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ABSTRACT: Solid waste from olive oil production, the two-phase olive mill solid (OMS), was investigated for the removal of
Pb(II) from aqueous solutions. This work focuses mainly on the kinetics of biosorption. The sorption kinetics was experimentally
measured using stirred-batch systems under different initial concentrations and at varying solution temperatures. The pseudo-nth
order kinetic model, pseudofirst-order kinetic model, pseudosecond-order kinetic model, and the Elovich equation were used to
represent the kinetic data. The pseudosecond-order equation fitted the dynamic data very well under all the operating conditions. A
contact time of approximately 60 min was required to reach the equilibrium. The results obtained for the effect of initial
concentration on lead uptake by OMS showed that the equilibrium sorption capacity and the initial sorption rate increase as the
initial metal concentration increases, while the kinetic constant of the process decreases. The effect of temperature on kinetic
parameter values is less significant than the effect of lead concentration although a decrease on kinetic constant and initial sorption
rate is produced as temperature rises, mainly at lower lead concentrations. Finally, the apparent activation energy of sorption was
determined as�18.62 kJ 3mol�1 for an initial lead concentration of 10mg 3 L

�1. The negative value of activation energy showed that
the Pb(II) adsorption process by OMS may involve a nonactivated chemical adsorption or a physical adsorption.

’ INTRODUCTION

The importance of the olive mill industry in Mediterranean
countries is well-known, as is the serious problem that the olive
mill factories have in disposing of their byproduct. Over the last
10 years the manufacturing of olive oil has undergone important
evolutionary changes in the equipment used for the separation of
olive oil from the remaining components. The latest develop-
ment has been the introduction of a two-phase centrifugation
process in which a horizontally mounted centrifuge is used for a
primary separation of the olive oil fraction from the vegetable
solid material and vegetation water.1 Spain was the first country
to use the two-phase system, and thereafter this new technology
has been installed around the world. The two-phase decanting
has created a new solid residue, the two-phase olive mill solid
(OMS). It is a thick sludge that contains pieces of stone and pulp
of the olive fruit as well as vegetation water. This semisolid waste
contains around (55 to 60) % moisture and some residual olive
oil (2 to 4 %) and 2 % ash and has a dark color.

Composting has been shown to be a suitable method for
recycling OMS. This study focuses on find new potential applica-
tions for OMS and proposes a possible use of OMS as a heavy
metals biosorbent.

Biosorption is a passive process of metal uptake and seques-
tering.2 This process has been proposed as one of the most
promising technologies for the removal of toxic metals from
wastewater which arouse special consideration because heavy
metal pollution has become one of the most serious environ-
mental problems today.3�5

The kinetic study of the biosorption process determines the
rate at which the contaminants are removed from the aqueous
media, and the kinetic constants can be used to optimize the
residence time of a biosorption process. To examine the con-
trollingmechanism of the biosorption process, kinetic models are

used to test the experimental data. In this sense, numerous kinetic
models have been proposed. The mechanism through which the
biosorption process takes place is, in most cases, complex
(chemical reactions between biosorbent functional groups and
metal ions, ionic interchange reactions and/or formation of
complexes).

The aim of this work was to carry out a kinetic evaluation of
the lead biosorption using OMS as a solid biosorbent in a
completely stirred tank reactor analyzing the effect of the initial
concentration of lead and temperature. Pseudo-nth order, pseudo-
first-order, pseudosecond-order, and Elovich models have been
used to represent the kinetics of the process and obtain the main
kinetic parameters.

’MATERIALS AND METHODS

Preparation of Sorbent Solid. OMS was supplied by a
Spanish olive oil production plant (Cooperativa Nuestra Se~nora
del Castillo) located in Vilches, Ja�en. The biosorbent was dried
overnight at 333 K. Then, the solid was ground with an electric
grinder and was graded according size using an automatic sieve of
high vibration. For the biosorption experiments, the size fraction
with particle diameter less than 1 mm was used. Some chemical
and physical characteristics of OMS reported in a previous work6

are summarized in Table 1.
Kinetic Batch Experiments. Kinetic tests of Pb2þ sorption

