treated materials also presented lower mineral
content, which was due to the removal of inorganic matter
by the chemical treatment. The nonfractionated materials were
used for studying the effect of contact time on Zn(II) adsorp-
tion. Under identical conditions, OC-NaOH and the waste
olive cake exhibited higher removal efficiency for Zn(II) than
the OC-H2SO4. The lower adsorption efficiency shown by
OC-H2SO4 was attributed to the competition between high
concentrations of H+ released by the biosorbent surface and
the metal ions in solution. Kinetic data fitted well with the
pseudo-second-order model, and the modeling results also
suggested that the rate-limiting step in the biosorption systems
might have been chemisorption involving valence forces
through sharing or exchange of electrons between adsorbent
and metal. The pH studies showed that amount of zinc ions
adsorbed by the adsorbents increased sharply with the increase
in pH from 3.0 to 4.5–5.0 and then increasedmore slowlywith
the increase in pH from 4.5–5.0 to 6.0. After pH 6.0–7.0, the
amount of zinc uptake remained constant. It has also been
confirmed by literature that Zn2+ is mostly present in solution
in its divalent ionic form, with smaller amounts in the form of
ZnOH+ at pH>6.0, making it favorable for biosorption in an
increasingly negatively charged surface. At lower pH, a com-
petition between H+ and Zn2+ ion species exists for the sites of
adsorption, due to the high H+ concentration, while at higher
pH this effect was diminished. The amount of Zn(II) ions
adsorbed per unit mass of adsorbent increased with the in-
crease in initial zinc concentrations. It was attributed to the
decrease in pore diffusivity with increasing initial metal con-
centration. Zn(II) adsorption on the adsorbents was attributed
to adsorption processes on the particle surface, mainly those
related to ion exchange or surface complex formation. The
maximum adsorption capacity obtained from the Langmuir
isotherms was found in the range of 14–27 mg/g for different
studied adsorbents prepared from OC.

Zinc removal from aqueous solutions was studied using
AC produced from solvent extracted olive pulp (SEOP)
(Galiatsatou et al. 2002). The other raw materials like olive,
peach, and apricot stone were also used to produce activated
carbon in the study. Carbonization of the materials was
performed at 1123 K in N2 atmosphere, and the adsorbents

were named ACOP (AC from SEOP), ACO (AC from olive),
ACP (AC from peach), and ACA (AC from apricot stone).
The materials were further activated using steam/nitrogen
mixture at 1073 K. ACOP2 and ACOP3 were prepared by
carbonization for 1 h 30 min and 2 h, respectively. In this way,
products of different burn-off levels and different ash contents
were produced. Carbon ACOP3ox was prepared by oxidation
of ACOP3. ACOPWS, and ACOWS carbons were obtained
by treating ACOP and ACO with H2SO4. The N2 adsorption
isotherms of the prepared activated carbons revealed high
degree of microporosity along with the mesoporosity. The
ACO favored mesoporosity, while SEOP resulted in higher
macropore volume. Carbon ACOP2 had higher volume in the
whole pore range and more developed surface area as com-
pared to ACOP3, and this was consistent with their time of
activation. Significantly lower gasification levels and a de-
crease in mesopore (more profound for ACOWS) and
macropore volume were observed in ACOWS and
ACOPWS. Iodine number was not much affected showing
that the removal of the inorganic matter mainly influenced the
larger pores. Oxidation of ACOP3 carbon lowered the iodine
number, due to the presence of acidic groups, which block the
pore entrances of micropores. All carbons were basic in nature
except ACOP3ox, which was acidic, and ACOWS and
ACOPWS, which were neutral. It was observed that the
equilibrium was reached within 10 h for Zn2+ with ACOP.
ACOP carbon showed significantly higher removal ability for
Zn2+, than the other carbons reaching almost 100 % of the
initial concentration, even in concentrated solutions [8.6×
10−4 M Zn(NO3)2]. Despite the difference in surface area
and pore volume (micro- to macropores), carbons ACOP2
and ACOP3 possessed similar amounts of surface groups
and showed similar adsorption levels for zinc ion. The
ACOP3ox exhibited lower adsorption maxima as compared
to ACOP3 at unadjusted pH. Carbons ACO and ACA, pre-
pared under similar experimental conditions, reached similar
levels of adsorption, but had different degree of inorganic
matter. Carbon ACP showed minimum adsorption of Zn2+.
It was also found that the untreated SEOP carbons were of low
oxygen content, <0.8 mmol [O]/g. Hence, the basicity of the
carbons used was due to their ability to form electron-donor
acceptor complex. Alike other studies of metal adsorption by
olive adsorbents, at lower pH, a competition between H+ and
Zn2+ ion species for the sites of adsorption occurred due to the
high H+ concentration, while at higher pH, the effect was
diminished.

Zinc removal from the effluents discharged from the indus-
tries has also been investigated using untreated olive mill solid
wastes as adsorbent (Hawari et al. 2009). The equilibrium was
reached in 60 min for the initial concentration of 0.25 mmol/L
Zn(II) and 180min for the 1–3mmol/L initial concentration of
Zn(II). It was observed that Zn(II) adsorption decreased onto
olive mill residue with the increase in the particle size due to
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the decrease in surface area. Thus, particle sizes ranging from
0.85 to 1.18 mmwere used in the study. Maximum adsorption
capacity for Zn(II) occurred at pH 5.0 with the initial zinc
concentration of 4 mmol/L, olive mill residue concentration of
20 g/L, at room temperature, and a particle size ranging from
0.84 to 1.18 mm. In acidic medium (pH<2.0), the Zn(II)
adsorption was low due to the competition between H+ ions
and Zn(II) ions for the adsorption sites. On the other hand, at
pH 6.0, the metal ion precipitated. The olive adsorbent con-
centration was also critical for the process, and it was reported
that with an increase in adsorbent dose from 1 to 100 g/L,
Zn(II) removal increased from 27 to 95 %, but the amount of
zinc ions adsorbed per unit mass decreased from 0.4 to
0.01 mmol/g. It might be due to the aggregation of the adsor-
bent particle, which could have decreased the surface area of
the adsorbent. An adsorbent dose of 4 g/L was found to be
adequate for Zn(II) removal. The maximum adsorption capac-
ity for Zn(II) by olive adsorbent was reported as 5.63, 6.46,
and 7.11 mg/g (0.188, 0.216, and 0.237 mmol/g) at 298, 308,
and 328 K, respectively. Results from the study confirmed that
the adsorption process was endothermic in nature and an
increase in adsorption efficiency at higher temperature was
attributed to the bond rupture of functional groups on adsor-
bent surface increasing the number of active adsorption sites,
thus enhancing adsorption. The increase in adsorption capac-
ity with an increase in temperature implied chemisorption.
The Langmuir model fitted well to the isotherm data, and
pseudo-second-order provided the best fit to the kinetics of
the process.

Copper

Copper ions can be found in many wastewater sources includ-
ing printed circuit board manufacturing, electronics plating,
plating, wire drawing, copper polishing, paint manufacturing,
wood preservative using, and printing operations. High con-
centration of copper compounds in drinking and agriculture
water sources may cause adverse effects.

