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a b s t r a c t

This study examined the lead biosorption capacities of two solid wastes from olive-oil production, two-
phase olive mill solid (OMS) and olive stone (OS), using batch experiments at different temperatures. The
aim was to determine the isotherms of these wastes and thus their applicability as alternative biosor-
bents for lead removal. In addition, the solids were characterised by Fourier Transform Infrared (FTIR)
spectroscopy.

The OS sorption isotherms were characterised as type I. However, a step characteristic of type IV
ead
quilibrium
astewater treatment

olid wastes
live-oil production

isotherms was observed in the OMS lead ion sorption isotherms. Well-known non-linear isotherm mod-
els, such as Langmuir, Freundlich and Sips, were tested for fit to the OS experimental data, whereas a
two-step Langmuir-type model and an adaptation of the Dubinin–Astakov model that can mathemati-
cally describe multistep-shaped isotherms were used for the OMS data. The maximum lead uptake was
6.57 mg/g for OS and 23.69 mg/g for OMS at 25 ◦C. The FTIR spectra before and after lead biosorption,

group
confirmed that carboxyl
biosorbents.

. Introduction

Lead (Pb) is a toxic heavy metal that frequently contaminates
quatic environments. Industrial activities, such as mining and
etal processing, can lead to heavy metal contamination in sur-

ace water, groundwater, and oceans, causing toxic effects upon
ntering the food chain [1].

Various techniques have been developed to remove heavy
etals from aquatic environments. These include chemical precip-

tation, ion exchange, activated carbon adsorption, and membrane
eparation processes. However, these processes may be ineffec-
ive or extremely expensive, especially when concentrations of
issolved metal(s) are of the order 1–100 mg/L. Therefore, it is nec-
ssary to find new technologies or materials for the removal of
eavy metal ions from wastewater.

Biosorption, the ability of certain biomaterials to bind and con-

entrate heavy metals from even the most dilute aqueous solutions,
ffers a technically feasible and economically attractive alternative
o conventional technologies for the removal of heavy metals from
ontaminated effluents [2–6].

∗ Corresponding author. Tel.: +34 958 240770; fax: +34 958 248992.
E-mail addresses: gblazque@ugr.es (G. Blázquez), mcaleroh@ugr.es

M. Calero), hernainz@ugr.es (F. Hernáinz), gtenorio@feugr.ugr.es (G. Tenorio),
arianml@ugr.es (M.A. Martín-Lara).
1 Tel.: +34 958 243311; fax: +34 958 248992.
2 Tel.: +34 958 243315; fax: +34 958 248992.

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.03.085
s were the main sorption sites for lead removal on the surface of both
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The metal adsorption capacities of various olive mill solid
residues have been investigated in previous studies [7–13]. The dis-
posal of olive mill wastes is a common problem in Mediterranean
countries because they pollute soil and water. Olive-oil production
is increasing worldwide, with an expected growth rate between 3.5
and 4% per year, according to the International Olive Oil Council.

There are three industrial-scale methods for the extraction of
oil from olives, the traditional press-cake system, the three-phase
decanter system and the modern two-phase centrifugation system.

This work investigates the Pb(II) removal capacities of two olive-
oil production solid wastes, two-phase olive mill solid (OMS) and
olive stone (OS). The biosorption process was studied through equi-
librium batch experiments. Most sorption isotherms of agricultural
wastes are type I. Nevertheless, a step characteristic of type IV
isotherms was observed in the OMS lead sorption isotherms. The
OS lead biosorption was modelled using one-step models (type
I isotherms), which include the Langmuir, Freundlich and Sips
isotherms. The OMS equilibrium data were fitted to two-step mod-
els (type IV isotherms) using two “new” models proposed in this
work, a two-step Langmuir-type model and an adaptation of the
Dubinin–Astakov model.

