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Abstract

In this work the ability of cork wastes to remove Cd(I1) and Pb(Il) from aqueous solutions has
been studied. The kinetics of the biosorption system, the influence of the aqueous pH and the
initial metal concentration on the metal uptake were investigated, showing a pH dependent
profile. The maximum sorption for both metals was found at pH 5, independently that if the
metals were in individual solutions or mixed. When a solution of the mixed metals were
studied, a reduction in the Cd(Il) uptake was observed showing a clear competition between
the metals which was corroborated by the P-factor approach, behavior probably due to a
lower attraction of this metal towards the corresponding active groups of the cork. Finally, the
cork has been evaluated by FTIR and SEM in order to determine if the biosorption process
modifies its chemical structure and morphology, respectively. Cork has been proved to be an
efficient biomaterial useful for heavy metal separation purposes that is not altered by the

process.
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1. Introduction

It is well known that the increase in industrial activities has intensified the environmental
pollution and the deterioration of some ecosystems due to the accumulation of pollutants such
as heavy metals, synthetic compounds, nuclear waste liquids, etc. Among them, the exposure
to heavy metals presents a high risk to the human health, so, increasing attention is focusing
on their concentration and elimination from the environment [1]. Heavy metals are dangerous
and not biodegradable contaminants that tend to be accumulated in living organisms, causing
various diseases and disorders. Nowadays, still there are no widely accepted methods to
remove them from the contaminated sites [2,3]. Some methods like precipitation, ion
exchange, electrochemical processes and/or membrane processes are commonly applied to the
treatment of industrial effluents. However the application of such processes is sometimes
restricted due to technical or economic constraints [4,5,2]. The search for new technologies,
preferably clean technologies and cheap ones, has directed the attention to biosorption
systems, which are based on metal binding capacities of various biological materials through

biosorption process [6].

Biosorption can be defined as the ability of biological materials to accumulate compounds as
metals and/or heavy metals from waste water through metabolically mediated or psycho-
chemical pathways of uptake [7]. Biosorption take place by more than one mechanism. It
consists of several quantitative and qualitatively processes according to the type of biomass,
origin and processing [8]. Recent biosorption experiments have been performed by the use of
by-products or the waste materials from large-scale industrial operations such as the waste
from the production of wool, rice, straw, coconuts shaving, peat, waste of tea leaves, mush-
rooms, nutshells and waste from sugar production [3,9-14]. These biomaterials have different
types of functional groups, such as carboxylic, sulfates, phosphates and amino groups, which
are the binding sites for ion exchange and complex reactions related to the sorption processes.
The choice of the biomass should be based on its origin, chemical composition and type in
addition to the composition of the sample solution to be purified [3]. The major advantages of
biosorption processes over conventional treatment methods include their low cost, high
efficiency, minimization of generation of chemical and/or biological sludge, no additional
nutrient requirement, regeneration of biosorbents, the possibility of metal and/or heavy metal

recovery and valorization of a waste when it is the origin of the biomass.



In this sense, cork (Quecur suber L.) has been chosen in the present work as biosorbent for the
elimination of the heavy metals Cd(Il) and Pb(Il) from aqueous solution. Cork is the outer
bark of the oak tree and it is industrially used for several purposes, principally the
manufacturing of wine stoppers [15,16]. The physical characteristics of the cork (elasticity,
impermeability, low density...), and its chemical composition (a complex mixture of fatty
acids and heavy organic alcohols =45% w/w, tannins ~6% w/w, polysaccharides ~12% w/w,
lignin =27% w/w, alkanes, mineral content ~5% and the most abundant element Ca 0.038-
0.625% w/w), make this waste to be though as an ideal material for the biosorption of heavy
metals [3,17-20].

2. Experimental
2.1. Materials and Methods

The cork was kindly provided by the wine stopper manufacturer Surochem S.L. (Girona,
Spain). Cork samples of three different sizes were selected and labelled as S1, S8 and S9
(nominal diameter of 2-4 mm, 1-2 mm and 0.5-1 mm, respectively). All chemicals used were
of analytical grade. A 1000 ppm stock solution of lead and 500 ppm stock solution of
cadmium were prepared by diluting the required amounts of Pb(NOz)> 99% and
Cd(NOz3)2:4H,0 99%, in 1M of HNOz (all from Panreac, Spain). Others reactives used, also
from Panreac (Spain), were NaOH 98%, NaHCO3 99% and Na,COs 99%. All solutions were

prepared using Milli-Q water.

