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bstract

Pb(II) biosorption onto algae Gelidium, algal waste from agar extraction industry and a composite material was studied. Discrete and continuous
ite distribution models were used to describe the biosorption equilibrium at different pH (5.3, 4 and 3), considering competition among Pb(II)
ons and protons. The affinity distribution function of Pb(II) on the active sites was calculated by the Sips distribution. The Langmuir equilibrium
onstant was compared with the apparent affinity calculated by the discrete model, showing higher affinity for lead ions at higher pH values.

Kinetic experiments were conducted at initial Pb(II) concentrations of 29–104 mg l−1 and data fitted to pseudo-first Lagergren and second-order
odels.
The adsorptive behaviour of biosorbent particles was modelled using a batch mass transfer kinetic model, which successfully predicts Pb(II)
oncentration profiles at different initial lead concentration and pH, and provides significant insights on the biosorbents performance. Average
alues of homogeneous diffusivity, Dh, are 3.6 × 10−8; 6.1 × 10−8 and 2.4 × 10−8 cm2 s−1, respectively, for Gelidium, algal waste and composite
aterial. The concentration of lead inside biosorbent particles follows a parabolic profile that becomes linear near equilibrium.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Although many countries have initiated programmes to lower
he level of lead in the environment, human exposure to lead
emains a concern to public health officials worldwide. Lead
nd its compounds may enter the environment during mining,
melting, processing, use, recycling or disposal. Major uses are
n batteries, cables, pigments, gasoline additives, solder and steel
roducts. Lead and lead compounds are also used in solder
pplied to water distribution pipes and to seams of cans used
o store foods, in some traditional remedies, in bottle closures
or alcoholic beverages and in ceramic glazes and crystal table-
are [1].
In humans, lead can result in a wide range of biological effects
epending upon the level and duration of exposure. Effects at
he sub cellular level, as well as effects on the overall function-
ng of the body, have been noted and range from inhibition of
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nzymes to the production of marked morphological changes
nd death. The effects of lead on the haemopoietic system result
n decreased haemoglobin synthesis [1].

Increasingly strict discharge limits on lead have accelerated
he search for highly efficient and economically attractive treat-

ent methods. Biosorption is an emerging recent technology,
ith effectiveness in reducing the concentration of metal ions to
ery low levels and the use of inexpensive biosorbent materials.

Removal of lead by sorption processes has been studied by
everal workers, using tree fern [2], soil bacterium [3], waste
rewery biomass [4], peat moss [5] and different kinds of marine
iomass [6–8] as biosorbents.

In this work, biosorption of lead ions has been studied
ssuming that it takes place by complexation with functional
roups, by adsorption and ion exchange [9]. The characteri-
ation of algae Gelidium, algal waste and composite material

inding sites (the biosorbents used in this work) was performed
y potentiometric titrations [10]. Obtained results show a
eterogeneous distribution of two binding sites, carboxylic and
ydroxyl groups. Biosorption of copper by those materials was

mailto:bventura@fe.up.pt
dx.doi.org/10.1016/j.jhazmat.2006.09.046
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ell described by discrete and continuous distribution model,
ncluding competition between copper ions and protons for the
inding sites [10]. At low pH values, carboxyl groups are proto-
ated and thereby become less available for binding of metals,
hich explains why the binding of many metals increases with

ncreasing pH.
The uptake of lead ions decreases by increasing the solution

onic strength. For high ionic strengths, adsorption sites will be
urrounded by counter ions and they partially lose their charge,
hich weakens electrostatic interactions. Increasing tempera-

ure from 10 to 35 ◦C, increases slightly lead biosorption by algal
aste and Gelidium, suggesting that the process is endothermic

11].
Kinetic studies of lead biosorption by algae Gelidium, algal

aste and composite material were performed at different initial
ead concentration and pH, and results were fitted by two mass
ransfer models. Equilibrium was studied at different pH val-
es and the obtained results adjusted to discrete and continuous
odels.

. Materials and methods

.1. Biosorbents

Algal waste from agar extraction industry and the same waste
ranulated with polyacrylonitrile were used in this study as
iosorbents, as well as algae Gelidium, the raw material for agar
xtraction. The characteristics and preparation of all these mate-
ials have been described in previous works [12,13].

.2. Lead solutions

Pb(II) solutions were prepared by dissolving a weighted
uantity of anhydrous PbCl2 (Merck-Schuchardt, purity >98%)
n distilled water. The pH was controlled at 3, 4 and 5.3 by the
ddition of 0.01 M HCl and NaOH solutions.