were performed bymixing 0.5 g ofOMS in 50mL of the synthetic
lead ion solutions with a predetermined concentration of lead ion
in a stirred, thermostatted batch reactor during different contact
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times [(0.5, 1, 2, 4, 8, 15, 30, 45, 60, 90, and 120) min]. Solutions
of lead ion was prepared in distilled water using Pb(NO3)2, and
the pH of the solution was adjusted with 0.1 M HCl or 0.1 M
NaOH solutions at pH = 5. All reagents were supplied by Panreac
Química S.A with a purity > 99 %.
Once the operation time had elapsed, the liquid phase was

taken out of the reactor and centrifuged for 10 min; then the
supernatant solution was filtered and analyzed for determined
lead ion concentrations by an atomic absorption spectrophot-
ometer (model: 3100, Perkin-Elmer).
In this work, the biosorption kinetics of lead by OMS was

studied at different initial lead concentrations and temperatures.
In the first experiments, the initial lead concentration were
modified from (10 to 220) mg 3 L

�1 keeping the temperature
at 298 K. In the second ones, the biosorption experiments were
conducted at several temperatures [(298, 313, and 333) K] and
at three initial lead concentrations [(10, 20, and 100) mg 3 L

�1].

’RESULTS AND DISCUSSION

Operational Conditions. The pH of the solution, amount of
sorbent and sorbate, equilibration time, and temperature play a
significant role on the sorption of heavy metal ions onto solid
surfaces. Therefore, the biosorption of Pb(II) ions onto the two-

phase olive mill solid was monitored step by step as a function of
a parameter, keeping others constant. Table 2 reported the most
suitable sorptive conditions selected for this kinetic study
according to the results obtained in a previous work.7

Theoretical Aspects of the Kinetic Modeling in Batch
System. The numerical analysis of sorption kinetic models
assuming external mass transfer and intraparticle diffusion
(pore diffusion, surface diffusion) is frequently applied to
describe the sorption kinetics in batch systems. However, the
complicated mathematical computation limits their use from the
viewpoint of engineering applications. Furthermore, the biosorp-
tion of heavy metals onto biosorbents involves many controlling
mechanisms. Therefore, four of the main kinetic models pro-
posed in literature were applied to the experimental data to
determine the kinetic parameters and investigate the mechanism
of biosorption of lead by OMS as a biosorbent. These kinetic
models included pseudo-nth order, pseudofirst-order, pseudose-
cond-order, and Elovich equations. The correlation coefficients
between experimental and theoretical data and the sum of the
errors squared provided the “best fit” model. These kinetic
models are summarized in Table 3.
Kinetic Results Interpretation. Effect of Initial Lead Concen-

tration. First, the kinetics of Pb(II) sorption onto OMS was
studied using solutions containing from (10 to 220) mg 3 L

�1 of
lead at pH 5 and at different time intervals (up to 120 min).
Figure 1 represents the amount of lead ion biosorbed

(qt, mg 3 g
�1) as a function of time. Rapid accumulation of lead

was observed, reaching 90 % of total biosorption capacity in the
first (30 to 60) min for all of the initial lead concentrations tested.
Therefore, equilibrium was reached in approximate 60 min,
which showed saturation of the active points.
The results were fitted by nonlineal regression to the four

kinetic models chosen: pseudo-nth order, pseudofirst-order,
pseudosecond-order, and Elovich. Table 4 reports the parameter
values obtained from the application of the kinetic models for the
biosorption of lead ion by OMS.
To confirm the better kinetic model for the biosorption

system, the data were analyzed using error analysis.
The results show that the kinetic data are found in good

agreement with pseudo-nth order kinetic model. The order of
sorption reaction (n) was found to be between 2.27 and 2.85 at
an initial lead concentration range from (10 to 220) mg 3 L

�1.
The values of n are close to 2, and this means that the
experimental data could be fitted appropriately by the pseudo-
second-order equation. It is confirmed by the high squared
correlation coefficients of the pseudosecond-order model. In
addition, the pseudosecond-order predicted qe are one of the
most agreeing values with the experimental data. Thus, these

