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Abstract

Pb(II) biosorption onto algae Gelidium, algal waste from agar extraction industry and a composite material was studied. Discrete and continuous
site distribution models were used to describe the biosorption equilibrium at different pH (5.3, 4 and 3), considering competition among Pb(II)
ions and protons. The affinity distribution function of Pb(II) on the active sites was calculated by the Sips distribution. The Langmuir equilibrium
constant 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(IT) concentrations of 29-104 mg 1~! and data fitted to pseudo-first Lagergren and second-order

models.

The adsorptive behaviour of biosorbent particles was modelled using a batch mass transfer kinetic model, which successfully predicts Pb(Il)
concentration profiles at different initial lead concentration and pH, and provides significant insights on the biosorbents performance. Average

values of homogeneous diffusivity, Dy, are 3.6 x 107%; 6.1 x 107 and 2.4 x 1073 cm?s

2 s~!, respectively, for Gelidium, algal waste and composite

material. 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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1. Introduction

Although many countries have initiated programmes to lower
the level of lead in the environment, human exposure to lead
remains a concern to public health officials worldwide. Lead
and its compounds may enter the environment during mining,
smelting, processing, use, recycling or disposal. Major uses are
in batteries, cables, pigments, gasoline additives, solder and steel
products. Lead and lead compounds are also used in solder
applied to water distribution pipes and to seams of cans used
to store foods, in some traditional remedies, in bottle closures
for alcoholic beverages and in ceramic glazes and crystal table-
ware [1].

Inhumans, lead can result in a wide range of biological effects
depending upon the level and duration of exposure. Effects at
the sub cellular level, as well as effects on the overall function-
ing of the body, have been noted and range from inhibition of
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enzymes to the production of marked morphological changes
and death. The effects of lead on the haemopoietic system result
in decreased haemoglobin synthesis [1].

Increasingly strict discharge limits on lead have accelerated
the search for highly efficient and economically attractive treat-
ment methods. Biosorption is an emerging recent technology,
with effectiveness in reducing the concentration of metal ions to
very low levels and the use of inexpensive biosorbent materials.

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

In this work, biosorption of lead ions has been studied
assuming that it takes place by complexation with functional
groups, by adsorption and ion exchange [9]. The characteri-
zation of algae Gelidium, algal waste and composite material
binding sites (the biosorbents used in this work) was performed
by potentiometric titrations [10]. Obtained results show a
heterogeneous distribution of two binding sites, carboxylic and
hydroxyl groups. Biosorption of copper by those materials was
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well described by discrete and continuous distribution model,
including competition between copper ions and protons for the
binding sites [10]. At low pH values, carboxyl groups are proto-
nated and thereby become less available for binding of metals,
which explains why the binding of many metals increases with
increasing pH.

The uptake of lead ions decreases by increasing the solution
ionic strength. For high ionic strengths, adsorption sites will be
surrounded by counter ions and they partially lose their charge,
which weakens electrostatic interactions. Increasing tempera-
ture from 10 to 35 °C, increases slightly lead biosorption by algal
waste and Gelidium, suggesting that the process is endothermic
[11].

Kinetic studies of lead biosorption by algae Gelidium, algal
waste and composite material were performed at different initial
lead concentration and pH, and results were fitted by two mass
transfer models. Equilibrium was studied at different pH val-
ues and the obtained results adjusted to discrete and continuous
models.

2. Materials and methods
2.1. Biosorbents

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

2.2. Lead solutions

Pb(Il) solutions were prepared by dissolving a weighted
quantity of anhydrous PbCl, (Merck-Schuchardt, purity >98%)
in distilled water. The pH was controlled at 3, 4 and 5.3 by the
addition of 0.01 M HCI and NaOH solutions.