.3. Kinetic studies

In order to determine the contact time required to reach
quilibrium, batch biosorption dynamic experiments were per-
ormed at an initial Pb(II) concentration around 100 mg l−1.
H and temperature were monitored and controlled throughout
ach experiment (pH/temperature meter WTW 538). In a typical
atch biosorption kinetic experiment the vessel was filled with
.5 l of distilled water, a known weight of biomass (2 g—algae
elidium and algal waste; 1 g—composite material) was added

nd the suspension was stirred for 20 min (magnetic stirrer Hei-
olph MR 3000 operating at 600 rpm). Then, the metal solution
200 mg l−1) was added and the suspension maintained at con-
tant pH (5.3, 4 or 3) and temperature (T = 20 ◦C). Samples

ere taken after the addition of metal solution at pre-determined

ime intervals, ranging from 1 to 10 min until equilibrium was
eached. They were centrifuged (Eppendorf Centrifuge 5410)
nd the supernatant analysed for Pb(II).

w
(
(
c
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.4. Equilibrium studies

The experiments were conducted in duplicate, using 100 ml
rlenmeyer flasks, at constant pH (5.3, 4 or 3) and temperature

T = 20 ◦C). The initial metal concentration varied between 10
nd 300 mg Pb l−1. A known weight of material (0.2 g—algae
elidium and algal waste; 0.1 g—composite material) was sus-
ended in 50 ml of distilled water and stirred at 100 rpm for
0 min; 50 ml of metal solution was added to the suspension;
orrection of pH was achieved by addition of NaOH and HCl
iluted solutions and temperature was maintained constant using
HOTTECOLD thermostatic refrigerator; once equilibrium was

eached, 1 h later, samples were taken and centrifuged (Eppen-
orf Centrifuge 5410) and the supernatant was analysed for the
emaining Pb(II).

.5. Analytical procedure

Pb(II) concentrations in the supernatants were determined by
tomic absorption spectrometry (GBC 932 Plus Atomic Absorp-
ion Spectrometer), with deuterium background correction and
spectral slit width of 1.0 nm. The working current/wavelength
as adjusted to 5.0 mA/217.0 nm, giving a detection limit of
ppm. The instrument response was periodically checked with
b2+ solution standards.

The amount of metal adsorbed per gram of biosorbent was
alculated as follows:

= V (Ci − Cf)

W
(1)

here q is the metal uptake (mg metal g−1 of the biosorbent);
i and Cf the initial and final metal concentrations in solution

mg l−1); V the volume of solution (l); W is the dry weight of
he added biosorbent (g).

. Modelling lead biosorption

.1. Discrete equilibrium model

The discrete model assumes that the biosorbent cell walls
ave one kind of predominant active sites (carboxylic groups),
hich are responsible for metal biosorption at pH < 7.0, and

ompetition between metal ions and protons exists. The model
efines two apparent equilibrium-binding constants, KH and KM,
or protons and divalent metal cations, respectively, sorbing onto
iomass binding sites according to the following equation:

M = QmaxKMCM

1 + KHCH + KMCM
(2)
here qM is the equilibrium uptake capacity of the metal
mmol g−1); Qmax the concentration of carboxylic groups
mmol g−1); CM and CH are the equilibrium metal and proton
oncentrations in solution (mmol l−1).
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.2. Continuous equilibrium model

For heterogeneous active sites, with a continuous distribution
f affinities given by Sips distribution, assuming competition
etween metal ions and protons, and lead biosorption only on
arboxylic groups (pH < 7.0), the continuous model is defined
s

M = Qmax
nM

nH

(K′
MCM)nM{(K′

HCH)nH + (K′
MCM)nM}p−1

1 + {(K′
HCH)nH + (K′

MCM)nM}p
(3)

here K′
H and K′

M are average values of the affinity constant
istribution for proton and metal; p the generic or intrinsic het-
rogeneity of the biosorbent (is the generic width of the Sips
istribution) and is common to all components; nM and nH
ccounts for the ion specific heterogeneity or non-ideality, which
an be due to lateral interactions and/or stoichiometric effects
nX �= 1 non-ideal, nX = 1 ideal). Data for metal ion binding are
ecessary in order to split the apparent heterogeneity (mX = nXp)
nto a generic or intrinsic heterogeneity part seen by all ions (p)
nd an ion-specific non-ideality part seen by each particular ion
nX).