Table 1. Physical and Chemical Properties of OMS6

moisture, % 54.18

lignin, g 3 kg
�1 free extracts 432.00

cellulose, g 3 kg
�1 free extracts 165.60

hemicellulose, g 3 kg
�1 free extracts 356.80

elemental analysis C = 57.82 %, H = 7.05 %,

S = 0.05 %, N = 0.65 %

total titratable sites, mmol 3 g
�1 1.25

acid titratable sites, mmol 3 g
�1 0.70

point of charge zero (pHpzc) 4.88

isoelectric point (pHIEP) 5.13

total organic carbon released, mg 3 g
�1 73.92

Table 2. The Most Suitable Sorptive Conditions Selected for
this Kinetic Study According to a Previous Work7

pH 5

dorbent concentration, g 3 L
�1 10

initial lead concentration, mg 3 L
�1 10, 20, 40, 60, 100, 140, 180, 220

equilibration time, min 120

temperature, K 298, 313, 333

Table 3. Kinetic Models Used in this Work for the Modeling of Experimental Data

model parameters ref

pseudonth order: qt = qe � [(n � 1) kn
t þ qe

(1�n)]1/(1�n) qt: amount of Pb(II) ions biosorbed at time t, mg 3 g
�1 8

qe: amount of Pb(II) ions biosorbed at equilibrium, mg 3 g
�1

kn: rate constant of pseudo-nth order biosorption, min�1
3mg1�n

3 g
n�1

n: order of reaction

pseudofirst order: qt = qe(1 � e�k1t) k1: rate constant of pseudofirst-order biosorption, min�1 9

pseudosecond order: qt = t/(1/h þ t/qe) h: initial biosorption rate, mg 3 g
�1

3min�1. It is equal to k2 3 qe
2 10�12

ks2: rate constant of the pseudosecond-order biosorption, g 3mg�1
3min�1

Elovich: qt = 1/b ln(ab) þ 1/b ln(t) a: initial sorption rate, mg 3 g
�1

3min�1 13�15

b: parameter related to the extent of surface coverage, g 3mg�1
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results suggest that the pseudosecond-order model, based on the
assumption that the rate-limiting step might be chemical bio-
sorption involving valency forces through sharing or exchange of
electrons between lead cations and biosorbent, provides a good
correlation of the dynamic data.12,16,17

An examination of the initial lead concentration effect (Table 4
and Figure 1) shows that the values of the initial sorption rate, h,
increase from (0.296 to 5.476) mg 3 g

�1
3min�1. Also, as the

initial lead concentration rises, the equilibrium biosorption
capacity, qe, increases changing from (0.694 to 6.405) mg 3 g

�1.
However, the kinetic constant, ks2, seems to decrease with
increase in initial lead concentrations, this indicates that though,

at first (in the early period), biosorption increases rapidly with
increase in initial concentrations, after (at latter periods of the
sorption process), the process is produced slowly until equilib-
rium is reached.
With respect to the rest of models studied in this work, the

Elovich model was also found to be adequate to satisfactorily
explain the present biosorption phenomenon with correlation
coefficient values varying from 0.965 to 0.999, which consolidate
the chemisorption hypothesis.18 In contrast, the Lagergren
model was not enough or satisfactory to explain the experimental
kinetic data.
Finally, although experimental data showed a good fit to

pseudosecond-order model and Elovich equation, the existence
of other processes such as intraparticle diffusion, mass transfer, or
ion interaction that not have been taken in account should be
considered. Actually, according to many scientists, the physico-
chemical involved may be complex, and no single theory of
sorption has been proposed to explain the overall adsorptive
removal process.19

In Figure 2 the amount of Pb(II) ions biosorbed at equilibri-
um, qe, was represented versus the initial concentration of lead
in the solution, Ci. Each step on the curve represents different
(or identical) types of adsorption sites with different affinities
(or availabilities) for lead. The first capacity zone most likely
corresponds to the saturation of the sites with a higher affinity for
lead (or the saturation of the easily available sites). After this step,
increasing the lead concentration in solution initiates the occu-
pation of the sites with less affinity for lead (or the saturation of
the less easily available sorption sites). Horsfall and Spiff20 found
similar results when studying the effects of temperature on the
sorption of Pb2þ and Cd2þ from aqueous solution by Caladium
bicolour (wild Cocoyam) biomass. Also Chubar et al.21 have
found the existence of two capacity zones in the biosorption of
copper and zinc on cork biomass.
On the other hand, the results confirm that OMS has potential

to remove lead ions with a good biosorption capacity (≈6.5 mg 3 g�1

Figure 1. Biosorption capacity of OMS for Pb (II) versus operation
time at different initial lead concentrations: b, 10 mg 3 L