2.3. Kinetic studies

In order to determine the contact time required to reach
equilibrium, batch biosorption dynamic experiments were per-
formed at an initial Pb(II) concentration around 100mgI1~!.
pH and temperature were monitored and controlled throughout
each experiment (pH/temperature meter WTW 538). In a typical
batch biosorption kinetic experiment the vessel was filled with
0.51 of distilled water, a known weight of biomass (2 g—algae
Gelidium and algal waste; 1 g—composite material) was added
and the suspension was stirred for 20 min (magnetic stirrer Hei-
dolph MR 3000 operating at 600 rpm). Then, the metal solution
(200 mg1~!) was added and the suspension maintained at con-
stant pH (5.3, 4 or 3) and temperature (7=20°C). Samples
were taken after the addition of metal solution at pre-determined
time intervals, ranging from 1 to 10 min until equilibrium was
reached. They were centrifuged (Eppendorf Centrifuge 5410)
and the supernatant analysed for Pb(II).

2.4. Equilibrium studies

The experiments were conducted in duplicate, using 100 ml
Erlenmeyer flasks, at constant pH (5.3, 4 or 3) and temperature
(T'=20°C). The initial metal concentration varied between 10
and 300mgPb1~!. A known weight of material (0.2 g—algae
Gelidium and algal waste; 0.1 g—composite material) was sus-
pended in 50 ml of distilled water and stirred at 100 rpm for
10 min; 50 ml of metal solution was added to the suspension;
correction of pH was achieved by addition of NaOH and HCl
diluted solutions and temperature was maintained constant using
aHOTTECOLD thermostatic refrigerator; once equilibrium was
reached, 1h later, samples were taken and centrifuged (Eppen-
dorf Centrifuge 5410) and the supernatant was analysed for the
remaining Pb(Il).

2.5. Analytical procedure

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

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

V(Ci — Cy)
= v 1
W (1)
where ¢ is the metal uptake (mg metal g~! of the biosorbent);
C; and Ct the initial and final metal concentrations in solution
(mg1~1); V the volume of solution (1); W is the dry weight of
the added biosorbent (g).

3. Modelling lead biosorption
3.1. Discrete equilibrium model

The discrete model assumes that the biosorbent cell walls
have one kind of predominant active sites (carboxylic groups),
which are responsible for metal biosorption at pH<7.0, and
competition between metal ions and protons exists. The model
defines two apparent equilibrium-binding constants, Kyy and Ky,
for protons and divalent metal cations, respectively, sorbing onto
biomass binding sites according to the following equation:

Qmax KMCM

= ()
1 + KuCu + KmMCwm

qaMm

where gy is the equilibrium uptake capacity of the metal
(mmolg™"); Omax the concentration of carboxylic groups
(mmol g~1); Cy and Cy are the equilibrium metal and proton
concentrations in solution (mmol1~1).
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3.2. Continuous equilibrium model

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

_ o M K O™ (K Ca)™ + (K™
e T (K Co)™ + (K Ca) ™)

3

where K} and Kj; are average values of the affinity constant
distribution for proton and metal; p the generic or intrinsic het-
erogeneity of the biosorbent (is the generic width of the Sips
distribution) and is common to all components; ny and nyg
accounts for the ion specific heterogeneity or non-ideality, which
can be due to lateral interactions and/or stoichiometric effects
(nx # 1 non-ideal, nx =1 ideal). Data for metal ion binding are
necessary in order to split the apparent heterogeneity (mx =nxp)
into a generic or intrinsic heterogeneity part seen by all ions (p)
and an ion-specific non-ideality part seen by each particular ion

(nx).
3.3. Kinetics

Kinetic models are used to examine the controlling mech-
anism of the biosorption process, mass transfer or chemical
reaction. The two sorption kinetic models used in this study
are based on the Ritchie equation. From the general form of the
Ritchie equation, the pseudo-first-order Lagergren model and
second-order kinetics can be deduced [13]:

First-order Lagergren model :  q; = gm[1 — exp(—k1 ads?)]

“

2 k> adst
Second-order model : ¢; = A2 .ads

=— 5
1+ k2,ads‘1Mt

where ¢, is the concentration of ionic species in the sorbent
at time ¢ (mg metal g_1 biosorbent); & 445 the biosorption con-
stant of pseudo-first-order Lagergren equation (min—1); k2 ads
is the biosorption constant of pseudo-second-order equation
(min~! g biosorbent mg~! metal).