2. Material and methods
2.1. Biosorbent materials

The OS and OMS wastes were provided by the “Cooperativa
Nuestra Señora del Castillo” extraction plant located in Vilches,

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gblazque@ugr.es
mailto:mcaleroh@ugr.es
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Fig. 1. Illustration of the main cha

n the province of Jaen (Spain). The stones were obtained from
live cake separation with an industrial pitting machine. The OMS
aste was collected in sterile plastic containers and refrigerated.

his waste is a mixture of pulp and olive stones from the crush-
ng of olives, which yield the oil in a two-phase decanter system.
his semi-solid waste contains around 55–60% moisture, has a dark
olour, and forms a sludge-like mass. This biosorbent was dried
vernight at 60 ◦C before use in the biosorption experiments. These
olids were milled with an analytical mill (IKA MF-10), and the
1.000 mm fraction was chosen for equilibrium batch biosorption
ests.

.2. Equilibrium batch biosorption tests
A 0.5 g sample of biosorbent was added to 50 mL solutions of dif-
erent Pb2+ concentrations (10, 20, 40, 100, 140, 180, 220, 500 and
000 mg/L) in a 100 mL Erlenmeyer flask. The flasks were shaken
t 300 rpm on a shaker at 25, 40 and 60 ◦C and at pH 5 for 120 min.
ristic types of sorption isotherms.

The solid was then separated by filtration and centrifugation, and
the concentration of Pb2+ remaining in solution after biosorption
was determined using an atomic absorption spectrophotometer
(PerkinElmer 3100).

The biosorption capacity at equilibrium time (qe) was deter-
mined according to the following equation:

qe = (Ci − Cf)V
m

(1)

where Ci and Cf are the initial and final lead concentrations (mg/L)
in solution, respectively, V is the solution volume (L) and m is the

mass (g) of the biosorbent used.

The stock solutions of Pb(II) were prepared by dissolving appro-
priate quantities of Pb(NO3)2 in distilled water and adjusting the
solutions to pH 5 with 0.1 M HCl or 0.1 M NaOH. Fresh dilutions
were made for each study.
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.3. FTIR spectroscopy

Spectra of native and lead-loaded biosorbents prepared as
Br discs were recorded in an infrared spectrophotometer in

he 4000–400 cm−1 range. The proportion of biosorbent/KBr was
/100. The Pb2+-loaded samples were prepared with an initial Pb2+

oncentration of 10 ppm at pH 5.

.4. Non-linear regression analysis

All model parameters were evaluated by non-linear regression.
n order to evaluate the fit of the equation to the experimental data,
he correlation coefficient (R2) and the squared sum of errors were
eported.

. Results and discussion

.1. Theoretical aspects of sorption isotherms

When an adsorbate comes into contact with an adsorbent sur-
ace, adsorbate molecules adsorb to the surface in quantities that
epend on their bulk concentration. A graph of the amount of
dsorbate adsorbed over a range of concentrations at a single
emperature is known as an adsorption isotherm, or a sorption
sotherm. There are many mathematical descriptions of sorption
sotherms, some of which are based on a simplified physical picture
f sorption and desorption, whereas others are purely empiri-
al and intended to correlate the experimental data in simple
quations with two or at most three empirical parameters: the
reater the number of empirical parameters, the better the fit to
he experimental data [14]. Several different types of isotherms
ave been presented in the literature; the isotherm shape depends
n the type of adsorbent, the type of adsorbate, and intermolecu-
ar interactions between the adsorbate and adsorbent. There are
ve characteristic types of isotherms, as is illustrated in Fig. 1.
he sorption isotherms of agricultural wastes generally belong to
ype I (which has a convex shape). This shape is associated with

onomolecular layer adsorption of non-porous or microporous
orbents. Types II and III depict multimolecular adsorption layer
ormation and strong and weak adsorbate–adsorbent interaction
n macroporous adsorbents, respectively. Type IV describes mul-
imolecular layer formation via condensation in mesopores (pore
iameter: 2–50 nm), whereas type V describes a similar process,
ut with both strong and weak adsorbate–adsorbent interactions.

