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Abstract The textural characterization of a series of ac-
tivated carbons prepared from olive stones, by carboniza-
tion at different temperatures (400, 550, 700 and 850 °C)
and thermal activation with CO2, has been investigated us-
ing N2 adsorption at −196 °C and CO2 adsorption at 0 °C.
The effect of pre-oxidation of the carbonized precursor has
also been studied, using temperature-programmed decom-
position (TPD), to evaluate the effect of oxygen content of
the chars in the performance of the obtained activated car-
bons for mercury removal. The adsorption of Hg(II) cations
from aqueous solutions at room temperature by the prepared
activated carbons was studied. Experimental results show
that all samples exhibit a large microporosity (pore diam-
eter below 0.56 nm). The amount of surface oxygen groups
increased after pre-oxidation treatment, this enhancing the
Hg(II) uptake (up to 72%). It can be concluded that these
groups make the support more hydrophilic, thus providing
a more efficient adsorption of Hg(II). The formation of a
great amount of surface oxide groups such as carboxyl, phe-
nol and lactone alters the surface charge properties of the
carbon, this enhancing the surface-Hg(II) interaction.

Keywords Mercury removal · Adsorption · Activated
carbon · Surface oxygen groups

A. Wahby · Z. Abdelouahab-Reddam · R. El Mail · M. Stitou
Equipe de Recherche Chimie de l’Eau et Pollution
Atmosphérique, Département de Chimie, Faculté des Sciences,
Université Abdelmalek Essaadi, Tétouan, Marocco

A. Wahby · Z. Abdelouahab-Reddam · J. Silvestre-Albero ·
A. Sepúlveda-Escribano (�) · F. Rodríguez-Reinoso
Laboratorio de Materiales Avanzados, Departamento de Química
Inorgánica, Universidad de Alicante, Apartado 99, 03080,
Alicante, Spain
e-mail: asepul@ua.es

1 Introduction

Heavy metals are considered among the most problematic
polluting agents, due to their harmful effect on human phys-
iology as well as on other biological systems. Mercury
is generally considered as the most toxic metal in natural
ecosystems (Clarkson 1993), and important emissions regu-
lations are implemented (Griffiths et al. 2007). It can alter-
nate among different possible forms, mainly elemental mer-
cury, inorganic mercury compounds and organic mercury
compounds, depending on temperature, pH and the presence
of combination agents such as chlorine, sulphur, etc. (Lee
et al. 2006). In particular, methyl mercury has been shown to
be very detrimental for childhood development at very low
doses (Dobes et al. 2006). In general, all the mercury species
are highly toxic, although the toxicity degree varies accord-
ing to the species in particular. The mercury absorption way
into the human body depends on its chemical form and on
the ingest mode, as inhaled or ingested. The metal is accu-
mulated in the living tissue, particularly in the brain (Baran
1994). Concretely, mercury is one of the priority pollutants
listed by USEPA, as it can easily pass the blood-brain barrier
and affect the fetal brain (Zabihi et al. 2009). High concen-
tration of Hg(II) causes impairment of pulmonary function
and kidney, chest pain and dyspnea (Berglund and Bertin
1969; Krishnamoorthi and Vishwanathan 1991). According
to the standards, the tolerance limit of Hg(II) for discharge
into inland surface waters is 10 µg/L and for drinking wa-
ter it is 1 µ/L (Zabihi et al. 2009). The principal sources
of mercury pollution in aquatic environment are the chlor-
alkali plants, paper and pulp industries, oil refining, elec-
trical, rubber processing and fertilizer industries (Baeyens
et al. 1996). In general, the currently available technolo-
gies for the reduction of heavy metals contamination include
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precipitation (Mauchauffée and Meux 2007), reverse osmo-
sis (Mohsem-Nia et al. 2007), ion exchange (Verma et al.
2008), coagulation (El Samrani et al. 2008) and adsorption
(Gupta et al. 1999, 2003, 2004, 2005). Adsorption is con-
sidered an appropriate technology for the treatment of liq-
uid effluents with high pollutant load (Gupta and Ali 2006;
Manchester et al. 2008; Legrouri et al. 2005). However, its
application on great scale, as in industrial plants for exam-
ple, may be relatively expensive. Activated carbon is one
of the most popular adsorbents for the removal of mercury
containing wastewaters (Huang 1978; Koshima and Onishi
1980). Several studies have evaluated the use of low-cost
available materials as precursors for the preparation of ac-
tivated carbon (Ali and Gupta 2007; Gupta et al. 2009;
Gupta and Rastogi 2008a, 2008b, 2008c), such as waste rub-
ber tires (Rowley et al. 1984; Netzer and Wilkinson 1974;
Knocke and Hemphill 1981; Meng et al. 1998), fly ashes
(Kapoor and Vieraraghavan 1993; Sen and De 1987), car-
bon fibres (Kaneko 1988), activated charcoal cloths (Jayson
et al. 1984), wood (Morita et al. 1987) and peat (Viraragha-
van and Kapoor 1995).

