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bstract

Adsorption of lead and copper ions by algae Gelidium and algal composite material was studied in a continuous stirred tank adsorber (CSTR).
anckwerts curves show that dead volumes and by-passes do not exist inside the reactor. The average residence time for cadmium ions was
= 15.2 ± 0.2 min, and the useful adsorber volume Vr = 540 cm3.
Varying stirring velocity in the range 100–270 rpm the breakthrough curves show that a resistance to the mass transfer exists in the film of fluid

round particles.
The analysis of the effect of the flow rate on the breakthrough curves leads to the conclusion that the curves sharpness increases with flow rate.
As expected, the larger the initial lead concentration, the faster the breakthrough of the metal, as the binding sites became more quickly saturated.

he slope of the breakthrough curve increases when increasing the influent concentration.
For higher initial pH values, the breakthrough time increases since metal uptake capacity increases.

Biosorbents regeneration can be achieved by metal ions desorption with nitric acid as eluant. Desorption is an ion exchange process between
etal ions loaded in the biomass and H+ ions in the solution.
Two mass transfer models were developed to simulate biosorption and desorption performances. These models were able to predict the

xperimental results in a quite good manner.
2007 Elsevier B.V. All rights reserved.
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. Introduction

New technologies involving the removal of metals ions from
astewaters have directed attention to biosorption based on
etal binding capacities of various biological materials. Algae,

acteria, fungi and yeasts have proved to be potential metal
iosorbents [1–4]. The major advantages of biosorption over
onventional treatment methods include: low cost, high effi-
iency, minimization of chemical and or biological sludge,
egeneration of biosorbent, and the possibility of metal recovery
1,2]. In order to apply these low-cost adsorbents in an indus-

rial process, continuous flow studies need to be performed.
here are three basic types of sorption contact systems: packed-
ed and fluidized-bed columns, and completely mixed systems.
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ontinuous adsorber

he use of the first configuration has been widely investigated
ecause theoretically it should be the most effective operating
ystem [5–7]. However, it cannot handle suspension, requires
olumn alternation, scales up by multiplying units and it is
ensitive to pressure drop. An alternative way is a continu-
us stirred tank reactor (CSTR) configuration, which allows
andling suspensions, makes possible the combination of flow
chemes and does not need immobilization of the biomass to
aintain the integrity of the adsorbent particles, if there is a

iosorbent filtration step. Different studies have been performed
n CSTR coupled with microfiltration and/or ultrafiltration sys-
em, for biomass recovery [8–13]. Particularly, Beolchini et al.
8] studied the biosorption of copper by Arthrobacter sp. in

UF/MF membrane reactor. Continuous biosorption of cop-
er ions from dilute feed streams using magnetic weak-base

nion exchangers in a CSTR was also studied by Dahlke et al.
14]. Menoud et al. [15] also studied the adsorption of Cu2+,
i2+, Co2+ and Zn2+ by a chelating resin in a CSTR. Exper-

ments were simulated by a global kinetic model comprising
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Nomenclature

ap specific surface area for thin plates particles
Cb metal concentration in the bulk (mg l−1 or

mmol l−1)
C′

b proton concentration in the bulk (mmol l−1)
Cb0 initial metal concentration in the bulk (mg l−1 or

mmol l−1)
C′

b0
initial proton concentration in the bulk (mmol l−1)

CE feed concentration (mg l−1 or mmol l−1)
Cf metal concentration in the film (mg l−1 or

mmol l−1)
Cfinal metal concentration in the solution at the end

of the saturation or elution process (mg l−1 or
mmol l−1)

CH equilibrium concentration of proton in the fluid
phase (mmol l−1)

CM equilibrium concentration of metal in the fluid
phase (mmol l−1)

CT total (metal + acid) liquid concentration
(mmol l−1)

CTE total feed (acid) liquid concentration (mmol l−1)
CT0 initial total (metal + acid) liquid concentration

(mmol l−1)
C0 initial cadmium concentration in the adsorber

after the step input (mmol l−1)
dp particle diameter (cm)
Dh homogeneous diffusion coefficient (cm2 s−1)
Dm molecular diffusivity of the metal ion in solution