The removal of Cu(II) using exhausted olive waste cakes
chemically activated by phosphoric acid have been investigat-
ed by Baccar et al. (2009). A concentration of 60 % H3PO4

was found to be the most suitable for the development of a
high specific surface area of the adsorbent material. Maximum
adsorbent porosity was achieved with pyrolysis temperature
of 450 °C. The iodine number, which indicates the micropo-
rosity of an adsorbent, was highest at an impregnation ratio of
1.75. The weight ratio of the resulting adsorbent was found to
be 42.9 %. The FTIR analysis of the prepared adsorbent
revealed the presence of carbonyl, esters, and alcohol groups
on the surface. Amore carbonaceous and aromatic structure of
adsorbent due to the dehydration effect of acid and evolution
of volatiles during pyrolysis was formed. IR and chemical
analysis also suggested that phosphoric acid chemical

activation led to the incorporation of phosphorous in the
structure of the obtained adsorbent. Further on, introduction
of weakly acidic functional groups through surface oxidation
using KMnO4 was carried out which resulted in insoluble
MnO2 on the adsorbent surface. The adsorption of Cu(II) on
olive cake was investigated by potentiometry at pH 6.0, I =
0.1 M NaClO4, 25 °C, and under atmospheric conditions
(Konstantinou et al. 2007). Numerical analysis of the experi-
mental data supported the formation of surface complexes and
allowed the evaluation of the corresponding formation con-
stant, which was found to amount log β =5.1±0.4. This value
was close to corresponding values given in literature for
Cu(II)–humate complexes, indicating that the same type of
active sites (e.g., carboxylic and phenolic groups) was respon-
sible for the Cu(II) binding by olive cake. Addition of a
competing metal ion [e.g., Eu(III) ion] in the system led to
replacement of the Cu(II) by Eu(III). Evaluation of the poten-
tiometric data obtained from competition experiments indicat-
ed that ion exchange was the main mechanism that took place
in the system. The formation constant of the Eu(III) species
adsorbed on olive cake was found to be log β =5.4±0.9.

Nickel

The major sources of nickel contamination to water comes
from industrial process such as electroplating, batteries
manufacturing, mining, and metal finishing. The removal
of nickel [Ni(II)] from aqueous solution using activated
carbon prepared from olive stone impregnated with ZnCl2
has been reported (Uğurlu et al. 2009). The adsorption
kinetics was found to be rapid for the first 30–35 min,
and equilibrium was achieved in 150 min. It was observed
that percent removal of Ni(II) increased with an increase
in pH from 3.0 to 6.0, remained constant between 6.0 and
8.0, and decreased in pH>8.0. Experiments were
conducted with 15 mg/L Ni (II) concentration with solid/
liquid of 1 g/50 mL, temperature of 303 K, and time of
1.5 h. Optimum uptake of Ni(II) was observed between
pH 6.0 and 8.0 (96.0 %). The Ni(II) adsorption was found
to decrease with the rise in temperature (293–313 K) due
to the tendency of Ni(II) to escape from the solid phase to
the bulk phase. Pseudo-second-order model described the
adsorption kinetics satisfactorily. The adsorption of Ni(II)
from synthetic wastewater has also been investigated using
waste pomace of olive oil factory (Nuhoglu and Malkoc
2009). The BET surface area and bulk density of the
pomace adsorbent were 1.24 m2/g and 0.509 g/cm3, re-
spectively. Particle size of 0.15–0.25 mm was used for the
adsorption study. With an increase in dosage from 5.0 to
15.0 g/L, an increase in adsorption of Ni(II) from 58.9 to
80 % was observed. The adsorption per unit mass was
noted to decease with rising adsorbent dosage (from 11.78
to 5.33 mg/g), which was attributed to the overlapping
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and aggregation of adsorption sites. The adsorption remov-
al efficiency was affected by stirring speed, and it was
found that on increasing the speed from 180 to 480 rpm,
the removal of Ni(II) ion increased from 61.3 to 81.2 %
and adsorption capacity increased from 6.13 to 8.12 mg/g.
Maximum adsorption was found around pH 4.0, and a
decrease in adsorption was observed below and above it.
Enhanced competition of proton with Ni(II) ions for the
binding sites and complex formation resulted to the de-
creased Ni(II) adsorption at low pHs. At pH >4.0, the
Ni(II) ions gets precipitated due to hydroxide anions
forming a nickel hydroxide precipitate, which was a rea-
son for decreased adsorption at higher pH values. The
FTIR spectra of the raw and modified adsorbent showed
the presence of the functional groups, viz., aliphatic, sec-
ondary amine, carboxyl, and amine groups, which were
responsible for the Ni(II) adsorption. Langmuir model
fitted well to the experimental isotherm data and the
kinetics was well explained by the pseudo-second-order
model. The monolayer adsorption capacity of the adsor-
bent for Ni(II) was found to be 14.80 mg/g.

Mercury

Mercury is a hazardous environmental contaminant. The
anthropogenic emission sources of mercury mostly result
from solid waste incineration (municipal and medical
wastes), coal and oil combustion, pyrometallurgical pro-
cesses (iron, lead, and zinc), and production of mercury
and gold (Pirrone et al. 1996; Wang et al. 2004). The
removal of mercury cations, Hg(II) from aqueous solutions
using activated carbon prepared from olive stones has been
reported by Wahby et al. (2011). Physical activation and a
pre-oxidation treatment method were used for the modifi-
cation of the olive stone. Carbonization was done at 400,
550, 700, and 850 °C. The activation was performed by
heating the sample at 900 °C for 8 h. The optimum
preoxidation temperature was found to be 250 °C. The
preoxidized (at 850 °C) olive stone activated carbon
exhibited the maximum Hg(II) removal (72 %). It was
found that introduction of surface oxygen groups such as
carboxyl, phenol, and lactone by the preoxidation treatment
favored the Hg(II) adsorption onto the prepared AC. As
compared to other metals, less reports for Hg(II) adsorption
by olive-based adsorbents are available in literature.

Iron

The adsorption of Fe(III) ions from the aqueous solution using
olive cake as an adsorbent has also been investigated (Al-
Anber and Al-Anber 2008). Maximum removal efficiency of
Fe(III) was achieved at pH 4.5 over a range of temperatures
(28–45 °C). At lower pHs, binding sites of Fe(III) became

positively charged due to high proton concentrations that
competed with metal cations resulting in lower uptake rates
of Fe(III). With the increase in pH from 2.0 to 4.5, the
concentration of proton decreased in the solution and did not
compete with Fe(III) for the adsorption sites on olive cake thus
facilitated greater Fe(III) uptake. Insoluble iron hydroxide
precipitation from the solution was shown to be responsible
for decreased removal efficiency above pH 4.5. Increase in
adsorbent dose resulted in higher removal efficiency of
Fe(III). The experimental results were well described by
Langmuir, Freundlich, and Dubinin–Kaganer–Radushkevich
(D-K-R) isotherm models and pseudo-second-order kinetic
model. Some other researchers have also examined the poten-
tial of olive-based adsorbents for iron removal (Hodaifa et al.
2013; Nieto et al. 2010).

Arsenic

Arsenic toxicity is well known, and many reports and articles
have been published reporting the toxic nature of arsenic and
its compounds. Budinova et al. (2006) prepared activated
carbons obtained from olive waste materials for arsenic(III)
removal. The carbonization of olive material was conducted at
800 °C. The obtained carbon from extracted olive pulp was
activated in a water vapor stream at 800 °C. The precursors
(solvent extracted olive pulp and olive stones) were then
activated with activating reagent, K2CO3 and water and then
dried. Afterwards, the sample was carbonized at 950 °C,
washed with hot water, and finally with distilled water and
then dried. The steam treated carbon (carbon A) was further
oxidized with HNO3 to obtain carbon with great number of
oxides. The proximate analysis of raw materials showed that
olive stones and olive pulp had relatively low ash and sulfur
contents, which were desirable for activated carbon produc-
tion. C/H and C/O atomic ratios of the olive pulp were found
considerably higher than those of the olive stones. The chem-
ical composition of the rawmaterials was found to be different
and affected the properties and the adsorption capacity of the
obtained carbons. The method of treatment and the raw ma-
terial composition were seen to influence the composition of
obtained carbon. Solvent extracted olive pulp and olive stones
by chemical activation with K2CO3 resulted in increased
content of micropores and high surface area. The results
showed that chemical activation provided better As(III) ad-
sorption results in comparison to adsorbents obtained by
steam activation and steam–HNO3 oxidation. The probability
for catalytic influence of all carbons on the oxidation of
As(III) to As(V) was also investigated in this study. It was
concluded that the catalytic influence of the activated carbons
was from 30 to 10% for the carbons with alkaline character of
the surface and from 50 to 12 % for the carbon with acidic
character of the surface in the range of concentrations of 5–
20 mg/L As(III). The removal of As(III) increased with time
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and attained equilibrium in 60 min. The adsorption capacity
for arsenic ions of the activated carbon prepared after pyroly-
sis in a vacuum by water vapor activation, carbons obtained
from chemical activation of extracted olive pulp and olive
stones with K2CO3 were 18.60, 11.42, and 9.85 μmol/g,
respectively. Maximum As(III) adsorption was found at
pH 7.9 and showed a sharp decrease below and above 7.9.