Generally, there are two basic methods for the prepa-
ration of activated carbons: physical and chemical activa-
tion. The physical or thermal activation method involves
carbonization of raw material followed by activation at
high temperature in a carbon dioxide or steam atmosphere.
Chemical activation, which is a well-known method for
the preparation of activated carbons, involves one step heat
treatment at lower temperature than physical activation in
the presence of some chemical dehydrating agents (Zabihi
et al. 2009). The objective of this work has been to prepare
activated carbons from olive stones, by using physical acti-
vation and a pre-oxidation treatment, for the removal of the
mercury cations, Hg(II), from aqueous solutions. The choice
of adsorption as mercury removal technique has been based
on its low energy consumption during the effective treat-
ment. This technique is considered clean and, practically,
the addition of any chemical reagents, which can represent
another source of contamination, is not required. In that way,
this technique can constitute a good solution to remove mer-
cury from wastewater. However, this technique turns out rel-
atively expensive for industrial scale applications. On this
basis, the aim of this work was the search of efficient and
low cost alternatives to commercial adsorbents.

2 Materials and methods

2.1 Preparation of the adsorbents

The precursor used for the preparation of the activated car-
bons was olive stones from the north of Morocco. The raw
material was crushed and sieved to obtain particles of about

1 mm diameter. It was washed with decalcified water and
treated with a 10 wt.% sulphuric acid aqueous solution for
4 h. Then, it was washed with decalcified and distilled wa-
ter, to remove the residual acid, and dried at 80 °C and
stored. Before carrying out the pyrolysis process, the washed
raw material was dried again in a stove at 120 °C for 24 h
(Zhang et al. 2005). Then, it was carbonized under flow-
ing N2 (100 cm3·min−1) at 400, 550, 700 and 850 °C for
2 h. The carbonized samples were separated in two series:
carbonized material destined to pre-oxidation before activa-
tion, designated as CPA400, CPA550, CPA700 and CPA850,
and carbonized material destined to conventional activa-
tion, labelled as CA400, CA550, CA700 and CA850. The
pre-oxidation process was carried out by heating the car-
bonized material to 250 °C at a rate of 2 °C·min−1 under
a constant synthetic air (O2 20% (±1% Abs.)/N2) flow of
100 cm3·min−1, and maintaining the temperature for a soak-
ing time of 5 h. The activation was performed by heating the
sample for 8 h at 900 °C in a flow of CO2 of 120 cm3·min−1.

In order to determine the optimal pre-oxidation tempera-
ture, the stability of the char in air was determined by ther-
mogravimetric analysis with a thermobalance (2960 SDT
Simultaneous DSC-TGA. TA instruments).

Temperature-programmed decomposition (TPD) experi-
ments were carried out in a U-shaped quartz reactor con-
nected on-line with a quadruple mass spectrometer (Om-
nistar TM PFEIFFER VACUUM). The samples (100 mg)
were first flushed with a He flow of 50 cm3·min−1 at room
temperature. Subsequently, the temperature was increased
up to 1000 °C with a heating rate of 10 °C·min−1.

The textural characteristics of the samples were deter-
mined by N2 adsorption at −196 °C and CO2 adsorption
at 0 °C. The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) equation (Bunauer et al.
1938). The Dubinin-Radushkevich (DR) equation was used
to calculate the micropore volumes, V N2 and V CO2 (Du-
binin and Walker 1966).