(cm2 s−1)
kf film mass transfer coefficient (cm s−1)
kp mass transfer coefficient for intraparticle diffu-

sion (cm s−1)
KH equilibrium proton constant (l mmol−1)
KL equilibrium constant of Langmuir (l−1 mg)
KM equilibrium metal constant (l mmol−1)
KM

H selectivity coefficient between ion M in the parti-
cle and H in solution

Nd number of mass transfer units by intraparticle dif-
fusion

Nf number of mass transfer units by film diffusion
pHAE final pH of interstitial fluid inside the adsorber
pHAI initial pH of interstitial fluid inside the adsorber
pHSE pH of feed solution
〈q〉 average metal concentration in the solid phase

(mg g−1 or mmol g−1)
qE solid phase concentration in equilibrium with CE

(mg g−1 or mmol g−1)
qH equilibrium concentration of proton in the

biomass (mg g−1 or mmol g−1)
qM equilibrium concentration of metal in the biomass

(mg g−1 or mmol g−1)
qM0 metal concentration in the solid phase after

biomass saturation (mg g−1 or mmol g−1)

q* solid phase concentration in equilibrium with Cf
(mg g−1 or mmol g−1)

Q flow rate (cm3 min−1)
Qmax concentration of carboxylic groups or maximum

capacity of biomass (mg g−1 or mmol g−1)
R half of thickness of the thin plate (cm)
Sh Sherwood number
t time (s)
T temperature (◦C)
Vr adsorber volume capacity (cm3)
〈y〉 dimensionless average concentration in the solid

phase
yb dimensionless concentration in the fluid phase
yf dimensionless concentration in the fluid phase at

the film
yT dimensionless total concentration in the fluid

phase
y* dimensionless concentration in the solid phase at

the particle surface
W mass of biosorbent (g)

Greek symbols
ε adsorber porosity
θ dimensionless time
ρap apparent density of particles (g cm−3)
τ space time (s)
τd time constant for intraparticle diffusion
τf time constant for film diffusion
ξ adsorber capacity factor for saturation
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ξ′ adsorber capacity factor for desorption

ass transfer in a liquid film around the resin particles, with
iffusion through the pores and reaction on the adsorption sites.
inetics has been found to be limited by film mass transfer for

ll metals studied, and the equilibrium given by the Langmuir
quation.

In this work, biosorption of lead and copper ions will be
tudied in a “Carberry” type adsorber packed with algae Gelid-
um and composite material particles, continuously feed with
he metal ions solution. The effects of the initial inlet con-
entration, flow rate, initial pH and stirring velocity on the
reakthrough curves were investigated. Regeneration studies
ere also performed. Mass transfer models for saturation and

lution processes were developed to simulate the breakthrough
urves at different initial conditions.

. Materials and methods

.1. Biosorbents
An algal waste from agar extraction industry was immobi-
ized with an organic polymer (polyacrylonitrile, PAN) and used
n this study as well as algae Gelidium, which is the raw material
or agar extraction. The characteristics and preparation of both
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aterials were presented in a previous work [16,17]. Additional
nformation on this issue is given in supplementary data.

.2. Copper, lead and cadmium solutions

Copper(II), lead(II) and cadmium(II) solutions were pre-
ared by dissolving a weighed quantity of copper(II) chloride
ehydrate (Riedel-de-Haën, purity > 99%), anhydrous PbCl2
Merck-Schuchardt, purity > 98%) and cadmium(II) chloride
ehydrate (Sigma–Aldrich > 99%) in distilled water. Before
dsorption in the continuous column system, the pH of each test
olution was adjusted to the required value with diluted HNO3
nd NaOH solutions.

.3. Adsorber continuous experiments

CSTR experiments were conducted in a “Carberry” or ham-
ers adsorber. The hampers were packed with algae Gelidium or
omposite material. Perfect mixing was ensured by a mechanical
tirrer. An acrylic jacket surrounding the adsorber body allowed
or temperature control. The apparent densities of the biosor-
ents determined by mercury intrusion (PORESIZER 9320)
ere 1.34 and 0.25 g cm−3, respectively, for algae Gelidium and

he composite material [18].
A known quantity of algae Gelidium or composite material

≈10 g) was placed in the hampers. The solution was pumped
hrough the CSTR at a flow rate of 35.5 ml min−1 by a peristaltic
ump (Ismatec Ecoline VC-380). The flow rate was measured
everal times during the experiment. CSTR effluent samples
ere collected regularly and analysed by Atomic Absorption
pectrophotometer (GBC 932 Plus AAS). The effluent pH was
ot controlled, but it was continuously monitored.