The initial biosorption rate (r,4s(i)) can be calculated from

% Y = Fads(1) (6)
So,
rads(1) = k1,adsgm (7N
and
raas(i) = k2,054 ®)

for the pseudo-first-order Lagergren (Eq. (7)) and pseudo-
second-order models (Eq. (8)), respectively.

3.4. Mass transfer models

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

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

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

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

2. sorption rate controlled by homogeneous diffusion inside the

particle or linear driving force model (LDF);

. isothermal process;

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

5. particles like uni-dimensional thin plates.

O8]

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

3.4.1. Homogeneous diffusion model
Mass conservation inside the particles:

y(r.n) _ 1 #y(r.0)

9
ot 4 0x2 ©)
L2
T4 = D (time constant for diffusion of ionic species
h
into the particle, min) (10)

where Dy is the coefficient of homogeneous diffusion inside
the particle (cm?s~!), L is half of the thin plate thickness
(cm).

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

r=0: y0) =1 0<x=<1: yx,00=0
KLCbO
x=1: y(1,0)= =P 11
"0 = (n
Ay (x, 1
x=0: y(axt)zo, Vi (12)
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Fig. 1. Lead sorption isotherm surface: experimental data and discrete equilibrium model mesh. Solution pH 3, 4 and 5.3, lead concentration 0.0-1.5 mmol 177,

Algae Gelidium (a), algal waste (b) and composite material (c).

ay(x, 1)
x=1:
ot
ay(x, 1)
= 5 KL Cugll — y(x P {y} Vi (13)
74 ox |,
Dimensionless variables:
Cp(0) (z,1) (q(z, 1)
Wi =2y =TE20 o) = L5
b Jmax Jmax
X ::jz' _WM frd qhd . g = Mﬂqmax
L’ CImax’ VCbo

where V is the metal solution volume (1); W the mass of biosor-
bent (g); Cy(f) and (g(z, 1)), respectively, the concentration

Table 1

of metal species in the liquid phase (mg1~!) and the average
metal concentration in the solid phase (mg g~!); z the distance
(expressed in cm) to the symmetry plane, Cy, the initial metal
concentration in the liquid phase (mgl_l); yp(?) and y(x, f) the
dimensionless metal concentrations in liquid and solid phase;
(y(x, 1)) the dimensionless average metal concentration in the
solid phase; x the dimensionless axial coordinate inside the parti-
cle; ym the dimensionless metal concentration in the solid phase,
given by the equilibrium law; { is the dimensionless factor for
the batch capacity.

Predicting metal ion concentration requires the knowledge of
six parameters: equilibrium isotherm parameters (gmax, K1) at
the solution pH, solution volume (V), initial Pb(II) concentration
(Cb,), biomass particles load (W) and particle diffusion time

Adjustable parameters of the discrete equilibrium model (Eq. (2)) for the biosorption of lead (value & standard error)

Biosorbent Discrete model R? Sl% (x10™* mmol g’l)2
Omax (mmol gil) pKu pKm

Gelidium 0.26 £ 0.01 3.92 + 0.07 4.02 £ 0.06 0.921 4.3

Algal waste 0.20 £ 0.01 4.13 £ 0.08 3.85 + 0.07 0.915 2.6

Composite material 0.096 + 0.003 4.7 £ 0.1 4.6 + 0.1 0.922 6.7
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Adjustable parameters of the continuous equilibrium model (Eq. (3)) for the biosorption of lead (value =+ standard error)

Biosorbent Continuous model R? SI% (mmolg’l)2
PKy nm p ny/nm my

Gelidium 38 £0.1 0.55 + 0.03 1.0 £ 0.07 0.77 0.55 0.932 40x 1074

Algal waste 37+02 0.63 + 0.05 0.85 + 0.09 0.68 0.54 0.844 5.0x107*

Composite material 42 +0.1 0.68 + 0.04 0.44 + 0.03 1.1 0.30 0.941 53 %x107°

constant (t4), which depends on the intraparticle homogeneous
diffusion coefficient.