Removal of different metals from single and binary aqueous
solution

Olive-based adsorbents have also been used for the removal of
different metals from single and binary aqueous solution.
Biosorption of different metals (cadmium, chromium, and
lead) has been investigated using olive stone adsorbent
(Hernáinz et al. 2008). Milled stones obtained with a 1-mm
sieve separator were used for the study. For the three metals, it
was observed that for Cd(II), metal precipitation occurred at
pH>9.0, for Cr(III), at near-neutral value (6.0–8.0), and for
Pb(II), metal precipitation occurred at pH>6.0. Cd(II) remov-
al efficiency was found to increase from 45 to 82 % when the
solution pH was increased from pH 3.0 to 9.0. Whereas, in
case of Cr(III), maximum removal (86.0–90.2 %) took place
in the pH range of 4.0–6.0. Maximum removal (75.6–87.8 %)
of Pb(II) occurred at pH 4.0–6.0 using olive stone adsorbent.
The adsorption experiments were conducted at pH ≤7.0 to
avoid precipitation. The adsorption kinetics was fast for the
three metals as >60 % of metal adsorption occurred in first
15 min, and 120 min was chosen as the equilibrium time for
the isotherm experiments. The kinetics of the three metals was
able to suggest that the metal binding occurred preferably on
the solid surface with no significant ion diffusion toward the
inside of the particle. The biosorption of Cd(II), Cr(III), and
Pb(II) onto olive stone followed the pseudo-second-order
kinetic model. The increase in temperature from 25 to 40 °C
resulted in the increased adsorption of Cd(II) and Pb(II) onto
olive stone sorbent but the Cr(III) adsorption was found to
decrease at higher temperature, which was attributed to the
damage of active binding sites in the biomass at higher tem-
perature. Sips model fitted well to the isotherm data and
showed that maximum adsorption capacity by olive stone of
the three metals was in the order of Cr(III)>Cd(II)>Pb(II).
The use of olive stones as adsorbents for the removal of
Cr(VI) and Cd(II) from aqueous solutions has also been
studied (Rouibah et al. 2009). Adsorbent with the particle size
<0.314 mm was used for the adsorption studies. Kinetics of
Cr(VI) was found to be fast with about 80.44 % removal in
first 5 min, and equilibrium was attained in 30 min with a
removal of 99.77 %. The kinetics of Cd(II) onto olive stone
adsorbent was slower, and it took 120 min to reach equilibri-
umwith an adsorption capacity of 3.21 mg/g corresponding to
68.88 % Cd(II) removal. The Cr(VI) removal was found
maximum (99.77 %) at pH 2.0, which was attributed to the

presence of HCrO4
− at low pHs, which induces an electrostat-

ic attraction between the adsorbent surface and the anions. The
increase in pH lowers the surface protonation and results in
other forms of chromium (CrO4

2− and Cr2O7
2−) causing a

decrease in adsorption. The effect of pH was not very prom-
inent in case of Cd(II). The cadmium adsorption was found to
increase from 26.14 to 68.88 % with the rise in temperature
from 5 to 22 °C. Although when temperature was further
increased to 40 and 50 °C, Cd(II) adsorption declined due to
the desorption of some of the cadmium ions from inside the
pores back into the solution. Even Cr(VI) adsorption increased
with the rise in temperature and remained constant at temper-
ature >40 °C. The Cr(VI) adsorption onto olive stone adsor-
bent was fitted well to the Langmuir model, whereas both
Langmuir and Freundlich models well explained the Cd(II)
adsorption process. The pseudo-second-order kinetic model
satisfactorily explained the adsorption kinetics of both the
metals.

In an another study, the removal of Cd(II) and Cr(VI) from
aqueous solutions has been examined (Rouibah et al. 2010).
The equilibrium adsorption capacity of the olive stones for
Cr(VI) followed the Langmuir model, whereas for the Cd(II)
cation, the two models, Langmuir and Freundlich, could be
equally representative. The adsorption process was found to
be of pseudo-second order. It was reported that the olive
stones retained chromium more than cadmium, but at optimal
conditions, high removal percentages were reached for both
metals. Another study was carried out for the removal of
different heavy metals, namely, (Pb(II), Ni(II), Cu(II), and
Cd(II)) from single and binary aqueous solutions using olive
stone waste separated from pulp generated in the oil produc-
tion industry (Fiol et al. 2006). The cation-exchange capacity
(CEC) of olive stone waste and the release of K+, Mg2+, and
Ca2+ from acid-washed olive stone waste was determined.
The total ionic content was found to be 0.304 meq/g dry
wastes (0.019, 0.025, and 0.261 meq/g of K+, Mg2+, and
Ca2+, respectively). Specific surface area and bulk density of
0.187 m2/g and 1.25 mg/cm3 was reported for the olive stone
waste. The material composition was 49.38 % C, 0.17 % N,
and 6.08 % H. The adsorption kinetics was completed in 1 h,
and maximum removal of metals occurred in the first 20 min.
The process followed the pseudo-second-order rate equation,
suggesting that the biosorption might be the rate-limiting step
involving valence forces through sharing or exchange of
electrons between adsorbent and adsorbate. High metal re-
moval occurred in the pH range of 4.0–7.0. At lower pH, the
adsorption was negligible, which was explained by the fact
that the proton concentration increased at acidic pH, which
lead to the competition between metal cations and protons for
the surface sites. Adsorption isotherm data for single compo-
nent system were described by Langmuir and Freundlich
isotherm models. The best fit was provided by Freundlich
model for all the studied metals adsorption on olive stone
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waste. Binary metals mixture removal was also studied at
pH 5.5 using equimolar metal concentrations. The uptake
values calculated for each metal in binary system varied
slightly from the Langmuir model value. The metal removal
by olive stone waste was affected by the presence of NaCl and
NaClO4 salts. Even at low salt concentration (0.1 mol/L),
70 % decrease in metal uptake occurred except in case of Cu
removal. In comparison to NaClO4, NaCl exerted a slight
greater influence on metal removal, which was attributed to
the presence of competing Na+ ions for metal binding. A
significant release of Ca2+, Mg2+, and K+ from olive stones
was also found during the uptake of Cd, Pb, Ni, and Cu.
Furthermore, higher Ca2+ was released proving that it was
the major cation in the olive stone matrix. The exchange of
cations showed that the ion exchange was also responsible for
the cation uptake by the adsorbent. The highest desorption
percentage was obtained for Pb (68 %) when the highest HCl
concentration (0.1 mol/L) was used. In similar conditions,
57.2, 49.2, and 33.1 % desorption of Cu, Cd, and Ni, respec-
tively, were obtained.