�1; 9, 20
mg 3 L

�1; 2, 40 mg 3 L
�1; 1, 60 mg 3 L

�1; (, 80 mg 3 L
�1; O, 100

mg 3 L
�1; 0, 140 mg 3 L

�1; 4, 180 mg 3 L
�1; ), 220 mg 3 L

�1; —,
pseudonth order; ---, pseudofirst order; 3 3 3 , pseudosecond order;
- 3 3 - 3 3 -, Elovich.

Table 4. Parameter Values of the Kinetic Models for the Biosorption of Pb(II) by OMS at Different Initial Lead Concentrations

initial Pb(II) concentration, mg 3 L
�1

10 20 40 60 100 140 180 220

pseudo-nth order kn, min
�1

3mg
1�n

3 g
n�1 1.109 0.198 0.115 0.0640 0.057 0.020 0.111 0.077

qe 0.698 1.343 2.210 2.686 3.447 5.774 6.350 6.473

n 2.36 2.51 2.73 2.44 2.33 2.85 2.51 2.27

r2 0.997 0.994 0.994 0.993 0.992 0.985 0.991 0.986

∑(qt � qtcal)
2 0.002 0.077 0.091 0.117 0.159 0.777 0.270 0.759

pseudofirst-order k1, min
�1 0.483 0.144 0.220 0.154 0.199 0.456 0.931 0.464

qe 0.621 1.218 1.955 2.387 3.140 4.732 5.892 6.058

r2 0.920 0.879 0.895 0.935 0.917 0.833 0.935 0.920

∑(qt � qtcal)
2 0.041 0.260 0.584 0.570 1.210 4.847 2.614 3.908

pseudosecond-order ks2, g 3mg
�1

3min
�1 0.614 0.253 0.121 0.077 0.084 0.056 0.163 0.133

qe, mg 3 g
�1 0.694 1.327 2.191 2.669 3.441 5.488 6.317 6.405

h, mg 3 g
�1

3min
�1 0.296 0.445 0.582 0.550 0.996 1.675 6.502 5.476

r2 0.999 0.997 0.998 0.997 0.999 0.997 0.999 0.999

∑(qt � qtcal)
2 0.025 0.218 0.287 0.257 0.501 4.172 1.099 1.677

Elovich a, mg 3 g
�1

3min
�1 3.050 1.064 2.735 1.720 3.640 27.133 307.968 32.444

b, g 3mg
�1 11.568 4.704 3.102 2.274 1.877 1.558 1.640 1.213

r2 0.999 0.977 0.990 0.989 0.988 0.990 0.969 0.965

∑(qt � qtcal)
2 0.005 0.049 0.053 0.099 0.177 0.284 1.235 1.736
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for 220mg 3 L
�1 of lead ion and 10 g 3 L

�1 of OMS), a value that is
comparable to those observed for other similar agricultural
wastes.22,23

Effect of Temperature.The effect of temperature (Table 5 and
Figure 3) was studied in the temperature range (298 to 333) K at
pH 5, for a solid concentration of 10 g 3 L

�1 and initial concen-
trations of Pb(II) of (10, 20, and 100) mg 3 L

�1.
An analysis of data showed that the biosorption of Pb(II)

followed again the pseudo-nth order and pseudosecond-order
kinetic models for all three initial concentrations and all tem-
peratures tested. It is remarkable that the values of n are close to 2
at the range of temperatures studied. Therefore, the rate of
sorption could be a pseudosecond-order mechanism.
Also, the temperature effect on biosorption capacity is less

significant than the effect of lead concentration although a
decrease on the kinetic constant and initial sorption rate

is produced as temperature rises, mainly at lower lead
concentrations.
On the other hand, if results obtained for an initial lead

concentration of 10 mg 3 L
�1 and 100 mg 3 L

�1 are compared, it
is noted that the pseudosecond-order constant and the equilib-
rium biosorption capacity remained practically constant with
the temperature variation for an initial lead concentration of
100 mg 3 L