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

3.4.2. Linear driving force model (LDF)

If the average metal concentration inside the particle is used
instead of a concentration profile, the following equations must
be considered:

Kinetic law:

) 1
b@) _ kpaplym — (y()]; -

(14)
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where kp, is the mass transfer coefficient for intraparticle diffu-
sion (cms~!) and ayp is the specific surface area of the thin plates
particles (cm™h).

Equilibrium law:

K1.Coyyp(1)
o= b (15)
I + K. Cpyyu()
Mass conservation in the fluid inside the closed vessel:
1
(y@®) = 5(1 — yo(?)) (16)
Initial condition:
r=0: y@)=1, (y@®) =0 (7

Fig. 2. Lead sorption isotherm surface: experimental data and continuous equilibrium model mesh. Solution pH 3, 4 and 5.3, lead concentration 0.0-1.5 mmol 1=!.

Algae Gelidium (a), algal waste (b) and composite material (c).
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Rearranging Eqgs. (14)—(16), we obtain the following expression:

1 dyb(t)+< EK1.Cy,
kpap dt 1 + Kp.Cpyyp(1)

+ 1) w(t) =1 (18)
Eq. (18) can be solved analytically and the solution is given by

w(t)? + ayp(t) — ¢
a—c+1

a 1 1 -8 —a)
+(1-5) <a_ﬂ) In Ll—)(y—ﬂ)” 1)

1 1
In

1 1

a=§—-1+ ; = ;

KLCb() KLCbO

—a++a*+4c —a—+a*+4c

o= 5 = 5

2 2

Dy

kpap - ¢L2’

1
o= 3 (supposing a parabolic profile inside the particle)
(20)

3 . : . -
kpap = — (mass transfer intraparticle resistance, min~')
T

2

To predict metal concentration by using this model, the values
of the following parameters are required: equilibrium isotherm
parameters (gmax, K1) at the solution pH, solution volume (V),
initial Pb(II) concentration (Cy,, ), biomass particles load (W) and
particle diffusion coefficient (kp).

3.5. Estimating model parameters

The experimental data obtained from equilibrium studies
were fitted to the mathematical models by a non-linear regres-
sion method (FigSys for Windows from BIOSOFT). The model
parameters were obtained by minimizing the sum of the squared
deviations between experimental and predicted values. Model
effectiveness was evaluated through the calculation of relative
standard deviations (o;), sum of square residuals (S}%) and regres-
sion coefficients (R?).

4. Results and discussion
4.1. Equilibrium studies

Equilibrium isotherms for lead biosorption on algae Gelid-
ium, algal waste and composite material, at different pH, are
presented in three-dimensional plots (Fig. 1(a—c)). The uptake
capacity increases with the solution pH. The same result was
obtained for copper removal by the same biosorbents [10] sug-
gesting that competition for the active sites exists between the
protons and metal ions. As Langmuir and Langmuir-Freundlich
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Fig. 3. Affinity distribution function for lead binding to carboxylic groups.

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
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and composite material.
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Fig. 5. Evolution of adsorbed Pb(II) concentration on Algae Gelidium (a), algal waste (b) and composite material (c), with contact time, for different lead initial
concentrations. Experimental data and kinetic models: (- - -) pseudo-first-order Lagergren model and (—) pseudo-second-order model.

active sites to bind lead ions, because adsorption was studied
at pH below 7 and, in this pH range, hydroxyl groups do not
contribute to metal adsorption (pKy > 8.0). The three adjustable
parameters (QOmax, Ku and Kyp), for the discrete biosorption
model, are presented in Table 1. Similarly, the adjustable param-
eters considered for the continuous model (K{vl, ny and p) are
presented in Table 2. Other parameters were determined from

Table 3

potentiometric titrations (Qmax =0.36, 0.23 and 0.16 mmol g_l,
pK{{ =5.0,5.3 and 4.4 and my =0.43, 0.37 and 0.33, respec-
tively, for algae Gelidium, algal waste and composite material)
[10].