The olive mill solid residue was pressed, sun dried, ground-
ed and used for the metal uptake studies (Pagnanelli et al.
2002). The kinetics of copper, zinc, and cadmium were found
to take place within 2 h, whereas, for mercury and lead, 4 h
was required to attain equilibrium. For the Cu biosorption
experiments, the pomace was treated with distilled water or
n-hexane. The use of n-hexane reduced the organic release in
the treated effluent, but at the same time, metal uptake was
diminished in comparison to the water prewashed material.
Moreover, water pretreatment was found sufficient to reduce
COD release in the effluent according to the law limit.
Biosorption phenomenon was assumed to occur by a general
ion exchange mechanism combined with a specific complex-
ation reaction for copper ions. The regeneration studies con-
firmed the affinity of the biosorbent for lead as compared to
that for cadmium. The Cd and Pb uptake after regeneration
was found to be 56 and 81 %, respectively.

Removal of selected heavy metals, namely, cadmium(II),
lead(II), nickel(II), zinc(II), and chromium(III) from aqueous
solutions using solid residue of olive mill products
(SROOMP) was studied (Gharaibeh et al. 1998a). The pres-
ence of adsorbed zinc and lead on the SROOMP was con-
firmed by XRF spectra, and the concentrations of the metals
were 0.57 and 1.76 % by weight, respectively. Olive pomace
has also been used as an adsorbent to investigate its adsorption
efficiency for heavy metals (copper and cadmium ions)
(Martín-Lara et al. 2008). Olive pomace (OP) was treated with
H3PO4 (PAOP) and H2O2 (HPOP). Copper adsorption was
best obtained by using PAOP (0.090 mmol/g) in comparison
to HPOP (0.056 mmol/g) or untreated olive pomace
(0.043 mmol/g). Increasing concentration of activating agents
or longer activation time did not improve the copper adsorp-
tion. The results from the potentiometric titration showed that

PAOP was richer in active sites than OP and HPOP due to the
oxidation that increased acidic sites concentration. In addition,
HPOP had decreased acid site concentration due to the partial
degradation of the vegetal matrix in comparison to the
untreated pomace. Titration modeling denoted that all inves-
tigated biosorbents (OP, PAOP, and HPOP) were character-
ized by the same kinds of active sites (carboxylic and pheno-
lic), but with different total concentrations with PAOP richer
than OP and HPOP. The isotherm data was analyzed using
Langmuir model, which provided a reasonable fitting to the
data. Chemical treatment of the adsorbent showed an increase
in adsorption capacity for the two metals with PAOP
exhibiting the highest adsorption for either metal. Copper
adsorption was found to be greater than cadmium adsorption
at similar pH for the three studied adsorbents, which was
attributed to the atomic weight of cadmium (cadmium is about
two times heavier than copper) due to which cadmium pre-
sents a larger sterical impediment than copper at charge parity.
The presence of NaNO3 also affected the metal adsorption
onto the modified adsorbents. The order of decrease in copper
uptake in the presence of sodium was, PAOP>HPOP>OP,
while for cadmium, the order was, HPOP>OP>PAOP.

Pyrolysis, another process that has been widely used for the
preparation of activated carbon, has also been used for prepar-
ing OP-based adsorbents and to develop a preconcentration
procedure for the metal ions (El-Sheikh et al. 2009). Heat
pretreatment at low temperature (100–300 °C) under inert
atmosphere was done to prepare the adsorbents. The charac-
terization results showed that the total acidity decreased with
the increase in pyrolysis temperature, while the total basicity
generally increased. No systematic trend in the values of
methylene blue and iodine number was observed with the
temperature of pyrolysis. OP-200 (OP pyrolyzed at 200 °C)
and OP-150 (OP pyrolyzed at 150 °C) provided the highest
value for methylene blue and iodine numbers, respectively.
The prepared adsorbents were used for the adsorption of
Cu2+, Cd2+, and Zn2+. The results exhibited that the adsorption
capacity of Cu2+ was negatively influenced by the pretreatment
of olive adsorbent. On the other hand, the highest adsorption
capacity for Zn2+ and Cd2+ was obtained with OP-150. The
preconcentration of metals was also studied during the study. It
was observed that with raw OP, 85–-97 % recovery of Cu2+,
Cd2+, and Zn2+ was possible at pH 5.0, but the loading flow
rate of water (flow rate between 0.3 and 0.4 mL/min) was too
slow, making the use of raw OP impractical. In the case of
heat-treated OP adsorbents, the metal recovery and adsorbent
permeability (flow rate of water sample) were the parameters
used for choosing the best pyrolyzed adsorbent. Highest re-
covery towards Cu2+ was achieved using OP-100 and OP-150
(100 and 97 %, respectively) at pH 5.0. OP-150, 100, and 200
showed good results for Cd(II) removal (98, 93, and 87 %,
respectively)). All pyrolyzed adsorbents performed well in
case of Zn2+ recovery at pH 5.0. The presence of relatively
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high amount of total acidic groups was a reason for the recov-
ery values obtained for OP-100, OP-150, and OP-200.
Permeability of raw OP was found to be very low (flow rate
was between 0.3 and 0.4 mL/min at various pH values) and
pressure reduction caused cartridge reduction. The permeabil-
ity of partially pyrolyzed OPs was comparatively better than
the raw counterpart. The permeability was in the order: OP-
300>OP-200>OP- 250>OP-150>OP-100. OP-200 was fi-
nally selected as the preconcentrating adsorbent (pH of water
sample, 5.0; sample flow rate, 4.3 mL/min). High
preconcetration levels of metals were ensured by optimizing
the parameters: eluent concentration and volume, mass of
adsorbent, and volume of water sample. Nitric acid was used
as the eluent due to its strong ability to dissolve metals.
Maximum amount of the adsorbed metal ions was eluted by
5 mL of 0.50 M HNO3. The effect of interfering ions was
investigated. Analytical performance of the method was also
done, and satisfactory correlation coefficients were obtained in
the range of 0.996–0.973. The validation of the method was
checked and was found that the method had credibility and
gave comparable results just similar to the results obtained
from the analysis by “electro-thermal vaporization atomic
absorption spectrometer.” Simultaneous determination of
Cu2+, Cd2+, and Zn2+ in complex water samples was found
to be possible by the proposed method.

Lead and zinc adsorption was examined onto exhausted
olive pomace ash (EOPA) from aqueous solution (Elouear
et al. 2009). Kinetic studies showed that an equilibrium time
of 2 h was required for the adsorption of Pb(II) and Zn(II) onto
EOPA. Equilibrium adsorption was affected by the initial pH
(pH0) of the solution. pH0=6.0 was found to be optimum for
individual removal of Pb(II) and Zn(II) ions by EOPA.
Adsorption tests of EOPA in synthetic wastewater revealed
that the adsorption data of this material for Pb(II) and Zn(II)
ions were better fitted to the Langmuir isotherm based on
correlation coefficients. Monolayer adsorption capacities of
EOPAwere 8.76 and 7.75 mg/g for Pb(II) and Zn(II), respec-
tively. Olive mill solid residue was used for the removal of
different heavy metals (Hg, Pb, Cu, Zn, and Cd) (Lucey
2002). The effect of pretreatments by water and n-hexane
and the regeneration possibility was also examined. Olive mill
solid residue was able to remove heavy metals from aqueous
solutions with an affinity series reflecting not only the hydro-
lytic properties of themetallic ions but also a particular affinity
for copper. It was supposed that biosorption phenomenon
occurred by a general ion exchange mechanism combined
with a specific complexation reaction for copper ions. Water
pretreatment was sufficient to reduce COD release in the
effluent according to the law limit, while n-hexane pre-
treatment strongly reduced also the adsorption properties of
this material. Adsorption isotherms obtained under different
operating conditions were fitted using a non linear regression
method for the estimation of the Langmuir parameters.