At the end of the sorption process, the metal loaded biomass
as regenerated using 0.1 M HNO3. The procedures for collec-

ion and analysis of the elution outlet samples were the same
sed in the sorption protocol. After elution, the bed was washed
ith distilled water until the effluent pH reached water pH. The

egenerated biomass was dried in the oven, at 50 ◦C, during
wo days. The adsorber was washed with nitric acid (20%) and
istilled water to remove contaminations.

. Theoretical approach

.1. Equilibrium adsorption model

A mathematical equilibrium model has been developed
ssuming that only one kind of active sites (carboxylic groups)
s present in the biosorbent cell walls [19], which are respon-
ible for metal biosorption at pH < 7.0, and for competition
etween metal ions and H+. The model is based on the appar-
nt equilibrium binding constants, KH and KM for H+ and M2+,

espectively. The total metal uptake can be calculated as [19]:

M = QmaxKMCM

1 + KHCH + KMCM
(1)
ng Journal 138 (2008) 249–257 251

his equation can be converted in the Langmuir equation divid-
ng by 1 + KHCH,

M = QmaxKLCM

1 + KLCM
(2)

here

L = KM

1 + KHCH
(3)

rom KM, KH values it is possible to calculate the Langmuir
quilibrium constant for each pH.

.2. Equilibrium desorption model

Desorption was considered as an ion exchange process, in
hich metal ions are released into the solution by exchange with
+ with a 1:1 stoichiometry exchange. Equilibrium desorption
as well described by the mass action law [20]:

∗ = KM
H QmaxCb

CT + (KM
H − 1)Cb

(4)

here KM
H and Qmax values have been obtained by desorption

quilibrium studies and potentiometric titrations experiments
20], respectively, resulting the following values: 0.93 ± 0.07
nd 1.1 ± 0.3, and 0.36 ± 0.01 and 0.16 ± 0.01 mmol g−1,
espectively, for algae Gelidium and composite material.

.3. CSTR modelling

Mass balance equations for the saturation and elution pro-
esses have been developed in order to predict the metal ions
oncentration profiles as a time function.

.3.1. Saturation
A model was developed with the following assumptions:

sothermal operation, adsorption equilibrium described by the
angmuir isotherm, external (film) resistance to mass trans-

er and internal mass transfer resistance described by the LDF
pproximation. The model equations in the dimensionless form
re:

Mass conservation in the fluid around particles

dyb

dθ
= 1 − yb − ξ

d〈y〉
dθ

(5)

Mass conservation inside particles (linear driving force, LDF)

d〈y〉
dθ

= Nf

ξ
(yb − yf) (6)

Mass conservation in the fluid film surrounding the particles

d〈y〉 = N (y∗ − 〈y〉) (7)

dθ

d

Initial conditions can be described as,

θ = 0, yb = 0, yf = 0, 〈y〉 = 0 (8)
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.3.2. Elution
An elution model was developed with the following assump-

ions: isothermal operation, adsorption equilibrium described
y the mass action law and internal mass transfer resistance
escribed by the LDF approximation. All concentrations are
xpressed in mmol l−1.

Mass conservation in the fluid around particles

dy′
b

dθ
= −y′

b − ξ′ d〈y〉
dθ

(9)

Total mass conservation in the fluid around particles

dyT

dθ
= CTE

CT0

− yT (10)

Initial conditions:

θ = 0, y′
b = Cb0

CT0

, yT = 1, 〈y〉 = qM

Qmax
(11)

esolution of equations models was solved by LSODA subrou-
ine [21]. A more detailed description of mass transfer models
s given in supplementary data.