2.2. Procedure

The uptake of Cd(Il) and Pb(Il) was carried out in batch experiments at 25°C, and was
evaluated for the metals in individual solutions (single or individual system) or for both
metals together from the same initial stock solution (binary system). The metal ion
concentration in the initial solution, for both different systems, was ranged from 4.8 x 10 to
9.6 x 101 mM. Samples (0.1000 g) of cork were accurately weighed in 50 ml plastic
extraction tubes, 10 cm® of the different aqueous metal solutions were added and the system
was shaken in a rotary mixer (CE 2000 ABT-4, SBS Instruments SA, Barcelona, Spain) at 25
rpm during the desired time. For the kinetic studies, 5, 10, 15, 30, 45, 60 min, and 2, 4, 6, 12,



24 and 48 h were evaluated, to find the equilibrium time and which was selected for the
biosorption studies.

After agitation, the two phases were separated by decantation and the liquid phase was
filtered through 0.22 um Millipore filters (Millex-GS, Millipore, Ireland).

The analysis of the metal concentration in the remaining aqueous solutions was carried out by
an inductively coupled plasma optical emission spectrophotometer, ICP-OES (Iris Intrepid Il
XSP Radial, Thermo Elemental, USA). The uptake of the metal by the cork was calculated
following Eq. (2).

f
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where C; corresponds to the initial concentration and Cs is the final concentration, both in the
aqueous phase solution. Usually, initial metal concentrations were 0.018 mmol/l for each of
the heavy metals, otherwise specified. In all the experiments, the initial and equilibrium pH
were measured using an Omega300 pHmeter. The initial pH of the solutions was varied
within the range 2-6, to avoid metal hydroxide precipitation. Agitation was carried out using a
rotary mixer for all the experiments.

For interpretation and prediction purposes, kinetic and equilibrium sorption data were
analyzed using classical empirical models [21].

Each individual test was carried out in duplicate.

2.2.1. FTIR and SEM characterization

In order to determine if any of the different steps carried out over the cork modified its
morphological structure, FTIR and SEM analysis were performed. To do so, small portions of
all the three sizes of the cork before and after the sorption process were studied.

For the FTIR analysis, a Nicolet Avatar 320 spectrophotometer (Nicolet Instrument
Corporation, United States) was used. In this case, samples were prepared mixing 15 mg of
the cork in a matrix of 300mg of KBr and pressing. The spectrum was recorded in the range
of 500-4000 cm™. SEM images were obtained by using a scanning electronic microscope
ZEISS EVO® MA 10 (Oberkochen, Germany) at the UAB Microscopy Service.

2.2.2. Determination of functional groups of the cork surface

It is well known the existence of a wide variety of functional groups on the surface of the cork

biomass [3,18]. This variability of functional groups provides to the material different degrees



of acidity which can be determined by neutralization and gives interesting characterization

information of such biomaterial.

In order to determine the concentration of the acid functional groups present on the surface of
the cork biomass, the Bohem method was followed which consists on a selective
neutralization of the acid groups with bases of different dissociation constants [22]. To do so,
around 1.0000 g of cork biomass was exactly weighed in an erlenmeyer flask, and 100 ml of
0.1 M NaOH, Na>,COz or NaHCOs solution was added and placed in an orbital shaker at 25°C
for 48 hours, time enough to ensure that the biosorption equilibrium is reached. After this
time, the cork was separated from the corresponding base solution, and 10 ml of each one was

titrated with 0.1 M of HCI (pH of the solutions was measured permanently).

To determine the presence of the basic functional groups present on the cork surface, a similar
procedure as describe above was used but now using an acidic solution. To do so, 1.0000 g of
cork was put in contact with 100 ml of 0.1 M HCI solution during 48 h, after that the solution
was filtrated and an aliquot of 10 ml was titrated with 0.1 M NaOH.

From the titration results obtained, the static exchange capacity (SEC or gsec in mequiv/g), was

calculated by using equation 2.

()

where Co is the initial concentration of NaOH, Na.COs, NaHCO3 or HCI (mequiv/l), Ceq s the
equilibrium concentration of NaOH, Na>COs, NaHCOs or HCI (mequiv/l), V is the volume of
the initial solution in liters (0.1 L in this work) and m is the mass of cork used (1.0000 g in
this study).

3. Results and Discussion
3.1. Kinetic studies

In order to determine the maximum uptake of the heavy metals on the cork, kinetic studies
were run for the three different cork samples (S1, S8 and S9). To do so, individual heavy
metal solutions and cork of different particle sizes were contacted during 5, 10, 15, 30 and 45
and 1, 2, 4, 6, 12, 24 and 48 h. Fig. 1 shows that in less than 6 h the maximum metal uptake is

reached for all cases. As it can be expected, the highest metal biosorption percentages are



found for the cork with the smallest particle size (S9). In this case, a biggest surface area is
present, having available more chemical groups on the cork surface and obtaining thus a
higher metal biosorption efficiency, when working with the same amount of biomaterial
(0.1000 g).