Moreover a simple Scatchard plot analysis was performed
for a preliminary investigation of the active sites, showing
the presence of two different site affinities depending on the
metal concentration, according to the previous hypothesis of
two kinds of uptake mechanisms for copper biosorption.
Regeneration tests provided good results in terms of yield of
regeneration and also concentration ratios.

The adsorption potential of dried olive oil husks (SW001)
for zinc and copper ions has also been reported (Al-Asheh and
Banat 2001). Freundlich and Langmuir isotherms described
the adsorption of Cu2+ and Zn2+ ions reasonably well. Upto
90 % of Zn2+ ions and 80 % of Cu2+ ions were adsorbed from
aqueous solutions when the initial adsorbent and metal con-
centrations were 30 and 20 mg/L, respectively. An increase in
the SW001 concentration resulted in higher metal removal
from the aqueous solution, and an increase in Zn2+ ion or Cu2+

ion concentration at constant SW001 concentration increased
the metal loading per unit weight of the adsorbent. An increase
in the initial pH of the metal solutions enhanced the SW001
adsorption potential. The uptake of Zn2+ ions was also en-
hanced by decreasing the SW001 particle size. The presence
of a high concentration of soft ions (Na+) strongly suppressed
the uptake of Zn2+ ions by SW001. The removal characteris-
tics of Cd(II) and Ni(II) ions from aqueous solution by
exhausted olive cake ash (EOCA) were investigated
(Elouear et al. 2008). Batch kinetic studies showed that an
equilibrium time of 2 h was required for the adsorption of
Ni(II) and Cd(II) onto EOCA. Equilibrium adsorption was
found to be affected by the initial pH (pH0) of the solution.
The pH0 6.0 was found to be the optimum for the removal of
Cd(II) and Ni(II) ions by EOCA. The adsorption test with
EOCA for synthetic wastewater revealed that the adsorption
data of this material for nickel and cadmium ions were better
fitted to the Langmuir isotherm since the correlation coeffi-
cients for the Langmuir isotherm were higher than that for the
Freundlich isotherm. The maximum uptake capacity of
EOCA for nickel and cadmium ions was 8.38 and 7.32 mg/
g, respectively. The adsorption ability of ground, sieved and
washed olive tree pruning waste (OPW) obtained as twigs
from various olive cultivated region of Turkey was investigat-
ed for the removal of Cu(II), Cd(II), and Pb(II) from aqueous
systems (Uzunosmanoglu et al. 2011). Adsorption was found
to be strongly dependent on pH, contact time, initial concen-
tration of the heavy metal ions, and adsorbent dosage. The
highest value of Langmuir maximum uptake was found for
copper followed by cadmium and lead.

The olive mill waste (OMW) from the two-decanter olive-
oil-production system has also been used as biosorbent for
different heavy metals removal (Martinez-Garcia et al. 2006).
The characterization results of OMW suggested the presence
of a high calorific value of the dry matter in OMWalthough it
had high moisture content hindering its use as a fuel. The
OMW also consisted of high phosphate and organic levels.
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The average OMW particle size was 50–200 μm. The SEM
micrograph of the OMW exhibited the heterogeneous nature
of the waste (the pulp of the fruit and fragments of olive stones
mixed together). Maximum efficiency (75 % removal) of the
OMW biosorbent was exhibited for Pb(II), whereas minimum
removal occurred in the case of aluminum. The adsorption
capacities of the heavy metals studied in this study were in the
order of: Pb>Cd>Cu>Hg>Fe>Al. The agitation speed to
obtain satisfactory metal removal was set at 150 rpm, which
avoided the fragmentation of biomass. Acidic pH (<3.0) was
not favorable for metal adsorption and also at pH higher than
8.0, metal uptake capacity decreased. It was observed that Pb
and Cd adsorption increased at pH 4.0 and reached maximum
at pH 6.0 and 7.0 for Cd and Pb, respectively. Copper adsorp-
tion was found to decrease in presence of other metal ions. Fe
and Cd showed synergistic adsorption effects in mixed solu-
tions. In trimetallic solutions, the biomass efficiency was
found to reduce due to the saturation of the available binding
sites. The OMWwas found to maintain its adsorptive capacity
over 10 cycles.

Adsorption properties of olive husk were investigated un-
der equilibrium (batch tests) and dynamic (column tests)
conditions for removing heavy metals from aqueous streams
(Volpe et al. 2003). Husk samples were contacted with aque-
ous solutions of nitric salts of Pb, Cd, Cu, and Zn at 25 °C.
Adsorption isotherms obtained from equilibrium data were
fitted and interpreted by the Freundlich model. Metal-
saturated husk samples resulting from column tests were air-
dried and incinerated to simulate combustion in order to assess
the fate of sorbed metals. The results demonstrated that, under
both equilibrium and dynamic conditions, metal sorption ca-
pacity of the husk was in the sequence Pb>Cd>Cu>Zn. For
all the metals, calculated Freundlich constants decreased by
increasing initial metal concentration or decreasing solution
pH. In dynamic tests, a significant reduction of sorption
capacity was recorded (except for copper) when a metal was
fed simultaneously to the others: Pb (77 %), Cd (93 %), and
Zn (68 %). Combustion tests carried out on metal-saturated
husk samples showed that the average losses of lead and
cadmium, as volatile species, were always three to four times
greater than the losses of copper and zinc, in both single- and
multimetal-saturated samples.

The use of activated carbon prepared from olive stones for
the removal of radionuclides such as uranium and thorium
from aqueous solutions has also been investigated (Kütahyalı
and Eral 2010). Chemical activation of the starting material
was done using ZnCl2 as chemical agent. The carbonization
was done at varying temperatures (500–700 °C). All activated
carbons used in this study had a particle size of <0.125 mm. In
case of uranium, adsorption capacities were reported to be
very similar for all types of adsorbents. However, in the case
of thorium, 500 °C carbonization temperature and starting
material/activating agent ratio of 1:2 provided the highest

adsorption capacity. The maximum adsorption capacities of
the adsorbent were found to be 0.171 and 0.087 mmol/g for
uranium and thorium, respectively. The BET surface area of
the adsorbent was found to be 464.68 m2/g. The micropore
volume and area were reported as 0.11 cm3/g and 259.6 m2/g,
respectively. The kinetics was fast and 5 and 30 min were
chosen as shaking times for uranium and thorium, respective-
ly. The kinetic data fitted well to the pseudo-second-order
model. The uranyl ions formed very stable complexes with
carbonate around pH 7.0, and the adsorption decreased above
pH 6.0 due to the formation of [UO2(CO3)2]

2− and/or
[UO2(CO3)3]

4−. In case of thorium, pH 4.0 was optimum for
achieving maximum adsorption. At pH 4.0 and 5.0, com-
plexes like [ThCH3COO]3, [Th(CH3COO)2]

2+ and
[Th(CH3COO)2]

2+, and [Th(CH3COO)3]
+, respectively, dom-

inated. An increase in the initial metal ion concentration from
25 to 300 mg/L, lead to an increase in the adsorption capacity
of activated carbon from 6.1 to 52.2 mg/g for uranium and
4.5–18.3 mg/g for thorium. The uptake of uranium and thori-
um increased slightly with increasing temperature. The
Langmuir model explained well the uranium adsorption,
whereas the thorium isotherm data was well fitted to the
Freundlich model.