�1, which indicates that with increasing lead concen-
tration the effect of the temperature, in the range studied, is even
less important.
Finally, the activation energy for metal ions biosorption was

calculated from the pseudosecond-order constants by the
Arrhenius equation. Its linear form is,

ln k ¼ ln A0 � Ea
RT

whereA0 is the temperature-independent Arrhenius constant, Ea is
the apparent activation energy (kJ 3mol�1), R is the gas constant,
8.314 3 10

�3 kJ 3mol�1
3K

�1, and T is the temperature (K).
Figure 4 shows the corresponding linear plot of ln ks2 against

1/T at initial lead concentrations of 10 mg 3 L
�1, 20 mg 3 L

�1, and
100 mg 3 L

�1.
The Arrhenius equation shows a good fit to the experimental

data with high correlation coefficients (r2 > 0.95). The activation
energy for the biosorption system of Pb(II) ion onto OMS
was calculated from the slope of the plot. The Ea values were
�18.62 kJ 3mol�1, �18.20 kJ 3mol�1, and �10.34 kJ 3mol

�1 for
an initial lead concentration of 10 mg 3 L

�1, 20 mg 3 L
�1, and

100 mg 3 L
�1, respectively. The magnitude of activation energy

may give an idea about the type of sorption. Biosorption
processes exhibiting these negative activation energies are typi-
cally barrierless processes. Therefore, the negative activation
energy values suggest that the strength involved in the metal
ion and the solid surface interaction could be physical. So,
increasing the temperature leads to a reduced the forces of
attraction between the binding sites of the sorbent surface and

Figure 2. Representation of the amount of Pb(II) ions biosorbed at
equilibrium, qe, versus the initial concentration of lead in the solution,Ci.

Table 5. Parameter Values of the Kinetic Models for the Biosorption of Pb(II) by OMS at Different Temperatures

initial lead concentration, mg 3 L
�1 10 mg 3 L

�1 20 mg 3 L
�1 100 mg 3 L

�1

temperature, K 298 313 333 298 313 333 298 313 333

pseudo-nth order kn, min
�1

3mg
1�n

3 g
n�1 1.109 0.521 0.404 0.198 0.218 0.121 0.034 0.127 0.074

qe 0.698 0.614 0.524 1.343 1.307 1.135 4.147 4.016 3.741

n 2.36 2.40 2.27 2.51 2.79 2.31 2.87 2.47 2.70

r2 0.997 0.996 0.995 0.994 0.996 0.994 0.997 0.994 0.992

∑(qt � qtcal)
2 0.002 0.003 0.004 0.077 0.026 0.061 0.043 0.049 0.175

pseudofirst-order k1, min
�1 0.483 0.156 0.168 0.144 0.180 0.096 0.311 0.580 0.356

qe 0.621 0.551 0.434 1.218 1.131 0.986 3.557 3.673 3.347

r2 0.920 0.965 0.961 0.879 0.896 0.923 0.956 0.954 0.915

∑(qt � qtcal)
2 0.041 0.023 0.013 0.260 0.201 0.119 0.820 0.812 1.305

pseudosecond-order ks2, g 3mg
�1

3min
�1 0.614 0.362 0.276 0.253 0.156 0.116 0.156 0.137 0.101

qe, mg 3 g
�1 0.694 0.610 0.513 1.327 1.297 1.129 3.790 4.006 3.715

h, mg 3 g
�1

3min
�1 0.296 0.135 0.073 0.445 0.263 0.147 1.812 2.198 1.394

r2 0.999 0.999 0.994 0.997 0.997 0.992 0.999 0.999 0.999

∑(qt � qtcal)
2 0.025 0.007 0.010 0.218 0.102 0.084 0.279 0.531 0.629

Elovich a, mg 3 g
�1

3min
�1 3.050 0.363 0.220 1.064 1.045 0.349 9.659 29.933 10.202

b, g 3mg
�1 11.568 9.585 11.232 4.704 4.980 4.834 1.901 2.108 2.026

r2 0.999 0.990 0.982 0.977 0.995 0.969 0.975 0.966 0.989

∑(qt � qtcal)
2 0.005 0.005 0.006 0.049 0.011 0.049 0.429 0.586 0.168
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metal ions and there is a greater tendency of the metal to escape
from the solid surface toward the liquid, resulting in a decrease in
the retention of the metal. These results are similar to those
found by other researchers; in this way, Aksu24 also observed
activation energy of �8.0 kJ 3mol�1 for the biosorption of
cadmium(II) ion on to dried C. vulgaris. On the other hand,
recent studies25on biosorption of reactive dyes on C. vulgaris
showed that the activation energies of the biosorption processes