As shown in Fig. 2, the lead ion equilibrium isotherm for OS is
type I isotherm. A step characteristic of type IV isotherms was

bserved in the biosorption isotherm of lead ions onto OMS.
Several isotherm models are available to describe this equilib-

ium sorption distribution. In this work, Langmuir, Freundlich and
ips sorption models were used to analyse the lead equilibrium data
or OS, and a two-step Langmuir-type model and an adaptation of
he Dubinin–Astakov model were used for the OMS data.

.1.1. Equilibrium models to describe the type I isotherm

.1.1.1. Langmuir isotherm. The Langmuir isotherm was developed
y Irving Langmuir in 1916 to describe the dependence of the sur-
ace coverage of an adsorbed gas on the pressure of the gas above
he surface at a fixed temperature. The Langmuir isotherm model
ssumes monolayer adsorption on an energetically homogeneous
urface, where the adsorption occurs only at specific localised sites,

nd saturated coverage corresponds to complete occupancy of
hese sites. This model can be expressed as follows [15]:

e = bqmCe

1 + bCe
(2)
Fig. 2. Lead biosorption isotherms on (a) olive stone and (b) the two-phase olive mill
solid at pH 5 and at temperatures of 25, 40 and 60 ◦C. Error bars indicate standard
deviation of duplicate.

where qe is the amount of metal ion retained per unit of sorbent
mass (mg/g), Ce is the equilibrium concentration of metal ion in
the liquid phase (mg/L), and qm and b are the Langmuir constants,
related to the maximum sorption capacity for a complete mono-
layer (mg/g) and to the affinity between the sorbent and sorbate
(L/mg), respectively.

As with all chemical reactions, the equilibrium constant b is both
temperature-dependent and related to the Gibbs free energy and,
hence, to the enthalpy change for the process.

3.1.1.2. Freundlich isotherm. In 1906, Freundlich studied the sorp-
tion of a material in coal of animal origin and found a potential
relationship between the amount of absorbed solute and the
equilibrium concentration, which can be expressed through the
following equation [16]:

qe = KFC1/n
e (3)

where qe and Ce have the same meaning as in the Langmuir
isotherm, KF is the Freundlich sorption constant (mg/g)(L/mg)1/n

and n is a constant related to the affinity between the sorbent and

the sorbate.

3.1.1.3. Sips isotherm. The Sips model incorporates the features of
the Langmuir and Freundlich models into a single equation as fol-
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Table 1
Parameters of the Langmuir, Freundlich and Sips models for Pb(II) biosorption onto
OS at 25, 40 and 60 ◦C.

Temperature

25 ◦C 40 ◦C 60 ◦C

Langmuir: qe = bqmCe
1+bCe

qm 6.39 5.88 5.25
b 4.14 × 10−2 4.73 × 10−2 5.45 × 10−2

R2 0.999 0.997 0.998∑
(qe − qecal)2 1.49 1.86 1.20

Freundlich: qe = KFC1/n
e KF 1.62 1.56 1.49

n 4.61 4.73 4.95
R2 0.956 0.956 0.968∑

(qe − qecal)2 6.39 6.30 4.88

Sips: qe = qmbC
1/n
e

1+bC
1/n
e

qm 6.57 6.06 5.40

b 5.73 × 10−2 6.29 × 10−2 7.21 × 10−2
18 G. Blázquez et al. / Chemical Eng

ows [17]:

e = qmbC1/n
e

1 + bC1/n
e

(4)

here qm, b and n are the Sips constants. The constant n has two
imiting behaviours: Langmuir form for n = 1 and Freundlich form
or very high n values.