.3. Kinetics

Kinetic models are used to examine the controlling mech-
nism of the biosorption process, mass transfer or chemical
eaction. The two sorption kinetic models used in this study
re based on the Ritchie equation. From the general form of the
itchie equation, the pseudo-first-order Lagergren model and

econd-order kinetics can be deduced [13]:

irst-order Lagergren model : qt = qM[1 − exp(−k1,adst)]

(4)

econd-order model : qt = q2
Mk2,adst

1 + k2,adsqMt
(5)

here qt is the concentration of ionic species in the sorbent
t time t (mg metal g−1 biosorbent); k1,ads the biosorption con-
tant of pseudo-first-order Lagergren equation (min−1); k2,ads
s the biosorption constant of pseudo-second-order equation
min−1 g biosorbent mg−1 metal).

The initial biosorption rate (rads(i)) can be calculated from

dq

dt

∣∣∣∣
t=0

= rads(i) (6)

o,

ads(i) = k1,adsqM (7)

nd
ads(i) = k2,adsq
2
M (8)

or the pseudo-first-order Lagergren (Eq. (7)) and pseudo-
econd-order models (Eq. (8)), respectively. x
s Materials 143 (2007) 396–408

.4. Mass transfer models

Algae Gelidium and algal waste biomass particles are uni-
imensional thin plates, with a width and length that greatly
xceeds the thickness. Therefore, diffusion parallel to the normal
f the surface corresponds to the shortest diffusion distance and
etermines the overall diffusion rate.

In a previous work [12], it has been concluded that parti-
le size has no influence in the biosorption of lead ions by the
pherical composite material, when comparing the range 0.5–1.0
nd 1.0–1.4 mm diameter. This result is not in accordance with
he general notion that the particle diffusion controls the overall
orption process. As the algal particles in the composite material
re like thin plates, with the same thickness for all size frac-
ions, the obtained result suggests that these particles are the
ctive component in the sorption process, which determines the
iffusion rate.

For a quantitative description of biosorption process dynam-
cs, the following assumptions have been made:

. negligible external film diffusion, for an adequate stirring
rate;

. sorption rate controlled by homogeneous diffusion inside the
particle or linear driving force model (LDF);

. isothermal process;

. equilibrium between bounded and soluble metal concentra-
tions, as formulated by Langmuir isotherms;

. particles like uni-dimensional thin plates.

To demonstrate that concentration profiles inside the particle
an be predicted either by the homogeneous diffusion model or
he linear driving force model (the last one can be analytically
olved), these two models have been developed.

.4.1. Homogeneous diffusion model
Mass conservation inside the particles:

∂y(x, t)

∂t
= 1

τd

∂2y(x, t)

∂x2 (9)

τd = L2

Dh
(time constant for diffusion of ionic species

into the particle, min) (10)

here Dh is the coefficient of homogeneous diffusion inside
he particle (cm2 s−1), L is half of the thin plate thickness
cm).

The initial and boundary conditions for Eq. (9) are:

t = 0 : yb(0) = 1; 0 ≤ x ≤ 1 : y(x, 0) = 0;

= 1 : y(1, 0) = KLCb0 (11)

1 + KLCb0

= 0 :
∂y(x, t)

∂t
= 0, ∀t (12)
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ig. 1. Lead sorption isotherm surface: experimental data and discrete equilib
lgae Gelidium (a), algal waste (b) and composite material (c).

= 1 :
∂y(x, t)

∂t

= − ξ

τd
KLCb0 [1 − y(x, t)]2

[
∂y(x, t)

∂x

]
x=1

, ∀t (13)

imensionless variables:

yb(t) = Cb(t)

Cb0

; y(x, t) = q(z, t)

qmax
; 〈y(x, t)〉 = 〈q(z, t)〉

qmax
;

x = z

L
; yM = qM

qmax
; ξ = Wqmax

VCb0

here V is the metal solution volume (l); W the mass of biosor-
ent (g); Cb(t) and 〈q(z, t)〉, respectively, the concentration

s
t
(

able 1
djustable parameters of the discrete equilibrium model (Eq. (2)) for the biosorption

iosorbent Discrete model

Qmax (mmol g−1) pKH

elidium 0.26 ± 0.01 3.92 ± 0.07
lgal waste 0.20 ± 0.01 4.13 ± 0.08
omposite material 0.096 ± 0.003 4.7 ± 0.1
model mesh. Solution pH 3, 4 and 5.3, lead concentration 0.0–1.5 mmol l−1.