. Results and discussion

The model parameters for Eq. (1) obtained for
ead biosorption are [19]: Qmax = 0.26 ± 0.01 and
.096 ± 0.003 mmol g−1, pKH = log KH = 3.92 ± 0.07 and
.7 ± 0.1, and pKM = log KM = 4.02 ± 0.06 and 4.6 ± 0.1,
espectively, for algae Gelidium and composite mate-
ial. For copper biosorption are [22]: Qmax = 0.49 ± 0.02
nd 0.177 ± 0.009 mmol g−1, pKH = log KH = 4.3 ± 0.1 and
.7 ± 0.1, and pKM = log KM = 3.1 ± 0.1 and 3.5 ± 0.1,
espectively, for algae Gelidium and composite material.

.1. Effect of stirring rate

The well mixed adsorber hydrodynamic conditions (stirring
elocity and flow rate) were selected from experiments with
d(II) in the absence of biosorbent, and with Cu(II) in the
resence of algae Gelidium, at three difference stirring rates.
he system response to a step inlet cadmium concentration
f 22.2 mg l−1 was studied in the first experiment. The sys-
em response to an input of distilled water was also studied at

35.5 cm3 min−1 flow rate and 270 rpm stirring velocity (see
upplementary data).

For a step input of solute (cadmium solution), the mass bal-
nce to the CSTR, without biosorbent, leads to:

CE = QCb + εVr
dCb

dt
(12)
ntegrating Eq. (12) for t = 0 and Cb = 0; t = t and Cb = Cb, gives:

(t) = 1 − exp

(
−1

τ
t

)
or ln[1 − F (t)] = −1

τ
t (13)

f
i
c

ig. 1. Linearized responses to an inlet step of cadmium solution
CE = 22.2 mg l−1) and to an inlet purge of distilled water.

here F(t) = Cb/CE is the Danckwerts curve, or, the adsorber
ormalized response to a step input of solute in concentration
E.

For a purge input, we get:

= QCb + Vr
dCb

dt
(14)

ntegrating Eq. (14) for t = 0 and Cb = C0; t = t and Cb = Cb, leads
o:

(t) = exp

(
−1

τ
t

)
or ln[P(t)] = −1

τ
t (15)

here P(t) = Cb/C0 = 1 − F(t) is the adsorber normalized
esponse to a purge input (CE = 0) and C0 is the initial cadmium
oncentration in the adsorber after the step input.

Representing the logarithm of 1 − F(t) and P(t) as time func-
ions, two straight lines with negative slopes were obtained, as
bserved in Fig. 1. This indicates perfect agitation conditions
ithin the adsorber, without dead volumes or by-passes. So,

he mean residence time is equal to the space time (τ), which
an be determined by the straight line slopes: τ = 15.1 ± 0.3 and
5.3 ± 0.2 min. From the average value, τ = 15.2 ± 0.2 min, the
seful volume of the adsorber, Vr = 540 cm3 is obtained.

Fig. 2 shows that even at the highest stirring rate (270 rpm),
he external (film) mass transfer was not eliminated, and the
reakthrough curves for stirring velocities of 180 and 270 rpm
verlap, which means that the mass resistance in the film remains
onstant. So, higher stirring rates are needed to eliminate the
lm resistance. This situation was not studied due to the system

imitations (stability problems with the adsorber). So, the studies
ere conducted in the limit conditions of stirring allowed by the

quipment.
Additional resistances due to the hampers and the high solid

ompacting inside them also exist.

In order to describe the experimental results, a mass trans-

er model was developed, including a mass transfer resistance
n the film and particles, where equilibrium between metal
oncentration in the solid phase and solution is given by
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ig. 2. Experimental data and simulated concentration profiles for Cu2+ contin-
ous biosorption onto algae Gelidium: 100, 180 and 270 rpm.

he Langmuir isotherm. Table 1 presents the main parame-
ers used in the model simulation. The intraparticle diffusion
oefficient, Dh, was determined by batch dynamic studies at
ifferent pH (5.3, 4 and 3) [22]. The average Dh for Cu2+ is
.2 × 10−8 and 2.3 × 10−8 cm2 s−1 and for Pb2+ is 3.7 × 10−8

nd 2.5 × 10−8 cm2 s−1, respectively, for algae and composite
aterial. The film coefficient, kf, has been regressed from the

xperimental breakthrough curves, by minimizing the sum of the
quared deviations between experimental and predicted values.
quilibrium Langmuir constants were determined by the dis-
rete model (Eq. (1)), for the equilibrium pH inside the column,
onsidered as the final pH value (Fig. 2).