2.2 Adsorption studies

Before the adsorption tests, the adsorbents were dried in an
oven at 70 °C for 24 h (Jayson et al. 1984). To study the
adsorption capacity of the carbons towards Hg(II) ions, an
aqueous solution of Hg(II), with concentration of 20 mg·l−1,
was prepared from HgCl2 in hydrochloride acid with a pH
value of 2 (Yardim et al. 2003). The adsorption kinetics mea-
surements were carried out by contacting 0.5 g of activated
carbon with 100 ml of the solution, for a period of 5 to
24 h at room temperature, with a constant agitation rate of
200 rpm, in a shaker bath. The contact time was selected on
the basis of previous studies that demonstrated that the equi-
librium was established in 6–8 h, and that between 10–24 h
the uptake was practically unmodified (Mohan et al. 2001).
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The suspensions were filtered through a microporous filter
before the determination of the amount of Hg(II) in solu-
tion, which was accomplished spectrophotometrically with
an ATI Unicam UV/Vis Spectrometer, at 230 nm (Nabais
et al. 2006).

3 Results and discussion

3.1 Optimal temperature for the oxidation pre-treatment

During the pyrolysis stage, the obtained yield decreased
with increasing the temperature. This decrease was about
10% in the low temperature range, from 400 to 600 °C,
whereas for higher carbonization temperatures the yield re-
mained nearly unmodified, centred at about 36% (Fig. 1).
This indicates that the carbonization process was com-
pleted at this temperature, given that the condensation-
aromatization reactions take place from 400 °C, such as
other authors reported before (Tang and Bacon 1964). Thus,
practically all the volatile compounds have been removed at
this temperature.

The estimation of the optimal temperature for the oxida-
tion pre-treatment of the char was determined by thermo-
gravimetric analysis. Figure 2 shows the weight loss during

Fig. 1 Variation of pyrolysis yield for different carbonization temper-
atures

Fig. 2 Thermogravimetric curve of char under synthetic air flow

the heat treatment in synthetic air. As it can be observed in
this figure, there are two stages of weight loss, with different
rate. The first one starts at about 125 °C, with a constant loss
rate up to about 460 °C. At this temperature, the total com-
bustion of the char starts, and it is nearly complete at about
500 °C. Taking into account these results, the preoxidation
temperature was fixed at 250 °C.

3.2 Temperature-programmed decomposition

Temperature-programmed decomposition (TPD) experi-
ments under an inert gas such as He, Ar and N2 are effective
for the determination of the amount and type of the oxygen
groups present on the surface of carbon materials (Hydar
et al. 2000; Zielke et al. 1996; Jia and Thomas 2000). In
this work, the TPD analysis has been carried out in order
to determine the effect of the pre-oxidation treatment on the
surface properties of the activated carbons.

Figure 3 reports the amounts of CO (Fig. 3a) and CO2

(Fig. 3b) evolved from the different adsorbents in the
TPD experiments, obtained from the integration of the
TPD peaks. The increase of the amount of oxygen sur-
face groups after pre-oxidation was evidenced by the in-
crease of the amounts of CO and CO2 evolved (Table 1).

(a)

(b)

Fig. 3 TPD spectra for CPA400 and CPA700 samples: (a) CO evolu-
tion; (b) CO2 evolution as well as amounts of CO and CO2 evolved
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Table 1 Oxygen content for all samples obtained from the integration
of TPD signals

Sample CO2 (µmol/g) CO (µmol/g)