Furthermore, lead shows higher uptake for cork than cadmium in all the cases, probably due

to the higher interaction of Pb ions towards the carboxylic and phenol groups in the cork [17-
21,23,24].

Fig. 1. Percentage of biosorption of Cd(Il) and Pb(ll) by three different particle sizes of cork: S9 (1-
0.5 mm), S8 (1-2 mm) and S1 (2—4 mm). Initial solution 20 ppm at pH 5.

3.2. Sorption kinetics modeling
3.2.1. Pseudo-first order rate equation
In order to understand the kinetics of the sorption of Pb(Il) and Cd(Il) metals on solid cork,

the pseudo-first order rate equation [26], also called Langergren equation, was used (Eq. 3).

©)

where ge and g are the concentration of sorbed metal ion per unit of mass of sorbent in mol/g
at the equilibrium and at time t, respectively, and k is the rate constant in min™.
Straight lines were observed for all the sorption systems studied when analyzing until 60 min,

corroborating the applicability of the pseudo-first order equation (see the good correlation



coefficients shown in Table 1). From the slope, the k rate constant was calculated for each
sorption Kinetic (Table 1). The k values were found to be higher for the sorption of Pb(ll) than
for Cd(I1). In addition, the values of k were higher for cork type S8 compared to the other two
types (S1 and S9).

Table 1. Kinetic parameters for the pseudo-first order model (adjusting until minute 60).

Metal/cork system k-107% (mint) R?
Cd S1 2.62 0.9916
cd S8 2.88 0.9782
Cd S9 2.60 0.9625
Pb S1 3.13 0.9776
Pb S8 3.48 0.9946
Pb S9 3.22 0.9778

Fig. 2 shows the values of the concentration of sorbed metal, g, predicted by the model as
well as the experimental values vs. the contacting time for Pb(ll) and Cd(ll). As previously
commented, the correlation between both values is good for short time analysis (t < 60 min).
However, it is poor for both metals for long time analysis (t> 60 min), when the system
reaches the saturation what cannot be explained by the pseudo first order model and
suggesting that this process is diffusion limited because of the heterogeneous characteristic of
the system. In order to address this issue the Chrastil approach was applied to the analysis of

the kinetic results.

Fig. 2. Experimental and calculated values, by the pseudo first order equation (until 60 min), vs. time

for the sorption of Pb(11) and Cd(I1) on cork for the individual systems.



3.2.2. Chrastil’s diffusion model

The Chrastil’s approach [26], proposed for diffusion limited systems, was applied to all the
values of the kinetic study (Eqg. (4)). Because the time curves depend strongly on the
heterogeneous nature of the substrate-sorbate system, the effect of the cork particle size on the

biosorption kinetics was also evaluated.
(4)

Where ge and qg: are as for the previous equation, k is a rate constant proportional to the
diffusion coefficient as defined by the Fick’s law in I/mol min [27], qo is the concentration of
the cork material (g cork/l), and n is a structural diffusion resistance constant with reaction
order characteristics [28]. When diffusion resistance is small, n tends to 1 (for low-resistance
films n = 0.9-1.0) and the reaction is of first order (see Eg. (3)). If the system is strongly
limited by diffusion resistance, n is small (high-resistance structures n = 0.5-0.6).

According to Eq. (4), the parameters of the model were determined by non-linear regression
analysis (Data Fit, version 8.0.32, Oakdale Engineering, PA, USA) of the experimental
kinetic curves (including all times measured). The values obtained are shown in Table 2. As it
can be seen, this model allows for a better prediction of the sorption kinetic for any time
compared with the previous approach using the pseudo first order model. It is corroborated by
the coefficient of multiple determinations R?, Table 2, and seen in the regression curves in
Fig. 3 (continuous curves).

Table 2. Kinetic parameters for the Chrastil’s diffusion model.

5 [kgo] x 1072
Metal/cork system [ea] X 10 (g cork/mol n R?
(mol metal/g cork) :

metal-min)
Cd_S1 0.76 2.6 0.87 |1 0.988
Cd_S8 0.86 2.1 0.55 | 0.986
Cd_S9 1.3 34 0.69 | 0.978
Pb_S1 1.3 1.8 0.53 | 0.983
Pb_S8 15 1.9 0.52 | 0.775
Pb_S9 1.9 3.0 0.51 | 0.990
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Fig. 3. Experimental and calculated values by the Chrastil’s equation vs. time for the sorption of

Pb(I1) and Cd(ll) on cork for the individual systems.