The effectiveness of the uranium removal by olive cake
from aqueous solutions was demonstrated in batch experi-
ments (Konstantinou and Pashalidis 2007). The adsorption
capacity was evaluated by using both Langmuir and
Freundlich isotherms. The optimum pH for uranium adsorp-
tion on olive cake was 7.5. The amount of adsorbed uranium
was governed by the amount of active sites on the biomass
surface indicating an inner sphere complexation. The adsorp-
tion of uranium on olive cake was endothermic and entropy-
driven process and did not depend on the ionic strength of the
solution. The removal of radiotoxic Th4+ from aqueous solu-
tions was also explored using two activated carbons prepared
from solvent extracted olive pulp (SEOP) and olive stone (OS)
by a two-step physical activation method with some other
adsorbents (Metaxas et al. 2003). The activated carbon pre-
pared from SEOP was termed ACOP, and the one obtained
from olive stone was named ACO. ACO carbon had a higher
surface area, more developed micropore and mesopore vol-
ume, but lower macropore volume than ACOP carbon. The
selectivity of the ACOP towards the radioactive element was
more as compared to the ACO. Langmuir model best de-
scribed the isotherm data of the ACOP and ACO and the
adsorption capacity of ACOP for thorium was more than
ACO.

Removal of mixed pollutants from single and binary aqueous
solution

The removal of metal ion (cadmium) and a dye (safranine) has
also been studied (Aziz et al. 2009b) using treated olive stones
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(TOS). Olive stones were treated with concentrated sulfuric
acid at room temperature followed by subsequent neutraliza-
tion with 0.1 M NaOH. The chemical treatment resulted in a
highly porous material with pores of different shapes and
sizes. Cavities in external surface suggested the high surface
area of the TOSmaterial. The iodine number value (760mg/g)
also confirmed the high surface area of TOS. Treatment of
TOS with sulfuric acid resulted in its high sulfur content due
to the known sulfonation of lignocellulosic constituents of the
olive stone leading to the formation of sulfonic acid functional
groups. The TOS exhibited adsorption capacities of 128.2 and
526.3 mg/g for cadmium and safranine, respectively. Low
value of pHpzc (2.6) for TOS resulted in cadmium and safra-
nine uptake in the pH range of 3.0–6.0 and 4.0–10.0, respec-
tively. Due to the constant pH range for adsorption of the two
pollutants, the ion exchange was suggested as the responsible
adsorption mechanism. The adsorbed amounts of safranine
and cadmium were 1.49 and 1.14 mmol/g, respectively. The
cadmium species present in aqueous solution at pH 4.0 were
Cd2+, Cd(OH)+, and Cd(HCO3)

+. The higher uptake of safra-
nine dye was attributed to an additional adsorption by a
hydrophobic interaction process between the TOS surface
and the organic dye molecules. Adsorption behavior of car-
bons prepared from olive cake was tested for the adsorption of
several wastewater pollutants (Cimino et al. 2005). Different
forms of olive cake carbon (OCC) were produced by carbon-
ization of the olive cake at 700 °C and further treatment with
different chemicals such as, HCl, HNO3, and H2SO4 and
respective forms of OCC were prepared. The adsorption of
heavy metals (HM) (Ag+, Cd2+, Cr3+) that were different for
both the ionic charge and the radius of hydrated ion was
tested. Ph (phenolic compound), MB (dyeing compound),
and dodecylbenzenesulfonic acid–sodium salt detergent
(DBSNa, anionic surfactant) were other pollutants studied.
The adsorption studies revealed that the contact time required
to reach equilibrium was minimum for heavy metals and
maximum for Ph and MB (1 h for HM, 6 h for DBSNa, and
16 h for both Ph and MB). The OCC and H2SO4 showed a
basic property (pHpzc: 9.20 and 9.95, respectively), whereas
OCC-HCl and OCC-HNO3 were acidic in nature (pHpzc, 2.96
and 2.83, respectively). The ash content and the water content
and acid losses of the acid washed OCCs were found to be
reduced as compared to OCCs. The increase in acidity of
OCC-HCl and OCC-HNO3 was attributed to the removal of
inorganic oxides (Al, Fe, K, Ca, Mg, and S) and to the
protonation of basic sites on carbon surface. The sulfation of
the OCC-H2SO4 was confirmed by the high content of both
ash and sulfur in it. The scanning electron microscopy (SEM)
images of OCC and treated derivatives were distinct and
cavities were clearly visible in the H2SO4-OCC. Cadmium
removal decreased with increasing ionic strength of medium
(NaCl or NaNO3 as background electrolyte). Similar trend
was also observed with Ag+ and Cr3+. In case of MB removal,

the H2SO4-OCC showed poor performance as compared to
the other adsorbents (OCC-HCl, OCC-HNO3, H2SO4-OCC, F
200, CC). When compared to commercial carbons, the olive
cake carbon exhibited good adsorption capacity for Ph and
HM based on sorption affinity values (K*). Removal of MB
and DBSNa compounds by OCC was slightly lower than that
observed for commercial activated carbons. In multiple pol-
lutant removal using OCC derivatives, a high removal of Cd
(66 %) in presence of the two other heavy metals (Ag+ and
Cr3+) occurred. It was also observed that Cd(II) removal
increased to 78 and 98 % in the presence of Ph and DBSNa,
respectively.More effective adsorption of cadmium ions in the
presence of chromium ions occurred and was attributed to the
presence of new adsorption sites, which were generated from
the adsorption of Cr3+ on the carbon surface (the monomeric
and dimeric ionic forms). The overall results suggested that
the treatment of olive cakewith acid increased their adsorption
efficiency to a great extent.

Removal of organic pollutants from water and wastewater

Dyes

Dyes are important aquatic pollutants, which are generally
present in the effluents of textile, leather, paper, and dye
manufacturing industries. The worldwide high level of pro-
duction and extensive use of dyes generates colored wastewa-
ters and these effluents are generally considered to be highly
toxic to the aquatic biota. Thus, the removal of dyes from
effluents before they are mixed up with unpolluted natural
water bodies is important. Olive-based adsorbents have been
employed as adsorbents to remove different classes of dye
from water and wastewater. Activated carbon (AC) prepared
from olive stone has been used for the adsorption of CI
reactive red 22 dye from aqueous solution (Uğurlu et al.
2007). The maximum surface area of the AC (790.25 m2/g)
was achieved by applying chemical treatment with 20 % w /w
ZnCl2. The external surface of chemically activated carbon
was full of cavities and was porous in nature as compared to
the raw adsorbent, suggesting that the evaporation of ZnCl2
during carbonization was the reason behind the porous nature
of the AC. The dye adsorption became constant in 120 min
and up to 78 % color removal occurred with the adsorbent
dose of 4 g/200 mL. The adsorption of dye decreased with the
increase in pH due to the change in surface charge of the
adsorbent. Higher adsorption under acidic conditions might be
related to the preference of the dye ions for active sites and/or
increase in accessibility to interlayer regions of protonated and
monomeric species. The kinetics and the isotherm data of the
dye onto AC was satisfactorily explained by the pseudo-
second-order model and Langmuir model, respectively. A
study was undertaken to compare the ability of activated
carbon prepared from olive stone (ACOS) with that of
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commercial AC for reactive red 22 dye adsorption (Uğurlu
et al. 2008). The kinetics was found to be completed in 60 min
for both the adsorbents and maximum removal for the ACOS
and AC were 60 and 80 %, respectively. The pseudo-second-
order kinetic model for the adsorption of dye onto AC and
ACOS fitted well with the data. The isotherm was satisfacto-
rily explained by the Langmuir model for both the adsorbents.