of Remazol Red RR and Remazol Golden Yellow RNL were
found to be (�10.63 and �23.15) kJ 3mol�1, respectively.
However, the authors reported that negative values of activation
energy have no obvious physical significance, and hence biosorp-
tion studies of these dyes should be performed at much lower
solution temperatures to obtain biosorption activation energy.
Comparison of OMS with Other Biosorbents. Recent

studies on the removal of lead using numerous types of bio-
masses are the subject of this section. A large quantity of materials
has been investigated as biosorbents for the removal of lead.26�31

The tested biosorbents can be basically classified into the
following categories: bacteria, fungi, yeast, algae, industrial
wastes, agricultural wastes and other polysaccharide materials,
and so forth.32

First, the kinetic performance of sorbing materials has been
compared. Table 6 shows the lead amount of Pb(II) ions
biosorbed at equilibrium (qe) and the rate constant of the
pseudosecond-order biosorption (ks2) values for the pseudose-
cond-order kinetic model, obtained for different biomasses used
as the sorbent of lead. A comparison of qe and ks2 for OMS with
the other sorbents under different experimental conditions
implied that OMS is a possible good biosorbent of lead from
aqueous solutions particularly because the kinetic constant is
higher than other biosorbents and the process is faster.
On the other hand, the comparison of lead sorption perfor-

mance is best based on a complete lead sorption isotherm curve.
The sorbents can be compared by their respective maximum
biosorption capacities, qmax values which are calculated, for
example, from fitting the Langmuir isotherm model to the actual
experimental data (if it fits). This approach is feasible if there
exists the characteristic qmax sorption performance plateau (the
maximum biosorbent saturation).
OMS isotherms for lead were previously published in an

earlier work.44 In Table 7 OMS has been compared with other
sorbents reported in literature based on their maximum uptake
capacity of Pb(II) ions. It is important to emphasize that a direct
comparison of qmax of OMS with other maximum capacities of
other biosorbent materials is difficult, since experimental condi-
tions applied are different. Nevertheless, the results can demon-
strate that the maximum uptake capacity of OMS for Pb(II) ions
was comparable to other corresponding biosorbents reported in

Figure 3. Biosorption capacity of OMS for Pb (II) versus operation
time at different temperatures and for an initial lead concentration of
(a) 10 mg 3 L

�1, (b) 20 mg 3 L
�1, and (c) 100 mg 3 L

�1:b, 298 K;9, 313
K; 2, 333 K;—, pseudo-nth order; ---, pseudofirst-order; 3 3 3 , pseudo-
second-order; - 3 3 - 3 3 -, Elovich.

Figure 4. Linearized Arrhenius plot for the biosorption of Pb(II) ions
on OMS at different initial lead concentrations: b, 10 mg 3 L

�1; 9,
20 mg 3 L

�1; 2, 100 mg 3 L
�1.



3058 dx.doi.org/10.1021/je200109k |J. Chem. Eng. Data 2011, 56, 3053–3060

Journal of Chemical & Engineering Data ARTICLE

Table 6. AComparison of the Parameters of the Pseudosecond-Order KineticModel for the Biosorption of Lead Ions byDifferent
Biosorbentsa