.1.2. Equilibrium models to describe the type IV isotherm
By visual inspection of the lead ion isotherms obtained for OMS,

t was concluded that they were characteristic of type IV isotherms.
here have been few reports of stepwise shaped isotherms in the
eld of biosorption [18]. Researchers such as Chubar et al. [19]
ave found the existence of two capacity zones in the isotherm
f copper and zinc on cork biomass. In our work, we presented two
athematical descriptions that described the multistep-shaped

sotherms quite well.

.1.2.1. A two-step Langmuir-type isotherm. In order to explain the
ype IV isotherm found for lead biosorption by OMS, this work
eports the development of a non-linear mathematical model
btained from the sum of two Langmuir-type isotherms, with the
ssumption that sterically or energetically heterogeneous adsorp-
ion sites exist on the biosorbent. Each step on the curve represents
ifferent (or identical) types of adsorption sites with different
ffinities (or availabilities) for lead; the interaction of these sites
ith lead ions can be described by the Langmuir equation. In this

ase, the first capacity zone most likely corresponds to the satura-
ion of the sites with a higher affinity for lead (or the saturation
f the easily available sites). After this step, increasing the lead
oncentration in solution initiates the occupation of the sites with
ess affinity for lead (or the saturation of the less easily available
orption sites). This model contains a critical concentration of the
ead ion in solution. Above this concentration, these lower affinity
dsorption sites begin to adsorb lead.

e =
n∑

j=1

qmibi(Ce − Ci)
1 + biCe

(5)

here Ci is the critical concentration (mg/L), and all other parame-
ers have the same meaning as in the Langmuir isotherm, with the
ubscript “i” used to refer to the stage.

If the isotherm shape results from the fact that the surface of the
iosorbent contains the same main sites with different affinities for

ead, then a similar constant b must be obtained. In other cases, this
hape could result from the existence of different sites that have an
ctive role in the biosorption process.

Finally, to calculate the maximum capacity, it is assumed that
he total sorption capacity is the sum of the adsorption capacities
f the total effective adsorption sites.

m =
n∑

i=1

qmi (6)

.1.2.2. An adaptation of the Dubinin–Astakhov model. This work
eports the development of another non-linear mathematical
odel to elucidate the type IV isotherm found for the lead biosorp-

ion by OMS, an adaptation of the Dubinin–Astakov model.
In gas–solid systems, type IV adsorption isotherms are

escribed by two contributions and analysed in terms of the

ubinin–Astakhov equation: the first, at low relative pressures, is

ype I and the second is type V [20–22].

= qm exp

[
−
(

A

E

)n
]

(7)
n 1.13 1.13 1.13
R2 0.999 0.998 0.999∑

(qe − qecal)2 1.21 1.68 1.13

where q represents the amount of lead adsorbed at T and P/P0; qm

is the theoretical maximum capacity; A = RT ln(P0/P); and E and n
are temperature-invariant parameters of the system.

This paper adapts the Dubinin–Astakov model to the biosorption
process (liquid–solid systems) according to the following expres-
sion:

qe = qm exp

[
−
(

RT ln(1/C)
E

)n]
(8)

where qe and qm are the equilibrium and maximum sorp-
tion capacities (mg/g), respectively, R is the gas constant
(8.314 × 10−3 kJ/mol K), T is the temperature (K), C is a non-
dimensional concentration that represents the ratio between the
lead equilibrium concentration in solution, Ce, and the lead sat-
uration concentration, Cs (both in mg/L), n is a non-dimensional
parameter and E is the sorption energy (kJ/mol).

The Dubinin–Astakov sorption theory assumes that the sorbent
surface has a fixed volume, and sorption potential exists over these
sites. The sorption potential is related to an excess of sorption
energy over the condensation energy and is independent of tem-
perature. The constant E is related to the mean free energy (kJ/mol)
of biosorption per mole of biosorbate when it is transferred to the
surface of the solid from solution and provides information about
the biosorption mechanism.