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

Estimated parameters for the pseudo-first-order Lagergren model at different initial lead concentrations (value + standard deviation)

Biosorbent C; (mgl™") Pseudo-first-order Lagergren model
_ . 132 . I
qm (mgg™") ki.ags (min~") R Sg (mgg™") rags (i) (mg g~! min~")

Gelidium 104 39+1 0.26 £+ 0.04 0.960 7.48 10.1

54 26.1 +£0.7 0.19 £ 0.02 0.962 3.55 5.0

30 17.0 £ 0.4 0.13 £+ 0.01 0.977 0.99 22
Algal waste 102 242 £ 0.8 0.93 £ 0.16 0.934 4.56 22.5

42 140+ 04 1.3+02 0.937 1.33 18.2

29 10.5 £ 0.2 1.9 £ 0.3 0.959 0.44 20
Composite material 95 19.5 £ 0.6 0.21 £ 0.03 0.963 2.19 4.1

42 16.0 £ 0.5 0.15 + 0.02 0.984 0.80 2.4

30 14.0 £0.3 0.13 &+ 0.01 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 C; (mg 1= Pseudo-second-order model
_ I 132 . I
gm (mgg™h) k2aqs (10> gmg™" min~") R? Sg (mgg™h rags(i) (mg g~ min~")
Gelidium 104 424 + 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
30 194 £ 03 0.88 + 0.07 0.995 0.20 33
Algal waste 102 2577 £ 0.5 54 +£0.7 0.983 1.15 35.7
42 147 £ 0.3 14 +2 0.984 0.32 30.3
29 109 £ 0.1 31+ 4 0.992 0.09 36.8
Composite material 95 21.5 £ 0.5 14 +£0.2 0.985 0.73 6.5
42 18.7 £ 0.8 09 £ 0.1 0.979 0.84 32
30 172 £ 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 C; (mgl™h) % removal n—1 Feal Fi_o 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
30 47 11:11 1.36 2.82 No difference

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

The affinity distribution functions for lead adsorption on
carboxylic groups shown in Fig. 3 were obtained by the Sips
distribution with the parameters presented in Table 2. The func-
tion peaks correspond to the pKj, values. The highest peak was
obtained for algae Gelidium, because it has more carboxylic
groups and consequently is the better biosorbent for lead. The
width of the Sips distribution measured by p, gives indication
about the active sites heterogeneity, changing between 1 for com-
plete homogeneity and O for a highly heterogeneous biosorbent.
Values of p=1.0, 0.85 and 0.44 obtained, respectively, for algae,
algal waste and the composite material, indicate a greater con-
tribution of binding groups with low affinity for the composite
material, then resulting in a wide distribution of affinities.

The ratio ny/ny is directly related to the exchange ratio
between protons and metal ions (7ex). 7ex can change over the
range 0 < rex <np/ny, the greatest value being found for small
p (high heterogeneity), low metal concentration and low pH.
This is true when most of the sites are occupied by protons and
the binding reaction approaches a “normal” ion exchange reac-
tion. Under these conditions, the ratio ny/ny represents some
kind of reaction stoichiometry [15]. In Table 2, ng/ny\ values for
algae, algal waste and composite material indicate that for each
millimoles of metal ion that is bonded 0.77, 0.68 and 1.1 mmol
of protons are released, respectively. Similar values were deter-
mined for copper biosorption in the same biosorbents [10]. In the

same way, desorption of Cu by protons is a reversible exchange
with stoichiometric coefficients of 0.70, 0.73 and 0.76, respec-
tively [10].

For the composite material, ny < ny, suggesting that there are
some protonated sites with low affinity for lead ions or reflect-
ing some degree of multi-dentism. Contrarily, for algae and algal
waste, ny > ng, then the maximum binding of species i is greater
than that for protons. This could reflect some degree of cooper-
ativity [15].

The apparent equilibrium affinity (Ky) for lead, obtained by
the discrete model, can be compared with the apparent affin-
ity constant, K|, of Langmuir equation. Dividing Eq. (2) by
1+ KuCy, gives:

_ QmaxKLCM

_ 22
™=K Cu (22)

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

Biosorbent k1 ads R? qm R

a b a b
Gelidium 0.020 0.556 0993 1.78 0.667 0.998
Algal waste 10.6 —0.533 0930 1.18 0.655 0.997
Composite material 0.032 0415 0999 551 0280 0.985
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where
’ Km

Ki=—"#¢8+#—##¥— 23
L™ 1+ KuCxh 3)

K7 is the apparent equilibrium affinity from Langmuir model
(Img™").