f metal species in the liquid phase (mg l−1) and the average
etal concentration in the solid phase (mg g−1); z the distance

expressed in cm) to the symmetry plane, Cb0 the initial metal
oncentration in the liquid phase (mg l−1); yb(t) and y(x, t) the
imensionless metal concentrations in liquid and solid phase;
y(x, t)〉 the dimensionless average metal concentration in the
olid phase; x the dimensionless axial coordinate inside the parti-
le; yM the dimensionless metal concentration in the solid phase,
iven by the equilibrium law; � is the dimensionless factor for
he batch capacity.
Predicting metal ion concentration requires the knowledge of
ix parameters: equilibrium isotherm parameters (qmax, KL) at
he solution pH, solution volume (V), initial Pb(II) concentration
Cb0 ), biomass particles load (W) and particle diffusion time

of lead (value ± standard error)

R2 S2
R (×10−4 mmol g−1)

2

pKM

4.02 ± 0.06 0.921 4.3
3.85 ± 0.07 0.915 2.6
4.6 ± 0.1 0.922 6.7
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Table 2
Adjustable parameters of the continuous equilibrium model (Eq. (3)) for the biosorption of lead (value ± standard error)

Biosorbent Continuous model R2 S2
R (mmol g−1)

2

pK′
M nM p nH/nM mM

G ± 0. −4

A ± 0.
C ± 0.

c
d

t
d
s

3

i
b

w
s
p

y

M

〈

F
A

elidium 3.8 ± 0.1 0.55 ± 0.03 1.0
lgal waste 3.7 ± 0.2 0.63 ± 0.05 0.85
omposite material 4.2 ± 0.1 0.68 ± 0.04 0.44

onstant (τd), which depends on the intraparticle homogeneous
iffusion coefficient.

A collocation on finite elements method was used to solve
he non-linear parabolic PDE with the initial and boundary con-
itions for each model equation. It consists in representing the
olution by a series expansion of degree N polynomials [14].

.4.2. Linear driving force model (LDF)
If the average metal concentration inside the particle is used

nstead of a concentration profile, the following equations must
e considered:
Kinetic law:

d〈y(t)〉
dt

= kpap[yM − 〈y(t)〉]; ap = 1

L
(14)

I

t

ig. 2. Lead sorption isotherm surface: experimental data and continuous equilibrium
lgae Gelidium (a), algal waste (b) and composite material (c).
07 0.77 0.55 0.932 4.0 × 10
09 0.68 0.54 0.844 5.0 × 10−4

03 1.1 0.30 0.941 5.3 × 10−5

here kp is the mass transfer coefficient for intraparticle diffu-
ion (cm s−1) and ap is the specific surface area of the thin plates
articles (cm−1).

Equilibrium law:

M = KLCb0yb(t)

1 + KLCb0yb(t)
(15)

ass conservation in the fluid inside the closed vessel:

y(t)〉 = 1

ξ
(1 − yb(t)) (16)
nitial condition:

= 0 : yb(t) = 1, 〈y(t)〉 = 0 (17)

model mesh. Solution pH 3, 4 and 5.3, lead concentration 0.0–1.5 mmol l−1.
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equations used to describe the equilibrium biosorption [11,12]
do not include the influence of [H+], two equilibrium models
have been developed to predict the influence of pH on biosorp-
tion. Carboxylic groups were considered to be the predominant
V.J.P. Vilar et al. / Journal of Haz

earranging Eqs. (14)–(16), we obtain the following expression:

1

kpap

dyb(t)

dt
+

(
ξKLCb0

1 + KLCb0yb(t)
+ 1

)
yb(t) = 1 (18)

q. (18) can be solved analytically and the solution is given by

= − 1

kpap

{
1

2c
ln

[
yb(t)2 + ayb(t) − c

a − c + 1

]

+
(

1 − a

2c

) (
1

α − β

)
ln

[
(1 − β)(yb − α)

(1 − α)(yb − β)

]}
(19)

here

a = ξ − 1 + 1

KLCb0

; c = 1

KLCb0

;

α = −a + √
a2 + 4c

2
; β = −a − √

a2 + 4c

2
;

kpap = Dh

φL2 ;

φ = 1

3
(supposing a parabolic profile inside the particle)

(20)

pap = 3

τd
(mass transfer intraparticle resistance, min−1)

(21)

o predict metal concentration by using this model, the values
f the following parameters are required: equilibrium isotherm
arameters (qmax, KL) at the solution pH, solution volume (V),
nitial Pb(II) concentration (Cb0 ), biomass particles load (W) and
article diffusion coefficient (kp).