Olive-stone-based activated carbon has also been exploited
for the adsorption of methylene blue (MB) dye from waste-
water (Berrios et al. 2012). The equilibrium and kinetics of
adsorption were examined at temperatures ranging from 25 to
40 °C and at different agitation speeds. The equilibrium and
kinetics data for MB adsorption showed a good fit to the
Freundlich model and first-order reaction. The MB adsorption
decreased onto the olive-stone AC with the increase in tem-
perature. As the MB molecule has a minimum molecular
diameter of 0.8 nm and cannot enter pores with a diameter
of <1.3 nm; thus, it only enters the larger micropores and
mostly gets adsorbed in the mesopores. This explained that
despite the high surface area of olive stone-based AC (587m2/
g), the adsorption capacity of MB in aqueous solution
(0.858 mg/g at 25 °C with an AC dose of 0.5 g/L) was poor
due to the molecular diameter of MB and the AC pore size
distribution. Activated carbon was prepared from olive ba-
gasse by chemical activation with phosphoric acid, and the
prepared activated carbon was used to remove methylene blue
from aqueous solutions (Demiral 2011). The surface area and
total pore volume of chemically modified activated carbon
were 936 m2/g and 0.598 cm3/g, respectively. The effects of
various experimental parameters, such as pH, contact time,
temperature, and the amounts of adsorbent, were investigated
in batch adsorption. The experimental data indicated that the
adsorption isotherms were well described by the Langmuir
equilibrium isotherm. The maximum adsorption capacities
onto activated carbon at 25, 35, and 45 °C were found to be
71.43, 73.53, and 88.49 mg/g, respectively. The pseudo-first-
order, pseudo-second-order, and intraparticle diffusionmodels
were used to describe the kinetic data, and the rate constants
were evaluated. The experimental data fitted very well to
pseudo-second-order kinetic model. A combination of olive
pomace after solvent extraction and charcoal produced from
the solid waste of olive oil press industry was used as an
adsorbent for the removal of methylene blue dye from aque-
ous solutions (Banat et al. 2007). Batch tests showed that up to
80 % of dye was removed when the dye concentration was
10 mg/mL and the adsorbent concentration was 45 mg/mL.
An increase in the olive pomace concentration resulted in
greater dye removal from aqueous solution, and an increase
in MB dye concentration at constant adsorbent concentration
increased the dye loading per unit weight of adsorbent. The
adsorption data followed the second-order kinetic model bet-
ter than first order kinetic model. Charcoal showed higher
adsorption capacity (uptake) than that of olive pomace. In the

fixed bed adsorption experiment, the breakthrough curves
showed constant pattern behavior, typical of favorable iso-
therms. The breakthrough time increased with increasing bed
height, decreasing flow rate and decreasing influent concen-
tration and methylene blue dye uptake. The uptake of MB dye
was significantly increased when a mixture of olive pomace
and charcoal was packed in the column in a multilayer fashion.

Activated carbon derived from olive waste cakes has also
been employed as adsorbent for the adsorption studies of a
commercial dye, Lanaset Grey G (Baccar et al. 2010). The
researchers used the chemical activation method, using phos-
phoric acid as a dehydrating agent, for preparing the activated
carbon. The BET surface area, total pore volume, and average
pore diameter of the prepared activated carbon were 793 m2/g,
0.49 cm3/g, and 4.2 nm, respectively. At alkaline values, the
pH of the metal complex dye solutions was used to study the
effect of pH and no precipitation of metal hydroxides
[Co(OH)2 and Cr(OH)3] was observed. No significant varia-
tion was observed in the amount of solute adsorbed in the pH
range explored. The dye adsorption onto activated carbon
prepared from olive waste cakes required an equilibrium time
of 3 days, with the exterior adsorption first followed by
adsorption in interior surface of the particles. The kinetics of
the dye adsorption could be well understood by the adsorption
primarily occurring in the boundary layer film, and then
moving onto the adsorbent surface and finally diffusing into
the porous structure of the adsorbent. The adsorption capacity
of the activated carbon for the dye was found to be 108.7 mg/
g, and the Langmuir model provided the best fit to the equi-
librium data. The adsorption process followed the pseudo-
first-order kinetic model and increase in temperature enhanced
both rate and efficiency of the dye uptake. The dye uptake
by the olive waste adsorbent was controlled by intraparticle
diffusion but was not only the rate-controlling step. The
adsorption process was spontaneous and endothermic in na-
ture and the activation energy of 32.1 kJ/mol indicated that it
was a physical adsorption process. In industrial solution, an
adsorption capacity of 133.9 mg/g was achieved. The adsorp-
tion of a tannery dye using activated carbon prepared from
olive-waste cakes was investigated (Baccar et al. 2013) and
the uptake of dye was observed as 146.31 mg/g.

Phenolic compounds, pesticides, and pharmaceuticals

Phenol and substituted phenols are one of the important cat-
egories of aquatic pollutants, which are considered as toxic,
hazardous, and priority pollutants. Themain sources of phenol
that are released into the aquatic environment are the waste-
water from industries such as coke ovens in steel plants,
petroleum refineries, resin, petrochemical and fertilizer, phar-
maceutical, chemical, and dye industries. The removal of total
phenols was investigated using several solid by-products of
olive pomace processing mills (dried olive pomace, OP-1,
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dried and solvent extracted olive pomace, OP-2, and dried,
solvent extracted and incompletely combusted olive pomace,
OP-3) (Stasinakis et al. 2008). In case of OP-1 and OP-2, the
residual concentrations were higher than the initial concentra-
tion, which was attributed to the release of polyphenolic
compounds contained in these adsorbents. But for OP-3,
maximum phenol removal occurred in the first hour followed
by a gradual attainment of equilibrium showing that only OP-
3 could be used for the adsorption studies of total phenols. The
pseudo-second-order model fitted well to the kinetics of total
phenol removal onto OP-3. The removal of total phenols was
found to increase with the increase in solution pH and maxi-
mum adsorption was achieved at pH 10.0. As the pK a value of
phenol is 9.89, it was likely that both polyphenolic com-
pounds and surface groups coexisted in their protonated and
deprotonated forms in the pH range used for the adsorption
experiments. The OP-3 with particle size lower than 1.4 mm
exhibited maximum adsorption capacity due to its larger sur-
face area. Both the Langmuir and Freundlich models well
explained the total phenol isotherm data. Column studies
showed that decrease of influent flow rate and particle size
enhanced OP-3 adsorption capacity. The adsorption capacity
of OP-3 was significantly decreased after thermal or chemical
regeneration (at 95 % confidence interval, using one-way
ANOVA). Before regeneration, total phenols removal percent-
age was found to be approximately 37–38 %; however, after
thermal or chemical regeneration, it remained only approxi-
mately 5–16 %. The maximum removal efficiency for total
phenols was observed for thermally regenerated OP-3 at
250 °C (∼14 %) and chemically regenerated OP-3 using
20 % acetone (∼16 %). Activated carbon prepared from the
olive husk has also been investigated as adsorbent for the
removal of selected polyphenols, in particular gallic acid, p-
hydroxybenzoic acid, vanillic acid, caffeic acid, and vanillin
(Michailof et al. 2008). The treatment process of the olive
husk involved pyrolysis, calcinations, and activation at 800 or
900 °C. Activated carbon with the highest surface area was
obtained by 1 h of pyrolysis at 800 °C and activation at 800 °C
for 3 h with KOH/C ratio of 4:1 (sample C2). Surface area was
not altered further when the activation time was increased.
Sample C5 was obtained by 1 h of pyrolysis at 800 °C and
activation at 900 °C for 3 h with KOH/C ratio of 4:1 whereas
sample C9 was prepared by 3 h of pyrolysis at 800 °C and
activation at 900 °C for 5 h with KOH/C ratio of 4:1. These
samples (C2, C5, and C9) were found to be optimum for the
production of carbons with high surface area. All three car-
bons were found to possess more acidic groups on their
surface, rather than basic ones and therefore the carbons were
considered acidic. The concentration of surface phenolic and
lactonic groups were found maximum in C9 and C5 carbons,
respectively. The oil content of olive husk explained the acidic
character of the produced carbons and the original material
was held responsible for the acidic or basic nature of the final