Values of K| decrease when decreasing pH from 5.3 to 4 (43,
54 and 79%, respectively, for algae, algal waste and composite
material) (see Fig. 4(a)), due to competition of lead ions with
protons for the active sites. At pH 5.3 higher K| values were
found for lead adsorption on composite material. Lower affinity
values were found for adsorption of copper ions on the same
biosorbents [10].

Fig. 4(b) shows the pH influence on the product Omax Kj ,
which represents the initial slope of the Langmuir equation or the
driving force for lead adsorption at low lead concentration. As
pH increases the initial slope of the Langmuir equation increases.
For pH < 5.3, algae is the better biosorbent, even at low lead con-
centration. For pH > 5.3, the results may be imprecise because
equilibrium was not studied at pH values higher than 5.3.

Fig. 4(b) also shows the values of gmaxK1 for pH 3, 4
and 5.3, obtained from the parameters of the Langmuir equa-
tion (gmax—maximum uptake capacity; K —Langmuir con-
stant affinity) presented in a previous work [11,12]. Those values
are similar to those obtained from the parameters of the discrete
model.
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4.2. Kinetic studies

Fig. 5(a—c) illustrates the evolution of lead uptake with time
for three different initial lead concentrations. Adsorption occurs
mainly within the first 20, 10 and 30 min, respectively, for algae,
algal waste and composite material. This difference is due
to different intraparticle diffusion resistance. During the agar
extraction process the porosity of the algal biomass increases,
reducing the resistance to intraparticle diffusion. The active
component (algal waste) present in the composite material is
immobilized with PAN, adding another resistance to metal
diffusion.

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

4.2.1. Kinetic models

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

SRR
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w\w l \\“ “\

-

}\l\l\\\\@\\\}\@\*lﬁkl\a

=== =
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Fig. 6. Effect of initial Pb(II) concentration on biosorption at different contact times: (a) algae Gelidium; (b) algal waste; (c) composite material.



V.J.P. Viilar et al. / Journal of Hazardous Materials 143 (2007) 396408 405

experimental data for the three initial lead concentrations. The
performances of the two models were also compared by the F-
test. Results in Table 5 show that the pseudo-second-order model
is better for the algae Gelidium and algal waste. For the compos-
ite material, although the pseudo-second-order model is better
for the higher lead concentration, no significant difference exists
between the two models when considering the whole concen-
tration range.

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

The percentage of lead removal from solution increases as
initial lead concentration decreases (Table 5), due to the exis-
tence of a constant number of active sites available for metal
ions binding. A similar trend was also reported by other authors
[16,17].

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

43

Lod
40 1
351
£
- A ,
& 25
-1
= 201
a | E i 3
g 151
= 104 < Ci=104 mg/L
0O Ci=54 mg/LL
5
A Ci=33mg/L
0 T T T T
0 10 20 30 40 50 60
(a) Time (min)

lowing equation:

ki,ads or gm = aexp(bCi) (24)
where a and b are constants given in Table 6. Substituting the
values of gp and kj 445 from Eq. (24) into Eq. (4), the uptake
capacity under different values of initial lead concentration and
contact time can be predicted as shown by surfaces in Fig. 6(a—c).
Increasing the initial metal concentration, the uptake capacity
and biosorption rate also increase, and the saturation of the mate-
rial is achieved in a short time. Lead uptake capacity decreases
56.4, 56.6 and 28.2% from the higher to the lower initial lead
concentration. This kind of analysis can be useful for the pro-
cess application, since the influence of the contact time and the
initial concentration on the metal uptake capacity can be easily
predicted.