.5. Estimating model parameters

The experimental data obtained from equilibrium studies
ere fitted to the mathematical models by a non-linear regres-

ion method (FigSys for Windows from BIOSOFT). The model
arameters were obtained by minimizing the sum of the squared
eviations between experimental and predicted values. Model
ffectiveness was evaluated through the calculation of relative
tandard deviations (σi), sum of square residuals (S2

R) and regres-
ion coefficients (R2).

. Results and discussion

.1. Equilibrium studies

Equilibrium isotherms for lead biosorption on algae Gelid-
um, algal waste and composite material, at different pH, are
resented in three-dimensional plots (Fig. 1(a–c)). The uptake

apacity increases with the solution pH. The same result was
btained for copper removal by the same biosorbents [10] sug-
esting that competition for the active sites exists between the
rotons and metal ions. As Langmuir and Langmuir–Freundlich

F
a

ig. 3. Affinity distribution function for lead binding to carboxylic groups.
ig. 4. Effect of pH on K′
L (a) and K′

LQmax (b) for algae Gelidium, algal waste
nd composite material.
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ig. 5. Evolution of adsorbed Pb(II) concentration on Algae Gelidium (a), alg
oncentrations. Experimental data and kinetic models: (- - -) pseudo-first-order

ctive sites to bind lead ions, because adsorption was studied
t pH below 7 and, in this pH range, hydroxyl groups do not
ontribute to metal adsorption (pKH > 8.0). The three adjustable

arameters (Qmax, KH and KM), for the discrete biosorption
odel, are presented in Table 1. Similarly, the adjustable param-

ters considered for the continuous model (K′
M, nM and p) are

resented in Table 2. Other parameters were determined from

[

t
c

able 3
stimated parameters for the pseudo-first-order Lagergren model at different initial l

iosorbent Ci (mg l−1) Pseudo-first-order Lagergren mo

qM (mg g−1) k1,ads (mi

elidium 104 39 ± 1 0.26 ± 0
54 26.1 ± 0.7 0.19 ± 0
30 17.0 ± 0.4 0.13 ± 0

lgal waste 102 24.2 ± 0.8 0.93 ± 0
42 14.0 ± 0.4 1.3 ± 0
29 10.5 ± 0.2 1.9 ± 0

omposite material 95 19.5 ± 0.6 0.21 ± 0
42 16.0 ± 0.5 0.15 ± 0
30 14.0 ± 0.3 0.13 ± 0
ste (b) and composite material (c), with contact time, for different lead initial
gren model and (—) pseudo-second-order model.

otentiometric titrations (Qmax = 0.36, 0.23 and 0.16 mmol g−1,
K′

H = 5.0, 5.3 and 4.4 and mH = 0.43, 0.37 and 0.33, respec-
ively, for algae Gelidium, algal waste and composite material)

10].

Experimental values are compared with the predicted ones in
he Fig. 1(a–c) for the discrete model and in Fig. 2(a–c) for the
ontinuous model, respectively, for algae Gelidium, algal waste

ead concentrations (value ± standard deviation)

del

n−1) R2 S2
R (mg g−1)

2
rads(i) (mg g−1 min−1)

.04 0.960 7.48 10.1

.02 0.962 3.55 5.0

.01 0.977 0.99 2.2

.16 0.934 4.56 22.5

.2 0.937 1.33 18.2

.3 0.959 0.44 20

.03 0.963 2.19 4.1

.02 0.984 0.80 2.4

.01 0.996 0.13 1.8
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Table 4
Estimated parameters for the pseudo-second-order model at different initial lead concentrations (value ± standard deviation)

Biosorbent Ci (mg l−1) Pseudo-second-order model

qM (mg g−1) k2,ads (×102 g mg−1 min−1) R2 S2
R (mg g−1)

2
rads(i) (mg g−1 min−1)

Gelidium 104 42.4 ± 0.7 0.87 ± 0.09 0.989 1.98 15.6
54 30.0 ± 0.5 0.9 ± 0.1 0.989 0.94 8.1
30 19.4 ± 0.3 0.88 ± 0.07 0.995 0.20 3.3

Algal waste 102 25.7 ± 0.5 5.4 ± 0.7 0.983 1.15 35.7
42 14.7 ± 0.3 14 ± 2 0.984 0.32 30.3
29 10.9 ± 0.1 31 ± 4 0.992 0.09 36.8