Fig. 2 compares the experimental and simulated breakthrough
urves. Simulation is better if Qmax is increased around 40%,

uggesting that the binding capacity of Cu2+ in the CSTR is
igher than that obtained in the batch system (see supplementary
ata). So, equilibrium is underestimated. The uptake capacity
btained was ≈12.3 mg Cu2+ g−1 of algae, two times higher than

b
t
n
d

able 1
ass transfer parameters for copper biosorption at different operation conditions

KM (l mg−1) Qmax (mg g−1) ξ ε kp (cm s−1

pm
100 0.010 44 7.75 0.986 1.9 × 10−5

180 and 270 0.010 44 7.65 0.987 1.9 × 10−5

(ml min−1)
24 0.019 11.2 2.7 0.926 3.6 × 10−5

35.5 0.017 11.2 2.7 0.926 3.6 × 10−5

HAE

5.2 0.15 16 10.5 0.917 1.5 × 10−5

4.1 0.04 20 8.8 0.924 1.5 × 10−5

E (mg l−1)
25.2a 0.16 53.9 40.0 0.983 2.2 × 10−5

9.5b 0.15 20 19.7 0.940 2.2 × 10−5

25.6b 0.15 16 10.5 0.917 1.5 × 10−5

a Gelidium.
b Composite material.
ng Journal 138 (2008) 249–257 253

he obtained by the Langmuir equation (5.9 mg Cu2+ g−1) for an
quilibrium pH of 4.3.

Biosorption of metal ions by algae Gelidium is accomplished
y the release of H+, K+, Na+, Ca2+, Mg2+ and others ions, due
he ion exchange mechanism. About 30% of copper ions are
dsorbed by ion exchange with H+.

In a batch system, desorption of organic matter from the sur-
ace of the biosorbent to the solution occurs, until equilibrium
etween the organic carbon concentration in solution and at the
urface is reached. An amount of 13 mg of organic carbon is
eleased to the solution, per gram of biosorbent, which com-
etes with particles surface to bound metal ions, decreasing the
iosorption capacity. The interaction of dissolved organic mat-
er with metal ions has been studied by several authors [23,24].
enedetti et al. concluded that 50% of Cd and 99.99% of Cu
ounds to dissolved organic matter containing fulvic and humic
cids [25]. Grassi et al. [23] verified that the adsorption of Cu2+

nto modified Al2O3 decreased as the dissolved organic matter
ommercial humic acid increased and was maximal in the neutral
H range, and decreased at either low or high pH values. Wang et
l. [26] studied the adsorption of Cd2+, Co2+, Cr3+, Cu2+, Ni2+,
b2+ and Zn2+ ions in secondary sludge samples collected from

he Back River Wastewater Treatment Plant, Baltimore. They
bserved that in the alkaline pH region, the uptake of Cu2+,
i2+ and Co2+ decreases with the pH increase, primarily due

o the high dissolved organic matter concentrations in high pH
onditions. Results also showed that under neutral and low pH
onditions, the dissolved organic matter effects on metal uptake
re insignificant.

The biosorbents used in continuous experiments were pre-
iously suspended in distilled water, and submitted to vacuum
nder agitation, in order to remove the air from pores and the
rganic matter easily desorbed. Moreover, the compacted adsor-
er with biosorbent was washed with distilled water during 2 h,

efore the experiment. Using these pre-treatments, the concen-
ration of dissolved organic matter in solution is low and does
ot interfere in the adsorption process. The uptake capacities,
etermined for algae Gelidium in batch system can be underes-

) kpap (min−1) Dh (cm2 s−1) kf (cm s−1) Nd ξNd Nf

0.23 3.2 × 10−8 7.0 × 10−4 3.5 26.8 1.8
0.23 3.2 × 10−8 3.0 × 10−3 3.5 26.5 7.3

0.43 6.0 × 10−8 6.0 × 10−3 9.0 25.3 120.8
0.43 6.0 × 10−8 5.0 × 10−3 6.1 17.1 67.9