In addition, diffusion characteristics of the metal/cork system can be determined from the
analysis of the resulted parameters n and k calculated from the modelization using Eq. (4).
The results obtained for the diffusion resistance coefficient show values between 0.87 and
0.51 (Table 2), indicating that the sorption process of Pb and Cd on cork is significantly
limited by diffusion resistance. No significant influence of the particle size on the diffusion
process was noticed for Pb(Il) (with n between 0.51 and 0.53). However, for the sorption of
Cd(Il), a significant decrease on the diffusion coefficient, from n = 0.87 (in cork with a
particle size of 2-4 mm) to 0.69 (cork with a particle size of 0.5-1 mm) was obtained, meaning
higher resistance to the diffusion of Cd(Il) in the cork with the smallest particle size.
However, the decrease of the particle size of the cork produces a significant increase on the
rate constant for both metals studied, with values in the range from 2.3-3.4-x 102 and 1.8-
3.0-x 10 g/mol min for Cd(11) and Pb(ll), respectively. This behavior is due to the increase
of the surface area produced when decreasing the particle size of the sorbent. In addition,
from the equilibrium sorption results (ge), it is seen that the highest metal biosorption was
obtained for the cork with the smallest particle size for both metals studied. Moreover, it was
found a higher metal biosorption for Pb(l1) than for Cd(Il) ions for each particle size of the

cork tested.



3.2.3. Rate determining diffusion step

As the Chrastil model has shown, the biosorption process studied is diffusion controlled. The
mechanism of mass transfer diffusion involves three consecutive steps: i) film diffusion, ii)
intraparticle diffusion and iii) adsorption of the sorbate on the interior surface sites of the
sorbent. The last one is considered too fast and is not treated as a rate-limiting step of the
sorption process. To evaluate whether the sorption process is controlled by film diffusion or
intraparticle diffusion the Reichenberg model was applied, where B: is a mathematical
function of the ratio q+/ge and is determined using the corresponding table for interpreting the
experimental results in terms of the particle diffusion equation [29].

If the plot of Bt vs. time pass through the origin, the rate limiting step is exclusively due to
intraparticle diffusion. If that is not the case, film diffusion as well as intraparticle diffusion
should be taken into account. Table 3 shows the results of B: for the uptake of both metals
onto the three types of cork and for both metals showing linearity that do not pass through the
origin, meaning that metal-cork sorption process is mainly governed by both, film and
intraparticle diffusion.

Table 3. Lineal regression from the Reichenberg graphics of Bt vs. time for Pb(Il) and Cd(ll) in single

systems for the three types of cork (graphics not shown).

Metal/cork

system Regression R?

Cd_S1 Bt =0.0204t - 0.1697 0.9607
Cd_S8 Bt =0.0243t - 0.1311 0.9589
Cd_S9 Bt =0.0217t - 0.0310 0.9811
Pb_S1 Bt =0.0171t - 0.0559 0.9607
Pb_S8 Bt =0.0292t + 0.0225 0.9742
Pb_S9 Bt =0.0292t - 0.0224 0.9801

3.3. FTIR and SEM characterization

Fig. 4 shows the FTIR spectra for cork S1 (similar spectra where obtained for the other two
cork samples, so spectra are not shown). Comparing with previously published results, the
spectra registered for our cork samples show the same bands to those of a Portuguese cork
[30,31]. Also, comparing the bands between the spectra of the cork before and after theist use
in the described biosorption process, for all three sizes checked, it can be seen that there are
no significant differences. So, it can be said that the chemical structure of the cork is not

affected by the process.
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Fig. 4. FTIR spectra of the cork before and after (in duplicate) the biosorption process.

On the other hand, the SEM images of cork S8 (Fig. 5a for the cork before the biosorption
process and Fig. 5b for the cork after its use) do not show differences in the morphology of
the cork. Similar results were obtained for the other two sizes of the cork. It can be affirmed
that the morphological structure of the cork is not affected by the metal biosorption
experiments.

Both are good results for cork reuse purposes, and also for its further real application.

a b

Vm
4

EHT =15.00 kV WD =31.5mm Signal A = SE1 | EHT =20.00 kv WD = 85mm Signal A = SE1

Fig. 5. SEM images of the cork before (a) and after (b) the biosorption process.



3.4. Influence of the pH on the heavy metal uptake

The metal speciation, as well as the protonation of the chemical groups of the cork surface are
influenced by the pH of the aqueous solution, so, it can also modify the capacity of the cork
biosorption process. With the aim of determining this influence, a number of experiments
were carried out varying the pH of the initial aqueous solution from 2 to 6, using the different

cork particle sizes, and for individual heavy metals solutions.