CA400 0.07 0.45

CA550 0.05 0.11

CA700 0.06 0.10

CA850 0.06 0.18

CPA400 0.37 0.99

CPA550 0.06 0.20

CPA700 0.12 0.42

CPA850 0.15 0.85

On the other hand, it can be seen that the highest val-
ues were obtained for CA400 and CPA400. This can be
explained by chain scissions, or de-polymerization, and
breaking of C–O and C–C bonds within ring units evolv-
ing water, CO and CO2, between 240 and 400 ◦C. Above
400 °C, the aromatization starts to lead to graphitic lay-
ers (Byrne 1997). Similar profiles were obtained for all
samples with exception of CPA400. There is overpower-
ing evidence observed from thermal decomposition stud-
ies that there were two types of surface chemical struc-
tures: one evolved CO2 during decomposition, and the other
one evolved CO. CO was more abundant than CO2, and an
appreciable amount of CO was evolved at higher temper-
ature ranging from 800 to 1000 °C. As it can be clearly
observed, CPA400 exhibited a higher amount of oxygen
surface groups than CPA700. The TPD profile of sample
CPA400 showed two CO2 desorption peaks at 175 °C and
600 °C. The first desorption peak at low temperature must
correspond to the decomposition of less stable carboxylic
acid groups, while the other peak must be attributed to
structures which are thermally more stable like are lac-
tones and carboxylic anhydrides. Whereas, CPA700 showed
only one peak at 750 °C due to lactones and carboxylic
anhydrides (Rodríguez-Reinoso and Molina-Sabio 1998;
Figueiredo et al. 1999). Regarding to CO evolution, CPA700

showed a single peak at about 800 °C which was shifted
to higher temperature, 900 °C, in the case of CPA400. This
peak may be originated from phenol, ether and/or car-
bonyl/quinone groups (Ríos et al. 2007).

3.3 Porous texture

The N2 adsorption-desorption isotherms at −196 °C for the
prepared carbons are shown in Fig. 4. Additionally, it reports
the specific surface area, the mesopore volume as well as
the micropore volume deduced from the corresponding N2

adsorption isotherms at −195 °C for the activated carbons.
All isotherms correspond to microporous carbons. It can be

Fig. 4 N2 adsorption isotherms at −196 °C and textural properties of
CA and CPA samples

Table 2 Surface area, micropore volume and mesopore volume of ac-
tivated carbons

Sample SBET (m2·g−1) VN2 (cm3·g−1) Vmes (cm3·g−1)

CA400 953 0.38 0.02

CA550 1371 0.57 0.04

CA700 1591 0.62 0.13

CA850 1402 0.56 0.04

CPA400 1212 0.49 0.03

CPA550 1274 0.52 0.04

CPA700 1410 0.57 0.04

CPA850 1383 0.56 0.04

seen that as the carbonization temperature was increased,
the BET surface area increased and reached its maximum
at 700 °C (Table 2). This tendency was similar for both CA
and CPA samples. On the other hand, BET surface areas of
non pre-oxidized samples were larger than those of sam-
ples without pre-oxidation, and this was likely due to mi-
cropore blockage by oxygen-containing functional groups.
However, in the case of samples carbonized at 400 °C, the
highest surface area was found for the pre-oxidized sample
CPA400. This behaviour can be explained by the incomplete
carbonization at 400 °C which may inhibit the development
of porosity.

3.4 Mercury removal

Figure 5 shows the Hg(II) cation removal capacity in aque-
ous solution of the prepared activated carbons. The mercury
removal for pre-oxidized carbons was higher than for the
non pre-oxidized samples. Thus, it can be concluded that the
presence of oxygen surface groups on the activated carbons
was beneficial for mercury adsorption. CPA850 exhibited the
maximum mercury removal, 72%.
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Fig. 5 Mercury removal with pre-oxidized carbons (full bars) and non
pre-oxidized carbons (hatched bars) at 25 °C, with initial concentration
of mercury of 20 mg·l−1 and pH = 2

Fig. 6 Kinetics of Hg(II) removal with several non pre-oxidized car-
bons at 25 °C

3.5 Adsorption kinetics

Figure 6 shows the kinetic curves for the adsorption of
Hg(II) on non pre-oxidized carbons, from a solution with an
initial Hg(II) concentration of 20 mg·l−1. The removal effi-
ciency increased sharply at short contact times, and slowed
down towards the equilibrium. This behaviour can be at-
tributed to the saturation of the active sites by the metal
cation.