0.18 2.5 × 10−8 1.0 × 10−3 2.5 27.3 15.1
0.18 2.5 × 10−8 8.0 × 10−4 2.5 22.3 11.1

0.27 3.7 × 10−8 6.0 × 10−3 4.0 159.4 18.7
0.27 2.5 × 10−8 2.0 × 10−3 2.6 51.2 21.6
0.18 2.5 × 10−8 1.0 × 10−3 2.5 27.3 15.1
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imated, due metal ions competition between dissolved organic
atter and surfaces. For the composite material, only a low con-

entration of organic matter is released to the solution, therefore,
he same adsorption capacity was obtained for continuous and
atch systems.

Associated errors to equilibrium parameters determination,
s pH change inside the adsorber (it was considered the final pH
f the experiment to determine the equilibrium parameters by
he discrete model) and algae Gelidium heterogeneity (the algae
as harvested in different seasons and sites), can also contribute

o different uptake capacities obtained in batch and continuous
ystems.

The film mass transfer coefficient, kf, can be obtained from
he “knee” of the breakthrough curve (Fig. 2). The “knee”
eight for the 100 rpm experiment corresponds to Cb/CE ≈ 0.42
hereas for experiments at 180 or 270 rpm Cb/CE ≈ 0.14, which
eans a higher mass transfer resistance in the film for lower stir-

ing velocities. Simulated curves for three different values of kf
onfirm that decreasing kf (increasing the film resistance) the
knee” height increases (see supplementary data).

The external mass transfer resistance is proportional to the
hickness of the stationary fluid layer surrounding the particles,
hich is controlled by the stirring rate of the bulk solution.
higher stirring rate reduces the film thickness and should

ventually eliminate the film resistance.
The film mass transfer resistance can be estimated by

he Sherwood number (Sh = kfdp/Dm), that is equal to 2
or isolated spherical particles, in the absence of stirring
27]. Considering Cu2+ diffusion coefficient in aqueous solu-
ion, Dm = 7.2 × 10−6 cm s−1 [28] and Sh = 2, kf is equal to
.4 × 10−3 cm s−1 for algae Gelidium (thickness = 0.1 mm).
his value is approximately two times lower than the obtained

or 180 and 270 rpm stirring rates. The kf value for 100 rpm
tirring rate is half of the estimated in the absence of stirring,
uggesting the presence of other resistances, as those of the ham-
ers mesh, the compacting bed of algae or the thin plate geometry
f the particles.

Table 1 presents the indicators for the mass transfer resistance
n the film and in particles Nf and ξNd, respectively. Nf < ξNd
ndicates that the film resistance is higher than the particle resis-
ance, which means that diffusion in the film is the limitant step
n the biosorption process.

.2. Effect of flow rate

In order to study the flow rate influence on the biosorption
rocess, two copper biosorption experiments were performed
sing the composite material, at 35.5 and 24.0 cm3 min−1 flow
ates. Increasing the flow rate, the time residence in the adsor-
er decreases, increasing the superficial velocity inside and the
harpness of the breakthrough curves (see supplementary data).
epresenting the breakthrough curves as a function of the dimen-

ionless time (Fig. 3), it can be seen that the two curves converge,

uggesting that the flow rate influence on the biosorption pro-
ess only affects the time needed to reach equilibrium. The
ame copper uptake was obtained from the two experiments
0.64 mmol Cu2+ g−1 composite material), and 0.21 mmol H+

t
w
b
l

ig. 3. Experimental data and simulated concentration profiles for Cu2+ contin-
ous biosorption onto composite material, at two different flow rates.

as released to the solution (≈32% of the adsorbed copper ions).
n this case, the mass transfer model fits well the experimental
esults, as it can be seen in Fig. 3.

At higher flow rates, low film resistances and higher kf values
re obtained. The lowest resistance to film diffusion was found
or the composite material, due to the low particles compaction
nside the hampers. Nf values higher than ξNd values were found
or the composite material, suggesting that the process is intra-
article mass transfer controlled (see Table 1).