3.2. Isotherm modelling of biosorption of lead onto olive stone

The equilibrium modelling related to the biosorption of Pb(II)
onto olive stone using the Langmuir, Freundlich and Sips isotherms,
their correlation coefficients and residual standard deviations at
25, 40 and 60 ◦C are reported in Table 1. The graphical correlations
between the experimental data and the theoretical models at 25 ◦C
are shown in Fig. 3.

The Langmuir equation provides a reasonable description of
the experimental data. This isotherm determines the monolayer
capacity of olive stone to be 6.39 mg/g at 25 ◦C. However, the
Sips isotherm exhibits higher R2 values and lower squared sum
of errors values, indicating a considerably better fit compared with
the Langmuir isotherm. Although the Sips isotherm best describes
the biosorption behaviour of lead ions on olive stone, this isotherm

contains three parameters, and the values of n were close to unity,
which confirms its tendency towards the Langmuir isotherm. On
the other hand, it is obvious that the Freundlich model is less suit-
able to fit the experimental isotherm curves, as indicated by the
low values of the correlation coefficient R2 and the high values for
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Table 2
Parameters of the Langmuir model for Pb(II) biosorption onto OMS at 25, 40 and 60 ◦C.

Temperature

25 ◦C 40 ◦C 60 ◦C

Step I: qe = qm1b1Ce
1+b1Ce

qm1 11.0 11.9 12.2

b1 1.36 × 10−2 9.40 × 10−3 7.60 × 10−3

R2 0.910 0.921 0.884∑
(qt − qtcal)2 3.24 0.975 0.401

Step II: qe = qm1b1Ce
1+b1Ce

+ qm2b2(Ce−C2)
1+b2Ce

qm2 14.3 14.6 12.8

b2 2.75 × 10−2 9.01 × 10−2 6.60 × 10−2

C2 201 233 217
R2 0.999 0.999 0.999∑

(qt − qtcal)2 5.64 × 10−2 1.70 0.140

F
t

t
m

e
a
T
6
t

b
a
a

T
P

ig. 3. Experimental biosorption isotherms for lead by OS at pH 5 and 25 ◦C and
heir fits to the Langmuir, Freundlich and Sips models.

he squared sum of errors compared with the Langmuir and Sips
odels.
With respect to the effect of temperature on lead biosorption

quilibrium, these results demonstrate that an increase in temper-
ture results in a lower metal loading per unit weight of the solid.
he monolayer capacity qm for the Langmuir model decreased from
.39 to 5.25 mg/g for an increase in solution temperature from 25
o 60 ◦C.
The other monocomponent Langmuir constant b indicates the
inding affinity for lead(II) ions. A high b value indicates a high
ffinity. For olive stone, the affinity for lead increases with temper-
ture.

able 3
arameters of the Dubinin–Astakov model applied to type I and type V isotherms (step I a

Step I: qe = qm1 exp

[
−
(

RT ln(1/C)
E1

)n1
]

qm1

E1

n1

R2∑
(qt − qtcal)2

Step II: qe = qm2 exp

[
−
(

RT ln(1/C)
E2

)n2
]

qm2

E2

n2

R2∑
(qt − qtcal)2
Fig. 4. Experimental biosorption isotherms for lead by OMS at pH 5 and 25 ◦C and
their fits to two consecutive Langmuir isotherms.

3.3. Biosorption isotherm modelling of lead onto the two-phase
olive mill solid

The OMS equilibrium exhibited characteristics of type IV
isotherms (Fig. 2b). The results from the application of the two pro-
posed models are listed in Tables 2 and 3. The graphical correlations
between the experimental data and the theoretical models at 25 ◦C
are given in Figs. 4 and 5.

This stepwise behaviour can be explained by the presence of

mesopores or by the existence of sites with different affinities for
lead that are involved in the OMS lead biosorption process. Hors-
fall and Spiff [23] found similar results when studying the effects of
temperature on the sorption of Pb2+ and Cd2+ from aqueous solu-

nd step II, respectively) for Pb(II) biosorption onto OMS at 25, 40 and 60 ◦C.