The kinetics of Hg(II) adsorption on the pre-oxidized car-
bons were quite similar following the first order rate ex-
pression given by Lagergren (Namasivayam and Kadirvelu
1997).

log10(qe − q) = log10 qe − kadt

2.303
(1)

where q is the amount of Hg(II) adsorbed (mg·g−1) at time
t , qe is the amount adsorbed (mg·g−1) at equilibrium time,
and Kad is the constant adsorption rate of 1 min−1. The lin-

Fig. 7 Lagergren plots for Hg(II) adsorption onto different
pre-oxidized carbons

Table 3 Adsorption rate constants and correction coefficients

Sample Lagergren rate constant R2

Kad (1 min−1)

CPA400 9 × 10−3 0.9742

CPA550 8 × 10−3 0.9741

CPA700 5 × 10−3 0.9918

CPA850 6 × 10−3 0.9966

ear plots of log10(qe − q) versus t obtained with the pre-
oxidized carbons showed the applicability of (1). The corre-
sponding values of Kad were calculated from the slopes of
the plots (Fig. 7), and they were presented, together with the
correlation coefficients, in Table 3.

The adsorption kinetics of the non pre-oxidized car-
bons was slower than the adsorption kinetics of the pre-
oxidized carbons. The periods of time needed to attain equi-
librium were different according to pyrolysis temperature
for pre-oxidized carbons. Equilibrium was indeed attained at
120 min for CPA400 and CPA550, with values of the Lager-
gren constant of 0.009 and 0.008 min−1 respectively, and at
240 min for CPA700 and CPA850, with values of Lagergren
constant of 0.005 and 0.006 min−1 respectively. CPA850

and CPA700 showed the maximum adsorption capacity for
Hg(II), with relatively slower rates than the CPA400 and
CPA550 samples. This behaviour can be attributed to the tex-
tural properties of the samples (surface area, porosity, pore
size distribution, etc.); that is, the porous texture determi-
nates the kinetics of mercury adsorption, by imposing re-
strictions to the diffusion of mercury species through the in-
ner porosity. Thus, in addition to a developed surface chem-
istry, an ideal adsorbent should also exhibit a well-developed
porous texture.

In summary, these results can be attributed to the pres-
ence of a synergy between surface and textural propri-
eties of the carbons. The carbon surface-mercuric ion in-
teraction was favoured by the presence of oxygen surface
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groups on the adsorbent, which make the carbon more hy-
drophilic (Savova et al. 2003). It has been shown that the
pre-oxidation treatment introduced carboxylic groups which
evolved as CO2 under thermal decomposition, and phe-
nolic groups which decomposed at higher temperatures as
CO. These oxygen surface groups play an important role
in the adsorption process. They make the support more
hydrophilic, allowing a better accessibility of the Hg(II)
cations in the aqueous solution to the carbon surface and
leading to a more efficient adsorption. On the other hand,
they could also alter the surface-ion interaction by the mod-
ification of the surface charge properties (Coloma et al.
1994). Thus, formation of a great number of surface oxy-
gen groups such as carboxyl, phenol and lactone favours
the interaction between the carbon surface and the mercury
cation, this enhancing the adsorption process, what can be
represented by the following reaction (Namasivayam and
Kadirvelu 1999):

2CxOH+ + Hg2+ → (CxO)2 Hg2+ + 2H+

It is worth noting that the mechanism could also be a di-
rect electrostatic interaction between the positively charged
surface and mercury anionic species:

CxOH+ + HgCl−3 → CxOH(HgCl3)

4 Conclusions

In this study, two series of activated carbons were prepared
from olive stones. An increase of the amount of surface oxy-
gen groups after pre-oxidation was evidenced by TPD. The
removal of Hg(II) ions from aqueous solution by these car-
bons was effectively demonstrated. The mercury removal
was higher than 65% for both series of prepared carbons.
Pre-oxidized carbons had the highest adsorption capacity,
what can be explained by the formation of oxygen surface
groups during pre-oxidation. These groups make the sup-
port more hydrophilic, allowing a more efficient adsorption
of Hg(II). On the other hand, the formation of a great amount
of surface oxide groups such as carboxyl, phenol and lactone
altered the surface charge properties of the carbon, this en-
hancing the surface-Hg(II) interaction.
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