Composite material 95 21.5 ± 0.5 1.4 ± 0.2 0.985 0.73 6.5
42 18.7 ± 0.8 0.9 ± 0.1 0.979 0.84 3.2
30 17.2 ± 0.5 0.8 ± 0.1 0.995 0.17 2.4

Table 5
Percent of lead removal and F-test for residual variances of kinetic models

Biosorbent Ci (mg l−1) % removal n − 1 Fcal F1−α Statistically better

Gelidium 104 40 13:13 3.77 2.58 Second order
54 52 13:13 3.78 2.58 Second order
30 56 13:13 5.07 2.58 Second order

Algal waste 102 51 11:11 3.97 2.82 Second order
42 70 11:11 4.13 2.82 Second order
29 77 11:11 4.78 2.82 Second order

Composite material 95 21 11:11 3.01 2.82 Second order
42 38 12:12 1.06 2.69 No difference

a
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1

qM = QmaxK
′
LCM

1 + K′
LCM

(22)

Table 6
Estimated kinetic constants using the pseudo-first-order Lagergren model (Eq.
(24))

Biosorbent k1,ads R2 qM R2

a b a b
30 47

nd composite material. Both models can be used to predict the
quilibrium sorption data at different pH and lead concentration.

The affinity distribution functions for lead adsorption on
arboxylic groups shown in Fig. 3 were obtained by the Sips
istribution with the parameters presented in Table 2. The func-
ion peaks correspond to the pK′

M values. The highest peak was
btained for algae Gelidium, because it has more carboxylic
roups and consequently is the better biosorbent for lead. The
idth of the Sips distribution measured by p, gives indication

bout the active sites heterogeneity, changing between 1 for com-
lete homogeneity and 0 for a highly heterogeneous biosorbent.
alues of p = 1.0, 0.85 and 0.44 obtained, respectively, for algae,
lgal waste and the composite material, indicate a greater con-
ribution of binding groups with low affinity for the composite

aterial, then resulting in a wide distribution of affinities.
The ratio nH/nM is directly related to the exchange ratio

etween protons and metal ions (rex). rex can change over the
ange 0 < rex < nH/nM, the greatest value being found for small

(high heterogeneity), low metal concentration and low pH.
his is true when most of the sites are occupied by protons and

he binding reaction approaches a “normal” ion exchange reac-
ion. Under these conditions, the ratio nH/nM represents some
ind of reaction stoichiometry [15]. In Table 2, nH/nM values for

lgae, algal waste and composite material indicate that for each
illimoles of metal ion that is bonded 0.77, 0.68 and 1.1 mmol

f protons are released, respectively. Similar values were deter-
ined for copper biosorption in the same biosorbents [10]. In the

G
A
C

11:11 1.36 2.82 No difference

ame way, desorption of Cu by protons is a reversible exchange
ith stoichiometric coefficients of 0.70, 0.73 and 0.76, respec-

ively [10].
For the composite material, nM < nH, suggesting that there are

ome protonated sites with low affinity for lead ions or reflect-
ng some degree of multi-dentism. Contrarily, for algae and algal
aste, nM > nH, then the maximum binding of species i is greater

han that for protons. This could reflect some degree of cooper-
tivity [15].

The apparent equilibrium affinity (KM) for lead, obtained by
he discrete model, can be compared with the apparent affin-
ty constant, K′

L, of Langmuir equation. Dividing Eq. (2) by
+ KHCH, gives:
elidium 0.020 0.556 0.993 1.78 0.667 0.998
lgal waste 10.6 −0.533 0.930 1.18 0.655 0.997
omposite material 0.032 0.415 0.999 5.51 0.280 0.985
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here

′
L = KM

1 + KHCH
(23)

′
L is the apparent equilibrium affinity from Langmuir model

l mg−1).
Values of K′

L decrease when decreasing pH from 5.3 to 4 (43,
4 and 79%, respectively, for algae, algal waste and composite
aterial) (see Fig. 4(a)), due to competition of lead ions with

rotons for the active sites. At pH 5.3 higher K′
L values were

ound for lead adsorption on composite material. Lower affinity
alues were found for adsorption of copper ions on the same
iosorbents [10].

Fig. 4(b) shows the pH influence on the product Qmax K′
L,

hich represents the initial slope of the Langmuir equation or the
riving force for lead adsorption at low lead concentration. As
H increases the initial slope of the Langmuir equation increases.
or pH < 5.3, algae is the better biosorbent, even at low lead con-
entration. For pH > 5.3, the results may be imprecise because
quilibrium was not studied at pH values higher than 5.3.