operation conditions pseudosecond-order model

biosorbent pH T, K Ci, mg 3 L
�1 qe, mg 3 g

�1 Ks2, g 3mg�1
3min�1 ref

deoiled allspice husk 5 298 5 5.32 0.056 33

25 20.79 0.036

FA-treated N. zanardini 5.5 298 104 106.39 0.72 3 10
�3 34

groundnut hull 5.0 n.a. 100 15.74 0.009 35

gum kondagogu (Cochlospermum gossypium) 5.0 298 10 10.13 0.019 36

100 31.84 0.50 3 10
�3

lichen (Parmelina tiliaceae) 5.0 293 25 1.020 0.190 37

323 0.910 0.110

maize (Zea mays) stalk sponge 6.0 n.a. 21 15.86 0.581 38

modified peanut husk 4.0 298 10 4.51 0.042 39

Nostoc sp. 5.0 298 100 44.05 0.86 3 10
�3 40

200 117.60 0.64 3 10
�3

olive stone 5.0 298 10 0.60 1.210 22

333 0.69 2.141

Oedogonium sp. 5.0 298 100 63.29 0.80 3 10
�3 40

200 89.28 0.38 3 10
�3

pine bark (Pinus brutia Ten.) 4.0 n.a. 100 10.98 0.009 41

pine cone powder 5.0 291 120 9.34 0.689 42

sawdust 4.0 298 10 4.64 0.029 39

Spirogyra sp. 5.0 298 100 59.17 545 43

200 111.11 317

two-phase OMS 5.0 298 10 0.69 0.614 this work

100 3.44 0.084

180 6.32 0.163
a n.a.: not available.

Table 7. Comparison of Maximum Biosorption Capacities of Pb2þ Ions by Different Biosorbentsa

biosorbent

operation conditions

qmax, mg 3 g
�1 refpH T, K Ci, mg 3 L

�1

activated sludge 2.0 298 10�150 142.83 45

arca shell 5.5 room n.a. 18.33 46

bagasse fly ash 5.0 303 10�100 2.50 47

brewery waste 4.0 303 33.1�1656 85.49 48

Bacillus cereus 5.5 298 5�100 36.71 49

chaff 5.5 298 8�96 11.90 50

modified peanut husk 4.0 298 10�50 29.14 39

pretreated crab shell 5.5 room n.a. 19.83 46

Cupriavidus taiwanensis n.a. 310 100�1500 50.01 51

Garcinia mangostana L. fruit shell 5.0 n.a. 10�150 3.56 52

red mud 5.0 303 100�1000 71.27 53

Rhoidococcus opacus 5.0 301 15�200 94.19 54

sawdust 4.0 298 10�50 21.05 39

seed husk of Calophyllum inophyllum 4.0 301 25�400 34.51 55

Spirogyra sp. 5.0 298 n.a. 140.84 43

two-phase OMS 5.0 298 10�1000 23.70 44

313 25.10

333 23.10

waste beer yeast 5.0�6.0 293 10�145 5.72 56
a n.a.: not available.
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the literature. However, the lead sorption capacity of OMS is
relatively smaller than some other biomaterials like fungi and
algae but unlike some of these biosorbents needs pretreatment
before it can be used as an effective biosorbent, and OMS has
been used without any previous treatment. This decreases the
initial cost and hence OMS could find their significantly im-
portant place in the list of cost-effective and economical materials
used for lead sequestering.
The variations in uptake capacity are associated with biosor-

bent properties, such as structure and functional groups. It is
believed that the various functional groups on OMS such as
carboxylic and hydroxyl groups play the role of active sites that
are responsible for biosorption.6

’CONCLUSIONS

The two-phase olive mill waste from the two-decanter olive-
oil-production system offers potential for the removal of lead
ions by biosorption. The biosorption kinetic of Pb(II) using this
waste as biosorbent is well-represented by the pseudosecond-
order kinetic model, and the rate-limiting step of this sorption
system may be chemical sorption inside of mass transfer. The
equilibrium sorption capacity and the initial sorption rate rise as
the initial metal concentration increases, while the kinetic con-
stant of the process decreases, indicating that though, at first
(in the early period), biosorption increases rapidly with the
increase in initial concentrations, after (at latter periods of the
sorption process), the process is produced slowly until equilib-
rium is reached. The effect of temperature on kinetic parameter
values is less significant than the effect of lead concentration
although a decrease on kinetic constant and initial sorption rate is
produced as temperature rises, mainly at lower lead concentra-
tions. Finally, the negative value of activation energy showed that
Pb(II) adsorption process by OMS may involve nonactivated
chemical adsorption.
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