carbons rather than the activation conditions. The experiments
showed that the application of prolonged pyrolysis and acti-
vation time, and high activation temperature did not influence
the surface area of the produced activated carbon. But the pore
size distribution was affected, and the carbons produced had
wider pore distribution, with the tendency of forming
mesopores and macropores. The prepared activated carbons
showed good adsorption capacity for the studied pollutants as
compared to commercial activated carbon. At 25 °C, the
following order was noted in terms of adsorption: caffeic
acid>vanillin>vanillic acid>p-hydroxybenzoic acid>gallic
acid. The van der Waals forces and π–π interactions were
considered to control the adsorption process. Porosity was
found a critical factor for the adsorption process. The carbons
C2, C5, and C9 had 83, 52.5, and 76.8 % porosity, and it was
observed that C2 carbon exhibited enhanced adsorption of the
pollutants which was in agreement with its highly micropo-
rous nature.

Worldwide usage of pesticides has increased significant-
ly during the last few decades and has resulted in the
presence of their residues in various environmental matrices
especially in groundwater and surface water. Many studies
have confirmed their toxic nature to flora and fauna and
their removal from water is an emerging issue. Olive stones
(OS) were chemically modified and used for the removal of
drin pesticides (aldrin, dieldrin, and endrin) (El Bakouri
et al. 2009). The OS were dried, thermally treated at
300 °C, and then chemically treated with 1 M HCl for
8 h at room temperature to remove the ash content. The
chemically and thermally activated material [acid-treated
olive stone (ATOS)] was then used for pesticide adsorption
tests. Thermal treatment increased the surface area of olive
stones from 324 to 479 m2/g. It also resulted in increased
porosity of the treated olive stone adsorbent. The smaller
the particle size, the higher was the adsorption capacity due
to a substantial increase in surface area. Particles of size of
63–100 μm exhibited maximum adsorption capacity for
drin pesticides. The kinetics took approximately 4 h to
complete three distinct stages, first being the rapid surface
adsorption followed by slow diffusion of the pesticide into
the pores and finally achieved the last stage of adsorption.
Pseudo-second-order model best described the adsorption
of drin pesticides onto ATOS. Intraparticle diffusion was
found to be the rate-controlling process. Adsorption capac-
ity was inversely related to water-pesticide solubility and
decreased in the following order: aldrin, dieldrin, and en-
drin. Freundlich model explained well the adsorption of
pesticides onto olive stone adsorbent. The maximum mul-
tilayer adsorption capacity ranged from 3.3 to 9.7 mg/g for
the studied pesticides. Weak physical forces, such as van
der Waals and hydrogen bonding, were found to be respon-
sible for the adsorption process. With the increase in tem-
perature, a slight decrease of pesticide removal efficiency
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was observed which was explained on the basis of solubil-
ity. The temperature increase resulted in the higher solubil-
ity of pesticide and lowered its affinity for the adsorbent
surface. The adsorption of four pharmaceuticals, naproxen,
diclofenac, ibuprofen, and ketoprofen on activated carbon
prepared from olive-waste cakes was investigated (Baccar
et al. 2012). The adsorption capacities of the carbon for the
four pharmaceuticals were quite different and were linked
essentially to their pK a and their octanol/water coefficient.
The adsorption kinetics of these adsorbates indicated that
the adsorption process followed pseudo-second-order kinet-
ic model for the four tested pharmaceuticals. The effect of
pH and temperature on the drugs uptake by the adsorbent
was also investigated. Increasing pH gradually reduced the
uptake of the four pharmaceuticals, and this effect was
more perceptible when the pH became alkaline.

Miscellaneous pollutants

Activated carbon (AC) prepared from olive stones and its
effect on the oxidation of free cyanides by hydrogen peroxide
has also been reported in literature (Yeddou et al. 2010). It was
found that the presence of AC increased the reaction rate of
cyanide removal. Mostly, the total removed cyanides were
converted into cyanates except at the end of the test where
the produced cyanates accounted for only 80 % of the re-
moved cyanides. The kinetics of cyanide removal was well
explained by pseudo-first-order model. It was observed that
no toxic products were formed during the process. Besides
these, several other researchers also examined the potential of
olive mill solid wastes as potential adsorbents for the removal
of different aquatic pollutants (Abu-El-Sha'r and Gharaibeh
1999; Aksas et al. 2012; Alaya et al. 2000; Babakhouya et al.
2010a,b; Calero et al. 2011; El-Sheikh et al. 2011; Gharaibeh
et al. 1998b; Guneysu et al. 2004; Hamdaoui 2009; Khalil
et al. 2000; Mameri et al. 2000; Pagnanelli et al. 2010; Pala
et al. 2006; Pellera et al. 2012; Petrov et al. 2008; Román et al.
2008; Román et al. 2013; Silvestre-Albero et al. 2012; Ubago-
Pérez et al. 2006; Volpe et al. 2003; Yakout and Sharaf El-
Deen 2011; Yavuz et al. 2010). A comparison of various
adsorbents derived from olive mill wastes for the removal of
diverse types of aquatic pollutants is summarized in Table 4.

Conclusions and future prospective

In this review, an attempt has been made to focus on the recent
developments related to the detoxification of water and waste-
water by using olive-waste-based adsorbents. The use of
waste materials as inexpensive adsorbents for removing var-
ious pollutants from water and wastewater presents many
attractive features especially their contribution in the reduction
of costs for waste disposal, therefore contributing toT
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environmental protection. Although the amount of available
literature on the use of olive-waste-based adsorbents in water
and wastewater treatment is increasing at a tremendous pace,
there are still several gaps that need to be filled. Some of the
important issues have been summarized below:

& Olive-based adsorbents have been vastly examined for
metal cations removal; however, comparatively less re-
search has been conducted on their suitability for anions
and organic pollutants removal. More studies with anions
and organic pollutants removal using olive-based adsor-
bents should be conducted.

& The physicochemical treatment conditions for the produc-
tion of these adsorbents for selective and higher uptake of
pollutants need to be optimized in detail.

& Composite adsorbents using olive waste (after proper
treatment) should be tested for aquatic pollutants removal
since such composite adsorbents might offer better perfor-
mance and selective adsorption of target pollutants.

& The modified forms of olive-based adsorbents should be
checked that there is no leaching of chemicals (modifying
agents) in the treated water.

& Mechanistic studies need to be performed with deeper
analysis to propose correct binding mechanism of aquatic
pollutants with these adsorbents.

& Regeneration studies need to be performed in detail with
the pollutant-laden adsorbent to recover the adsorbate as
well as adsorbent. It will enhance the economic feasibility
of the process.

& The potential of these adsorbents under multicomponent
pollutants needs to be assessed. This would make a sig-
nificant impact on the potential commercial application of
olive-based adsorbents on an industrial scale.

& It is further suggested that the research should not limit to
only lab-scale batch studies, but pilot-plant studies should
also be conducted utilizing these adsorbents to assess their
feasibility on commercial scale.

& The potential of olive-based adsorbents should also be
examined for the treatment of olive oil mill wastewater
since such studies are rare in literature.

& The development in the field of adsorption process using
olive-based adsorbents essentially requires further investiga-
tion of testing these materials with real industrial effluents.

In conclusion, olive oil mill wastes should be seen as eco-
nomic resources that can be converted into valuable products in
progressing toward a permanent solution to waste disposal
problems.
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