From the results seen in Fig. 6, it can be observed that the biosorption percentage for Pb(I1l) at
pH 2.0 is 18 + 1 % and around 5 + 1 % for Cd(ll) for any size of cork. As the pH raises it
increases gradually, reaching a maximum at pH 5.0, and decreasing again when the solution is
set at pH 6.0. Same behavior is observed for both metals. This could be due to the fact that at
low pH, the majority of carboxylic and phenol groups in the cork are protonated, causing a
low interaction between them and the heavy metal (under their aqueous cationic speciation
form), according with an ion exchange model. On the other hand, when the pH is higher than
5, the metal ions can hydrolyze, causing even precipitation (such as hydroxides, oxides, etc.)
which leads to poor biosorption. So, optimal system biosorption capacity was reached for pH
5, where the yield of biosorption obtained was 95 + 1 % for Pb(Il), and 68 + 1 % for Cd(Il)

and increases when the size of the cork decreases.
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Fig. 6. Effect of the pH of the initial solution on the biosorption of Cd(I1) and Pb (11).



3.5. Effect of the initial metal concentration

The effect of the metal ion concentration in the initial solution was evaluated in two different
systems, metals in individual solutions and both together into the same initial aqueous
solution. Corresponding results are shown in Fig. 7. It can be observed that for Cd(ll)
biosorption percentages are different for the same initial concentration depending on the
presence of Pb(I1) in the solution, demonstrating a real competition between the heavy metals
studied for the functional groups of the cork surface. On the other hand, Pb(ll) is not affected
by the presence of Cd(Il). It can also be observed that the capacity of cork biosorption is
greater when solutions with low metal ion concentrations are used and capacity decreases
when the concentration of the ions increases. This is probably due to the fact that at low
concentrations of the metal ions, the proportional surface area available for metal biosorption
is higher, allowing a better opportunity for their uptake. When metal ion concentrations are
increased, the functional groups can be saturated, as the biomass quantity is maintained

almost constant between all set of experiments (0.1000 g).
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Fig. 7. Biosorption of Cd(I1) and Pb(Il) on cork from aqueous solutions at pH 5 for binary system (

m) and single system (A, A).
3.6. Sorption isotherms modeling
3.6.1. Single system: Freunlich and Langmuir isotherms

Freundlich and Langmuir isotherm equations were applied to model the equilibrium of the

sorption of the single-component metals by the cork [1]. The constants for both models were



determined by fitting the experimental data values with the linear forms of the models,

represented by Egs. (5) and (6), respectively.
logqg, =log ke + 1 logC, (5)
n

C = iCe - 1 (6)

d. K. Ky
where Ce is the equilibrium concentration of metal in the residual solution in mol/l, ge is the
equilibrium concentration of sorbed metal ion per unit of mass of sorbent in mol/g, ke and n
are Freundlich constant, K.=Qo.b and Q. and b are Langmuir constants, representing the
saturation concentration of sorbed metal per unit of mass of sorbent in mol/g and the ratio of
sorption/desorption rates in I/mol, respectively.
For both linealized models, plots of log ge vs. log Ce (Eq. (5)) and Ce/ge vs. Ce (Eq. (6)) are
represented and the Freundlich and Langmuir constants were obtained (Table 4). From the
results, it was observed that the Langmuir model fitted better than the Freundlich one for the
sorption equilibrium experimental results in single systems for both metals (with R? higher
than 0.997 for the first model). The higher value of Q, for Pb(Il) than for Cd(ll) indicates that
more moles of lead ions can be sorbed on the cork at the equilibrium. Moreover, because b is
the ratio between sorption and desorption constants at the equilibrium the higher value of b
for Cd(Il) indicates that the metal molecules are more strongly bonded to the cork than the
Pb(Il) ones. In Fig. 8 experimental and calculated data for the Langmuir model are
represented showing good correlation between them.
In addition, from the Langmuir constant found, the standard Gibb’s free energy (AG°) of the
sorption process were evaluated using Eq (7).

AG° =-RTInb (7)
where b is the Langmuir equilibrium constant shown in Eq. (6), R is the universal gas
constant and T is the temperature. More negative values of AG° corroborate high affinity of
the metal for the sorbent substrate. Results are shown in Table 4, demonstrating higher
affinity for Cd(I1) metal cations



Table 4. Freundlich and Langmuir constants for single and binary systems.