A kf value of 1.6 × 10−6 cm s−1 was estimated in the absence
f stirring (Sh = 2.0), for an average particles diameter of 0.9 mm
composite material), which is around 30 times lower than the kf
alue obtained from the simulated curves. This result suggests
hat, despite the existence of a film mass transfer resistance,
t has been highly reduced by stirring. The reduction is higher
or the composite material than for algae Gelidium, maybe due
o the particles geometry and bed compaction, which turns the
inding sites more accessible.

.3. Effect of the initial concentration

The influence of the inlet concentration in the biosorption
rocess, using a CSTR adsorber, was studied for lead biosorp-
ion by the composite material. The initial lead concentration
as a significant effect on the breakthrough curves as illustrated
n Fig. 4. As expected, higher the initial lead concentration,
aster the metal breakthrough, since the binding sites became
uickly saturated. The lead uptake capacity, achieved in both
xperiments, was approximately 12 mg Pb2+ g−1 composite
aterial.
For CE = 25.6 mg l−1 adsorbed metal does not reach the max-

mum uptake capacity of the adsorbent (for Qmax = 20 mg g−1,

he lead uptake capacity in equilibrium was only 15.9 mg g−1),
hich means that there was not enough time to saturate the
iosorbent. Decreasing the value of Qmax for 16.0 mg g−1 (the
ead uptake capacity in equilibrium with CE = 25.6 mg l−1 is
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ig. 4. Experimental data and simulated concentration profiles for continuous
b2+ biosorption onto composite material, at two different inlet concentrations.

2.7 mg g−1), a better description of the experimental results
s obtained (Table 1).

For CE = 9.5 mg l−1 the initial part of the experimental curve
hows a little “knee”, due to the resistance to mass transfer in the
lm (Fig. 4). Results suggest that, due to high Pb2+ diffusivity in
articles, the ions fed to the adsorber are immediately adsorbed.
or higher Qmax a better description of the experimental results
y the model is obtained, but with adsorption capacities higher
han those obtained in equilibrium.

Biosorption of Pb2+ on alga Gelidium was also performed
see supplementary data). The uptake capacity of alga Gelid-
um was 36.4 mg Pb2+ g−1 (pHAE 4.8). The simulated curve
oes not fit the experimental results using the value of Qmax
etermined by the Langmuir isotherm (54 mg g−1). Increasing
his value to 82 mg g−1, the curve has a translation in the posi-
ive axis of time, but still continues not fitting the experimental
ata. Increasing KM to 0.16 l mg−1, the mathematic model bet-
er describes the experimental results, as in the initial part of
he curve the active sites with higher affinity to the metal ions
re the occupied ones. In the discrete model are only used the
edium affinity to the active sites. Considering the continuous
odel, KPb = 0.16 l mg−1 is inside of the interval of the car-

oxylic affinity constants, considering a continuous equilibrium
odel [19]. It can be concluded that, in the biosorption of Cu2+

s in the biosorption of Pb2+, the equilibrium data cannot be
sed in the CSTR biosorption.

.4. Effect of the initial pH

The solution pH plays an important role in metal ion adsorp-
ion, as it was already concluded from equilibrium and kinetic
xperiments in batch systems [19,29,30]. In order to study the

H effect on lead biosorption onto the composite material, in
CSTR adsorber, two experiments were performed at different
H inlet solutions (pHSE 5.4 and 4.4; pHAI 6.0 and 4.0, which
orresponds to pHAE 5.2 and 4.1 in the equilibrium).

e

C

ig. 5. Experimental data and simulated concentration profiles for continuous
b2+ biosorption onto composite material, at two different initial pH.

The concentration profiles represented in Fig. 5 result from
on exchange between metal (solution) and H+ (solid). As H+ is
eleased to the solution, the solution pH decreases. For pHSE 4.4,
he effluent pH is constant, due to the high proton concentration
nd the competition with metal ions. For higher pH values more
ime is needed to reach biomass saturation, since the uptake
apacity also increases.

Mass transfer parameters for both experiments are presented
n Table 1. The film resistance increases when decreasing the
H, as observed in Fig. 5, through the height of the curve initial
knee”. Due to competition with H+, the electrostatic adsorption
inding force decreases with pH, increasing the film resistance.