Fig. 4(b) also shows the values of qmaxKL for pH 3, 4
nd 5.3, obtained from the parameters of the Langmuir equa-

ion (qmax—maximum uptake capacity; KL—Langmuir con-
tant affinity) presented in a previous work [11,12]. Those values
re similar to those obtained from the parameters of the discrete
odel.

t
t
p
i

Fig. 6. Effect of initial Pb(II) concentration on biosorption at different cont
s Materials 143 (2007) 396–408

.2. Kinetic studies

Fig. 5(a–c) illustrates the evolution of lead uptake with time
or three different initial lead concentrations. Adsorption occurs
ainly within the first 20, 10 and 30 min, respectively, for algae,

lgal waste and composite material. This difference is due
o different intraparticle diffusion resistance. During the agar
xtraction process the porosity of the algal biomass increases,
educing the resistance to intraparticle diffusion. The active
omponent (algal waste) present in the composite material is
mmobilized with PAN, adding another resistance to metal
iffusion.

Faster kinetics has significant practical importance as it will
acilitate the scale-up of the process to small reactor volumes,
nsuring efficiency and economy. This behaviour is typical
f biosorption of metals involving purely weak intermolecular
orces between the biomass and the metal in solution (physical
dsorption).

.2.1. Kinetic models
Two kinetic models were applied to describe the biosorp-
ion kinetics of lead. Fig. 5(a–c) compares the kinetic data with
he curves predicted by the pseudo-first-order Lagergren and
seudo-second-order models. Model parameters are presented
n Tables 3 and 4. It can be seen that both models fit well the

act times: (a) algae Gelidium; (b) algal waste; (c) composite material.
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xperimental data for the three initial lead concentrations. The
erformances of the two models were also compared by the F-
est. Results in Table 5 show that the pseudo-second-order model
s better for the algae Gelidium and algal waste. For the compos-
te material, although the pseudo-second-order model is better
or the higher lead concentration, no significant difference exists
etween the two models when considering the whole concen-
ration range.

The initial concentration provides an important driving force
o overcome all mass transfer resistance of Pb(II) between the
queous and solid phases. A higher initial concentration of
b(II), increases the initial biosorption rate (Tables 3 and 4)
nd the equilibrium uptake. For the algal waste these values are
ndependent of the initial lead concentration, suggesting that the
ntraparticle diffusion is extremely fast.

The percentage of lead removal from solution increases as
nitial lead concentration decreases (Table 5), due to the exis-
ence of a constant number of active sites available for metal

ons binding. A similar trend was also reported by other authors
16,17].

The kinetic parameters given by the pseudo-first-order Lager-
ren are correlated to the initial lead concentration by the fol-

t
t
m

ig. 7. Evolution of adsorbed Pb(II) concentration on Algae Gelidium (a), algal was
nitial concentration: experimental data and mass transfer kinetic models. Homogene
s Materials 143 (2007) 396–408 405

owing equation:

1,ads or qM = a exp(bCi) (24)

here a and b are constants given in Table 6. Substituting the
alues of qM and k1,ads from Eq. (24) into Eq. (4), the uptake
apacity under different values of initial lead concentration and
ontact time can be predicted as shown by surfaces in Fig. 6(a–c).
ncreasing the initial metal concentration, the uptake capacity
nd biosorption rate also increase, and the saturation of the mate-
ial is achieved in a short time. Lead uptake capacity decreases
6.4, 56.6 and 28.2% from the higher to the lower initial lead
oncentration. This kind of analysis can be useful for the pro-
ess application, since the influence of the contact time and the
nitial concentration on the metal uptake capacity can be easily
redicted.

.2.2. Mass transfer models

In order to predict lead uptake as a function of contact time

wo mass transfer models were developed. Figs. 7 and 8 present
he predicted curves by the two models, showing a good agree-

ent with the experimental data for different initial concentra-

te (b) and composite material (c), with contact time, for different values of the
ous particle diffusion model (—) and linear driving force model (- - -).
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ig. 8. Evolution of adsorbed Pb(II) concentration on Algae Gelidium (a), alga
xperimental data and mass transfer kinetic models. Homogeneous particle diff
ions and pH, respectively. In Table 7 are presented the time
iffusion constants obtained for both models, which are very
imilar. Increasing the initial metal concentration, the time dif-
usion decreases, showing the importance of the concentration

d
s
I
a

able 7
stimated parameters for the linear driving force and homogeneous particle diffusion