Single metal system
Langmuir constants
Metal Qo-107° (mol/qg) b-10° (L/mol) KL (L/g) R?
Pb(1l) 6.55 0.39 2.55 0.9972
Cd(ln 2.13 1.02 2.18 0.9985
Freundlich constants Gibb’s free energy
Metal ke n R? -AG® (kJ/mol)
Pb(1l) 0.108 1.26 0.9562 26.0
Cd(n 0.0021 1.91 0.8737 28.4
Binary metals system (P-Factor approach)
Metal Q0-10° (mol/g) b-10° (L/mol) K (L/g) R?
Pb(1l) 6.05 0.51 3.11 0.9992
Cd(n 0.83 1.38 1.14 0.9976

3.6.2. Binary systems: Modified Langmuir-like models

3.6.2.1. Extended Langmuir model

Multi-metal equilibrium sorption isotherms for the two components were modeled using the

extended Langmuir Eqg. (8) for competitive sorption [32].
KL,iCe,i

1+ ZZ: b,C.;
i=1

where Kii=Qo,ibi and Qo,i and b; are the Langmuir isotherm constants relative to component i

qe,i = (8)

in the single systems for the z components. Fig. 8 shows the poor correlation of the calculated
values by the extended Langmuir equation for Pb(11) and Cd(Il) compared to the experimental
values for the sorption isotherms in the binary system being greater the difference for Pb(ll)
than for Cd(I1). However, the trend for both calculated and experimental is similar for Cd(ll).
The poor correlation shown by the extended Langmuir isotherm model is due to the limitation
of this model which is based on the assumptions of equal sorption capacities for both metals,
competition for the same binding sites and no interaction between the metal sorbates.
Moreover, the values of Qo and b are different for both metals (Table 4), corroborating, that
interaction and competition between these two metals are significant and that sorption is

occurring on sites that are not equally accessible to the two metals.

3.6.2.2. Modified extended Langmuir model



In order to overcome the limitations of the extended Langmuir equation, Jain and Snoeyink
[33] proposed a modified competitive Langmuir model. This model was based on the fact that
sorption occurs without competition and that not equal sorption capacities can be considered
for all the different sorbates species. In this case, the number of sites for non-competitive
sorption is assumed to be proportional to the difference between the maximum loadings of
each component, Qo1 - Qo2 (Where Qo1 > Qo,2) being the model for binary mixtures described

by the following equations (Egs. (9) and (10)).
_ (Qo,l - Qo,z)blce,l n Qo,zblce,l

9
e 1+bC,, 1+bC,, +b,C,, ®)
Q,,h.C.
Qez = —— (10)
1+ blce,l + bZCe,Z

Where the subscripts 1 and 2 represent to Pb(ll) and Cd(ll) ions, respectively and the
Langmuir parameters found for the single system were used for the calculations.

Fig. 8 shows the comparison between experimental and calculated data for the results of the
modified extended Langmuir model. The correlation between data for the Pb(Il) sorption
isotherm in the binary mixture was improved by this model. However, still significant
differences between the experimental and the predicted values were observed which indicates

the limitation on the application of this model to the estimation of the binary mixture sorption
equilibrium values studied.
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B Cd{ll) Experimental Binary System
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Fig. 8. Experimental and calculated sorption isotherms of Pb(I1) and Cd(Il) for the single and

binary systems on cork, at pH 5.0, for the different models applied.



3.6.2.3. P-Factor approach based on the Langmuir model.

McKay and Al-Duri [34] developed a simplified approach based on the introduction of a
factor (P-factor) to correlate the isotherms of both systems the single component and the multi
component, using the Langmuir constants. For binary mixtures, the isotherm equation for

each of the components is presented in Eq. (11).

1 KiCei
qe,i=;—t* L (11)
‘1+ZbiCe,i

i=1
where the subscripts i refers to each component and P is the capacity factor (P-factor)
calculated using Eq. (12).

P- _ (KL,i /bi)sin gle system _ (Qo,i)sin gle system (12)
I (KL,i /bi)binary system (Qo,i)binary system

From the Langmuir constants (K, and bi) previously calculated by fitting the experimental

sorption data for each component on individual and binary systems (Table 4), the P-factors
were calculated obtaining 1.072 and 2.587 for Pb(I1) and Cd(ll) respectively. Fig. 8 shows the
good correlations between experimental and calculated data for both metals in binary
mixtures when the P-factor was used. Moreover, this model shows the better fits compared

with the other models applied.

3.7. Biomass titration and static exchange capacity

Taking into account that the expected functional groups of the cork biomass are carboxylates
and fenolates, potentiometric titration technique was used in order to quantify the content of
acid groups obtaining 1.64 mequiv g of acid groups on the surface of the cork. It is expected
that these acidic sites in the cork biomass surface are the responsible of the removal of heavy
metals from aqueous solutions by an ion-exchange mechanism based on acid/base equilibrium

system [7,8].