.5. Regeneration studies

After the biosorbents saturation with lead ions, the regener-
tion process has been studied using HNO3 as eluant. Fig. 6
hows that Pb2+ desorption is complete (≈451 and 100 mg Pb2+

ere released into solution, respectively, for algae and compos-
te material). The same results were obtained for lead and copper
esorption in a continuous packed-bed column [22].

In the batch system, Cu2+ elution was about 80%, for the
omposite material and, around, 95% for the alga Gelidium
20], whereas complete desorption (100%) was obtained in the
ontinuous system (CSTR). Desorption is very fast (t = 3τ) and
aximum concentrations of 600 and 150 mg l−1 were achieved,

espectively, for alga and composite material. The solid–liquid
atio (S/L, g l−1) is 23.4 and 15.7 and the concentration fac-
or (CR) is 23.8 and 15.8, respectively, for alga and composite

aterial.
When the desorption process is 100% efficient, CR can be
stimated from [20]:

R =
(

S

L

)
QmaxKL

1 + KLCfinal(adsorption)
(16)
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Table 2
Mass transfer parameters for lead elution

Biosorbent KPb
H Qmax (mmol g−1) ξ′ ε kp (cm s−1) kpap (min−1) Dh (cm2 s−1) Nd ξ′Nd

Gelidium 0.16 0.36 41.5 0.983
Composite material 1.1 0.16 21.7 0.917

F
P

C
2
v
p
f

t
t
I
f
b
o
t
e
s
c

t
d
i
t
t
e

5

p
o

fi
i
f
n
t
t
q
s
u
b
t
u
s
u
s

A

t
a
d

A

i

R

(2001) 3048–3054.
ig. 6. Experimental data and simulated concentration profiles for continuous
b2+ elution onto composite material.

R values predicted by Eq. (16) using the equilibrium data are
6.6 and 19.3, respectively, for experiments 5 and 9 (using Cfinal
alues from Table 1, in supplementary data, and equilibrium
arameters from Table 2), which means that the concentration
actor can be estimated from equilibrium data.

Table 2 presents model parameters used in the elution mass
ransfer model. The breakthrough curves are well predicted by
he model, as it can be seen in Fig. 6 (see supplementary data).
n the simulation, it was assumed that the selectivity coefficient
or Pb2+ (KM

H = KPb
H ) is equal to that obtained for Cu2+ in the

atch system. For KPb
H = 0.93, the maximum lead concentration

btained from the model simulation is lower than the experimen-
ally obtained. If KPb

H = 0.16, the simulated curve fits well the
xperimental data. The difference can be attributed to the greater
tandard errors associated with the measurements of high metal
oncentrations, and to the selected value for Pb2+ selectivity.

From ξ′Nd values (Table 2), it can be concluded that the mass
ransfer resistance in the particle is very small, due to the fast
iffusion of Pb2+ from the biomass surface into the solution, by
on exchange with H+. Fig. 6 shows that pH decreases rapidly
o the inlet value. The simulated curve also corresponds well to
he experimental pH profile, and confirms that, in this system,
lution is an ion exchange process.

. Conclusions
The present study shows that algae Gelidium and algal com-
osite material are an effective biosorbents for the adsorption
f copper and lead ions from aqueous solution in a CSTR. The
3.3 × 10−5 0.4 5.5 × 10−8 5.9 245
1.1 × 10−4 1.3 1.8 × 10−7 18.6 403

lm resistance is higher for lower stirring velocities, increas-
ng the “knee” of the initial part of the breakthrough curve, and
or the higher stirring velocity this resistance was not elimi-
ated. The flow rate only affected the time necessary to saturate
he biosorbent. A higher initial metal concentration decreases
he metal breakthrough time, since the binding sites become
uickly saturated. Increasing the initial pH, more deprotonated
ites are available, increasing the uptake capacity and the sat-
ration time. The biosorbents can be reutilized in a fast way
y using a concentrated acid solution in a fast way. The mass
ransfer model for adsorption and desorption processes can be
sed to describe the experimental results, however it could be
een that the equilibrium data are underestimated in some sit-
ations due principally to the competition of organic matter in
olution.
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