iosorbent Ci (mg l−1) pH LDF model

kpap (min−1) τd (m

elidium 104 5.3 0.17 18
106 4.0 0.33 9.1
106 3.0 0.30 10
54 5.3 0.12 25
33 5.3 0.06 50

lgal waste 98 5.3 0.39 7.7
112 4.0 0.45 6.7
106 3.0 0.6 5.0

42 5.3 0.38 7.9
29 5.3 0.38 7.9

omposite material 95 5.3 0.25 12
100 4.0 0.20 15
98 3.0 0.11 27.3
42 5.3 0.15 20
30 5.3 0.10 30
e (b) and composite material (c), with contact time, for different values of pH:
model (—) and linear driving force model (- - -).
riving force to overcome the intraparticle diffusion resistance,
ince the film resistance is negligible for high stirring rate.
ncreasing solution pH, τd increases for algae and algal waste
nd decreases for the composite material. For low pH values,

models

Homogeneous diffusion model

in) τd (min) Dh (cm2 s−1) Dh (average) (×10−8 cm2 s−1)

17.5 2.4 × 10−8

3.79 4.6 × 10−8

10 4.2 × 10−8

30 1.4 × 10−8

3.465 6.4 × 10−9

8 5.2 × 10−8

6.57 6.0 × 10−8

5 8.3 × 10−8

7 6.0 × 10−8

5.77 6.0 × 10−8

13 3.2 × 10−8

2.515 2.8 × 10−8

27 1.5 × 10−8

21 2.0 × 10−8

2.229 1.4 × 10−8
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Fig. 9. Concentration profiles inside the particle for different values of t/τ . Pb(II) concentration predicted by the homogeneous particle diffusion model (—) and
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w

d
t
b
p
r

c
c
(
T
e
l
C

o
i
i
l
T
b
t
m

d

r

I
L
L
v
a

5

a
a

d
s
l
r

d

verage metal concentration in the particle predicted by the linear driving force
aste; (c) composite material, for Ci ∼= 100 mg l−1; pH 5.3.

iffusion resistance increases due to the competition with pro-
ons for the binding sites. On the other hand, lead affinity for the
inding sites decreases with pH (Fig. 4(a)), also due to the com-
etition with protons. These two factors determine the diffusion
ate resistance.

Values of the intraparticle homogeneous diffusion coeffi-
ients (Dh) for different initial concentrations and pH values,
onsidering the thickness of the thin plate particles as 0.1 mm
determined by microscopic observations), are also presented in
able 7. Average diffusion coefficients for lead adsorption on
ach biosorbent are similar for different pH values and initial
ead concentrations and are also very close to the obtained for
u adsorption on the same biosorbents [10].

Concentration profiles inside the particle for different values
f dimensionless time (t/τp) are presented in Fig. 9(a–c) for the
nitial lead concentration ∼=100 mg l−1. The metal concentration
nside the particle follows approximately a parabolic profile for
ow values of (t/τp) and a linear profile near the equilibrium.
he average metal concentrations inside the particle predicted
y the two models are different initially, but as (t/τp) increases

hey become closer and equal at equilibrium. So, the assumption

ade in LDF model is well accomplished.
The biosorption rate for the pseudo-first-order model is

efined as

t
i

a

el (- - -) and homogeneous diffusion model (- - -): (a) algae Gelidium; (b) algal

ads = dqt

dt
= k1,ads(qM − qt) (25)

ntegrating this equation, we get the kinetic pseudo-first-order
agergren model. Eq. (25) is similar to the kinetic law used in
DF mass transfer model, where kpap = k1,ads. The respective
alues, are of the same magnitude, with the exception of the
lgal waste, where k1,ads is higher than kpap.

. Conclusions

Algae Gelidium biomass and the industrial algal waste from
gar extraction are able to remove and accumulate Pb(II) from
queous solutions at very low concentrations.

Biosorption of lead ions at different pH values is well
escribed by discrete and continuous distributions of carboxylic
ites. These models can predict lead uptake at different equi-
ibrium lead concentrations and pH, giving a major advantage
elatively to Langmuir equation.

Lead affinity for carboxylic sites given by the Sips distribu-

ion shows a narrow distribution for algae and algal waste, but
t is wide for the composite material.

Kinetic experiments at different initial lead concentrations
nd pH values are well described by the pseudo-first- and
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econd-order models. Mass transfer models successful predict
he lead uptake at different lead concentrations and pH values,
howing a parabolic concentration profile inside the particles.
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