The static exchange capacity (SEC or gsec) was calculated using Eg. (2) for the different acid
and basic groups and expressed in terms of Na*. The concentration of strong acidic groups
corresponds to the value found when a weak base (in this case NaHCO3) was used as the
reagent for the titration system. To determine the concentration of strong and weak carboxylic
groups, the titration is carried out with Na.COgs (such results are collected in Table 5). From

the difference of both values, it is possible to calculate the value of the weak acidic groups



(0.14 mequiv g1). From the titration with NaOH as reagent, the phenolic and all carboxylic
groups were titrated, so the phenolic groups can be determined from the difference with the
value found for Na,COs (0.99 mequiv g?). The content in basic groups, determined by
titration with HCI (0.48 mequiv g?), results in a smaller amount than the acidic ones, which

are by the way the responsible of the cork uptake of the metals.

The results found are in agreement to those found in other studies in the literature [17-20]
what provide strong evidence to support the presence of different surface groups in cork and

which are the responsible of the uptake of both metals.

4. Conclusions

From the reported results, it can be said that the biomass of cork can be used as biomaterial
sorbent for the removal and recovery of heavy metals, specially Pb(Il) and Cd(ll) from
aqueous solutions without modification of its chemical structure and morphology. Biosorption
is pH-dependent showing a maximum value at pH 5 and is highly influenced by the metal ion
content in the initial solution. The adsorptive sites on the cork biomass showed a higher
uptake for Pb(ll) ions compared to Cd(ll) ions which was corroborated by the Langmuir
saturation constant. Moreover, because b is the ratio between sorption and desorption
constants at the equilibrium the higher value of b for Cd(ll) indicates that the metal molecules
are more strongly bonded to the cork than the Pb(l1) ones.

The kinetic study indicate that the process mechanism occurs by both film and intraparticle
diffusion. From the different sorption models applied, the P-factor approach based on the

Langmuir model provided the best correlation for the metal cork system studied.

Acknowledgements
This work was financial supported by the CICYT projects CTQ2008-06633 and CTQ2009-
07432. The authors are grateful to Laia Estivill, Jordi Grau and Alba Valls for their

contribution to the preliminary work.



References

1.

10.

11.

12.

F. Veglio, F. Beolchini, Removal of metals by biosorption: a review, Hydrometallurgy
44 (1997) 301-316.

C.G. Rocha, D.A.M. Zaia, R.V.D. Alfaya, A.A.D. Alfaya, Use of rice straw as
biosorbent for removal of Cu(ll), Zn(I1), Cd(Il) and Hg(ll) ions in industrial effluents,
J Hazard. Mater. 166 (2009) 383-388.

N. Chubar, J.R. Carvalho, M.J.N. Correia, Heavy metals biosorption on cork biomass:
effect of the pre-treatment, Colloids Surf. A: Physicochem. Eng. Aspects 238 (1-3)
(2004) 51-58.

S. Baytak, A.R. Turker, The use of agrobacterium tumefacients immobilized on
amberlite XDA-4 as a new biosorbent for the column preconcentration of iron(ll),
manganese(ll) and chromium(l11)), Talanta 65 (2005) 938-945.

F. Pagnanelli, M. Petrangeli Papini, M. Trifoni, L. Toro, F. Veglio, Biosorption of
metal ions on Arthrobacter sp.: biomass characterization and biosorption modelling,
Environ. Sci. Technol. 34 (2000) 2773-2778.

D. Park, Y.S. Yun, J.M. Park, The past, present, and future trends of biosorption,
Biotechnol. Bioprocess Eng. 15 (2010) 86-102.

N. Ahalya, T.V. Ramachandra, R.D. Kanamadi, Biosorption of heavy metals, Res. J.
Chem. Environ. 7 (2003) 71-79.

T.A. Davis, B. Volesky, R.H.S.F. Vieira, Sargassum seaweed as biosorbent for heavy
metals, Water Res. 34 (2000) 4270-4278.

A. Bakir, P. McLoughlin, E. Fitzgerald, Regeneration and reuse of a seaweed-based
biosorbent in single and multi-metal systems, Clean: Soil, Air, Water 38 (2010) 257—
262.

G. Bayramoglu, S. Bektas, M.Y. Arica, Biosorption of heavy metal ions on
immobilized white-rot fungus Trametes versicolor, J. Hazard. Mater. 101 (2003) 285—
300.

G. Blazquez, M. Calero, F. Hernainz, G. Tenorio, M.A. Martin-Lara, Equilibrium
biosorption of lead(ll) from aqueous solutions by solid waste from olive-oil
production, Chem. Eng. J. 160 (2010) 615-622.

U. Farooq, J.A. Kozinski, M.A. Khan, M. Athar, Biosorption of heavy metal ions
using wheat based biosorbents - a review of the recent literature. Bioresour. Technol.
101 (2010) 5043-5053.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

R.M. Hlihor, M. Gavrilescu, Removal of some environmentally relevant heavy metals
using low-cost natural sorbents, Environ. Eng. Manage. J. 8 (2009) 353-372.