4.2.2. Mass transfer models

In order to predict lead uptake as a function of contact time
two mass transfer models were developed. Figs. 7 and 8 present
the predicted curves by the two models, showing a good agree-
ment with the experimental data for different initial concentra-
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Fig. 7. Evolution of adsorbed Pb(II) concentration on Algae Gelidium (a), algal waste (b) and composite material (c), with contact time, for different values of the
initial concentration: experimental data and mass transfer kinetic models. Homogeneous particle diffusion model (—) and linear driving force model (- - -).
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Fig. 8. Evolution of adsorbed Pb(II) concentration on Algae Gelidium (a), algal waste (b) and composite material (c), with contact time, for different values of pH:
experimental data and mass transfer kinetic models. Homogeneous particle diffusion model (—) and linear driving force model (- - -).

tions and pH, respectively. In Table 7 are presented the time driving force to overcome the intraparticle diffusion resistance,
diffusion constants obtained for both models, which are very since the film resistance is negligible for high stirring rate.
similar. Increasing the initial metal concentration, the time dif- Increasing solution pH, 74 increases for algae and algal waste
fusion decreases, showing the importance of the concentration and decreases for the composite material. For low pH values,

Table 7
Estimated parameters for the linear driving force and homogeneous particle diffusion models
Biosorbent C; (mgl™1) pH LDF model Homogeneous diffusion model
kpap (min~ 1) 74 (min) 74 (min) Dy (cm?s™1) Dy, (average) (x 108 cm?s™!)
Gelidium 104 53 0.17 18 17.5 24 %1078
106 4.0 0.33 9.1 9 4.6 %1078 3.7
106 3.0 0.30 10 10 42 %1078
54 5.3 0.12 25 30 1.4 %1078 34
33 53 0.06 50 65 6.4x107° ’
Algal waste 98 53 0.39 7.7 8 52x1078
112 4.0 0.45 6.7 7 6.0x 1078 6.5
106 3.0 0.6 5.0 5 83x 1078
42 5.3 0.38 7.9 7 6.0 x 1078 57
29 53 0.38 7.9 7 6.0x 1078 :
Composite material 95 5.3 0.25 12 13 32x1078
100 4.0 0.20 15 15 2.8x 1078 2.5
98 3.0 0.11 273 27 1.5%x 1078
42 53 0.15 20 21 20x 1078

30 53 0.10 30 29 14 x10°8 22
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Fig. 9. Concentration profiles inside the particle for different values of #t4. Pb(II) concentration predicted by the homogeneous particle diffusion model (—) and
average metal concentration in the particle predicted by the linear driving force model (- - -) and homogeneous diffusion model (- - -): (a) algae Gelidium; (b) algal

waste; (c) composite material, for C; = 100mg1~!; pH 5.3.

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

Values of the intraparticle homogeneous diffusion coeffi-
cients (Dy) for different initial concentrations and pH values,
considering the thickness of the thin plate particles as 0.1 mm
(determined by microscopic observations), are also presented in
Table 7. Average diffusion coefficients for lead adsorption on
each biosorbent are similar for different pH values and initial
lead concentrations and are also very close to the obtained for
Cu adsorption on the same biosorbents [10].

Concentration profiles inside the particle for different values
of dimensionless time (#/7p) are presented in Fig. 9(a—c) for the
initial lead concentration =100 mg1~!. The metal concentration
inside the particle follows approximately a parabolic profile for
low values of (#7p) and a linear profile near the equilibrium.
The average metal concentrations inside the particle predicted
by the two models are different initially, but as (#/7p) increases
they become closer and equal at equilibrium. So, the assumption
made in LDF model is well accomplished.

The biosorption rate for the pseudo-first-order model is
defined as

dg;
Fads = ——

ar (25)

= k1,ads(gm — q1)
Integrating this equation, we get the kinetic pseudo-first-order
Lagergren model. Eq. (25) is similar to the kinetic law used in
LDF mass transfer model, where kyap =k od5. The respective
values, are of the same magnitude, with the exception of the
algal waste, where kj aq5 is higher than kpap.

5. Conclusions

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

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

Lead affinity for carboxylic sites given by the Sips distribu-
tion shows a narrow distribution for algae and algal waste, but
it is wide for the composite material.

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