Temperature

25 ◦C 40 ◦C 60 ◦C

10.3 7.45 7.91

8.12 9.33 8.76
1.71 2.02 1.85
0.970 0.980 0.973
2.60 0.426 0.287

13.4 17.7 15.2

3.71 3.96 4.66
3.96 4.30 3.67
0.993 0.984 0.990
3.52 11.4 6.05
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ig. 5. Experimental biosorption isotherms for lead by OMS at pH 5 and 25 ◦C and
heir decomposition into Dubinin–Astakhov isotherms of types I and V.

ion by Caladium bicolour (Wild Cocoyam) biomass. This biomass
xhibited mixed type I–IV isotherms, and the authors explained
his as a characteristic of the biomass substrate, which contains
oth micropores and mesopores.

For the Dubinin–Astakov model, the type IV lead biosorption
sotherms were separated into types I and V contributions, and then
ach was analysed in terms of the Dubinin–Astakov equation.

Both models provided a good fit to the experimental OMS
ead biosorption isotherms. However, the adaptation of the
ubinin–Astakov model seems to provide the best fit to the data.
his model provides the highest R2 values (0.970–0.993) and the
owest values of squared sum of errors for the total curve (first and
econd steps).

A comparison of the total amount of lead biosorbed by OMS with
hat biosorbed by OS indicates that the lead biosorption capacity of
MS is about 4 times higher than the reported value for OS at all

emperatures (23.7 mg/g versus 6.39 mg/g for OMS and OS at 25 ◦C,
espectively). Additionally, Table 4 presents a comparison between
he lead capacities obtained for the sorbents of this work and others
ound in the literature.

◦
Upon increasing the temperature from 25 to 60 C, the amount of
b2+ removed from the solution at equilibrium only varies slightly
23.7, 25.1 and 23.1 mg/g at 25, 40 and 60 ◦C, respectively). Similar
esults have been reported in the literature; for example, Antunes
t al. [34] reported that over a range from 25 to 55 ◦C, temperature

able 4
omparison between the Pb(II) biosorption capacities of OS, OMS and other biosor-
ents found in the literature.

Biosorbent qm (mg/g) T (◦C) Reference

Apple residues 17.8 25 [24]
Cocoa shells 6.23 22 [25]
Hazelnut shells 1.78 25 [26]
Coir 18.9 25 [27]
Rice husk 4.00 25 [28]
Oak stem 0.750 25 [29]
Crab shell 19.8 25 [30]
Arca shell 18.3
Sawdust 21.1 25 [31]
Grape stalks 49.7 25 [32]
Chaff 12.5 25 [33]

Olive stone (OS)
6.39 25

This work

5.88 40
5.25 60

Two-phase olive
mill solid (OMS)

23.7 25
25.1 40
23.1 60
ng Journal 160 (2010) 615–622

did not significantly affect the biosorption of copper by brown sea-
weed, Sargassum sp. Aderhold et al. [35] reported that temperature
fluctuations between 10 and 35 ◦C did not affect biosorption of cop-
per, cadmium or other heavy metals by the seaweed E. maxima. In
the two-step Langmuir-type isotherm, the dependence of the crit-
ical concentration on the temperature can also be neglected. The
first zone ends at a critical lead concentration of approximately
200 mg/L at the three temperatures tested, and increasing the lead
concentration in the solution beyond this initiates the second stage.
However, in this model, the affinity parameter (parameter b) tends
to decrease as temperature increases, indicating a decrease in the
affinity of OMS for lead at higher temperatures.

However, as indicated before, the value of the constant E (from
Dubinin–Astakov) gives some idea of the mean free energy (kJ/mol)
of biosorption per mole of biosorbate when it is transferred to the
surface of the solid from solution and can give information about
the biosorption mechanism. If its value is in the 8–16 kJ/mol range,
the biosorption process must follow a chemical ion-exchange
mechanism, whereas for values of E < 8 kJ/mol, the biosorption pro-
cess is of a physical nature. The numerical value of the mean free
energy of biosorption was 3.71–9.33 kJ/mol, which indicates that
the biosorption may occur via a physical process such as electro-
static interaction. For the second part of the lead isotherm, which is
type V, a lower E value is obtained than for the initial section (type
I). This reflects a less favourable biosorption mechanism [21].