P.L. Homagai, K.N. Ghimire, K. Inoue, Adsorption behavior of heavy metals onto
chemically modified sugarcane bagasse, Bioresour. Technol. 101 (2010) 2067-20609.
S.P. Silva, M.A. Sabino, E.M. Fernandes, V.M. Correlo, L.F. Boesel, R.L. Reis, Cork:
properties, capabilities and applications, Int. Mater. 50 (2005) 1-21.

J.J Parsons, The cork oak forest and the evolution of the cork industry in southern
Spain and Portugal, Econ. Geogr. 38 (1962) 195-214.

R. Machado, J.R. Carvalho, M.J. Correia, Removal of trivalent chromium(lll) from
solution by biosorption in cork powder, J. Chem. Technol. Biotechnol. 77 (2002)
1340-1348.

T.S. Psareva, O.l. Zakutevskyy, N.I. Chubar, V.V. Strelko, T.O. Shaposhnikova, J.R.
Carvalho, M. Joana Neiva Correia, Uranium sorption on cork biomass, Colloids Surf.
A: Physicochem. Eng. Aspects 252 (2005) 231-236.

N. Chubar, J.R. Carvalho, M.J.N. Correia, Cork biomass as biosorbent for Cu(ll),
Zn(11) and Ni(lIl), Colloids Surf. A: Physicochem. Eng. Aspects 230 (2003) 57-65.

I. Villaescusa, N. Fiol, F. Cristiani, C. Floris, S. Lai, V.M. Nurchi, Copper(ll) and
nickel(Il) uptake from aqueous solutions by cork wastes: a NMR and potentiometric
study, Polyhedron 21 (2002) 1363-1367.

Y. Liu, Y.J. Liu, Biosorption isotherms, kinetics and thermodynamics, Sep. Purif.
Technol. 61 (2008) 229-242.

H.P Boehm, in: DD Eley, H. Pines, P.B. Weisz (Eds), Advances in Catalysis, vol 16,
Academic Press, New York, 1966, pp 179.

F. Liu, X. Luo, X. Lin, L. Liang, Y. Chen, Removal of copper and lead from aqueous
solution by carboxylic acid functionalized deacetylated konjac glucomannan, J.
Hazard. Mater. 171 (2009) 802-808.

K. Chandra, C.T. Kamala, N.S. Chary, Y. Anjaneyulu, Removal of heavy metals using
a plant biomass with reference to environmental control, Int J Miner Process. 68
(2003) 37-45.

S. Langergren, Zur theorie der sogenannten adsorption gelOster stoffe.
Vetenskapsakad Handlingar 24 (1898) p. 1-39.

J. Chrastil, Enzymic product formation curves with the normal or diffusion limited
reaction mechanism and in the presence of substrate receptors, Int. J. Biochem. 20
(1988) 683-693.



217.
28.

29.

30.

31.

32.

33.

34.

J. Crank, The Mathematics of Diffusion. Clarendon Press, Oxford, 1975.

J. Chrastil, J.T. Wilson, The effect of chemical and physiological factors on the
kinetics for product formation as it relates to enzyme activity and concentration,
reaction time and to substrate adsorption and affinity, Int. J. Biochem. 14 (1982) 1-17.
D. Reichenberg, Properties of ion-exchange resins in relation to their structure, Ill.
Kinetics of exchange, J. Am. Chem. Soc. 75 (1953) 589-597.

M.H. Lopes, A.S. Barros, C. Pascoal Neto, D. Rutledge, I. Delgadillo, A.M. Gil,
Variability of cork from Portuguese Quercus suber studied by Solid-State 13C-NMR
and FTIR spectroscopies, Biopolymers (Biospectroscopy) 62 (2001) 268-277.

C. Pascoal Neto, J. Rocha, A. Gil, N. Cordeiro, A.P. Esculcas, S. Rocha, I. Delgadillo,
J.D. Pedrosa de Jesus, A.J. Ferrer Correia, 1*C Solid-state nuclear magnetic resonance
and Fourier transform infrared studies of the thermal decomposition of cork, Solid
State Nucl. Magn. Reson. 4 (1995) 143-151.

J.A.V. Butler, C. Ockrent, Studies in electrocapillarity. Part 11l. The surface tensions
of solutionsc containing two surface active solutes, J. Phys. Chem. 34 (1930) 2841-
2859.

J.S. Jain, V.L. Snoeyink, Adsorption from bisolute systems on active carbon, J. Water
Pollut. Control Fed. 45 (1973) 2463-2479.

G. McKay, B. Al-Duri, Simplified model for the equilibrium adsorption of dyes from
mixtures using activated carbon, Chem. Eng. Process. 22 (1987) 145-156.