3.4. FTIR analysis

The mechanism of the Pb(II) biosorption by OS and OMS biosor-
bents was elucidated on the basis of FTIR analysis. To identify the
type of Pb(II) binding sites of these solids, the FTIR spectra were
recorded before and after lead biosorption and are presented in
Fig. 6.

FTIR results revealed very similar spectra for OS and OMS, which
confirmed that both have similar functional groups. The spectra
have hydroxyl peaks at wave numbers 3411 and 3422 cm−1 in OS
and OMS, respectively, alkyl peaks at 2927 and 2925 cm−1, peaks at
1740 and 1745 cm−1 for the C O bonds in carboxyl groups and their
esters, peaks at 1656 and 1636 cm−1 for the asymmetric stretch-
ing of the carboxylic C O double bond, peaks around 1377 and
1380 cm−1 attributed to the C–O bond in carboxylic groups, and
peaks at 1250 and 1243 cm−1 representing the deformation vibra-
tion of C O carboxylic acids. Some peaks in the 1110–1160 and
1040–1060 cm−1 range can be attributed to the stretching of the
C–O–C and OH of polysaccharides, respectively [32,36–42].

Changes in the FTIR spectra were observed after lead biosorp-
tion of the two sorbents. The intensity clearly decreased after Pb2+

biosorption, and some peaks shifted to different wave numbers.
For example, in the OMS, the absorbance at 1636 cm−1 that cor-
responds to the carboxylic group shifted to 1642 cm−1, indicating
the involvement of carboxylic groups in the biosorption process
[43,44]. Additionally, the broad stretching absorption bands at
3411 and 3422 cm−1 shifted to 3422 and 3415 cm−1 for OS and
OMS, respectively, although the reason for this shift is unclear.
The wave number variation of the 1515 cm−1 peak (5 cm−1 varia-
tion for OMS) has been reported by various authors [38,39,45–49],
all of whom attribute it to an amino group. In OMS, the peak at
1243 cm−1 shifted to 1260 cm−1 (17 cm−1 variation), indicating
again the involvement of the carboxylic group. For OS, the peak
at 1112 cm−1 attributed to the stretching of the C–O–C bonds of
polysaccharides shifted to 1123 cm−1 (11 cm−1 variation). Finally,

in OMS, the peak at 1075 cm−1 disappears. The participation of
this peak is referenced in the literature; some authors assign it to
alcoholic C–O links [39,46] and others to C–N links [47]. No other
significant changes in the absorption lines were observed in the
measured range.
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Fig. 6. FTIR spectra of (a) OS and (b) OMS before and after lead biosorption.

It is notable that the intensity variation between FTIR spectra of
he samples before and after lead biosorption was lower for OS than
or OMS, suggesting a lower retention by OS, which agrees with the
ead biosorption capacity values presented above.

. Conclusions

Due to their low cost, good uptake capacity and short equilibra-
ion time, the two solid wastes studied in this work are promising
iosorbent materials.

This study indicates two different behaviours for lead biosorp-
ion equilibrium related to the nature of the two biosorbents. The
angmuir model is a good isotherm for describing experimental
ata of OS, and the OMS, which seems to be a mesoporous sorbent,
as best described by an adaptation of the Dubinin–Astakov model.

The maximum lead capacities ranged between 6.39–5.25 and
3.7–23.1 mg/g for OS and OMS, respectively, as the temperature

ncreased from 25 to 60 ◦C.
The FTIR observations indicate that the carboxylic groups

resent on the sorbents are the binding sites for the lead cations.
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