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Multi-metal biosorption in a fixed-bed flow-through column
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Abstract

Metal-biosorbent biomass of Sargassum fluitans brown seaweed biomass is capable of effectively removing toxic heavy metals from aqueous
solutions. Involvement of physico-chemical mechanisms including biosorption, precipitation and microbial reductive processes has been established
to play important roles in metal immobilization. Biosorption of Cu2+, Zn2+ and Cd2+ by S. fluitans biomass pre-loaded with Ca2+ is based on ion
exchange mechanism accompanied by a release of Ca2+ into the solution phase. Carboxylic, sulfonate and phosphonate moieties of the biomass
were quantitatively established as being responsible for the sequestering of heavy metals.

Equilibrium biosorption ion exchange isotherms for Cu2+, Zn2+ and Cd2+ were determined. Metal biosorption dynamics in a fixed-bed flow-
through sorption column was eventually predicted by numerically solving the equations of the ion exchange model proposed. This mathematical
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odel, serving as a basis for sorption process computer simulations, takes into account also the mass transfer process. Computer simulation and
rediction of the biosorbent behavior was carried out for sorption systems containing one, two, and multiple metal ionic species. The simulation
ffers a new and responsive tool for design and meaningful optimization of the metal recovery/removal processes.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Materials of non-living microbial cells play an important role
n controlling the mobility and bioavailability of metal ions in
queous environmental systems [3]. The use of biomass for accu-
ulation and concentration of toxic heavy metals from industrial
etal-bearing effluents has been studied for some time [1,19,28].
iosorption is a process employing dead biomass to sorb heavy
etals from aqueous solutions [18]. Low costs and relatively

igh efficiency of heavy metal removal from diluted solutions
re among the leading advantages of biosorption [25].

Ion exchange has been recognized as the principal mecha-
ism of metal biosorption by algal biomass [9]. While only few
athematical models proposed take this fact into account, there

ave been attempts to predict biosorption in multimetal systems
nd to model the influence of ionic strength on the binding of
oxic metals [23]. Numerical inversion techniques have also been
eveloped to calculate the affinity distributions during metal
orption from experimental data. Various constrained and regu-

larized least-squares algorithms are available in the literature for
the solution of such problems [11,15]. Biomass of brown alga
(Sargassum fluitans), known for its outstanding metal biosorp-
tion performance [20], was examined in this work. Investigation
of the mechanism responsible for metal immobilization [5] by
Sargassum requires an interdisciplinary approach.

However, most of the models for flow-through fixed-bed
columns reported on in the biosorption literature considered the
biosorption process as similar to the adsorption on activated
carbon [27]. Recently, also advanced Janson-Charrier’s attempt
[12] used the Bohart–Adams sorption model [2] developed for
sorption on granulated activated carbon (GAC) to analyze the
performance of a biosorption column.

The objective of the present work was to model the biosorp-
tion of Cu2+, Zn2+ and Cd2+ by S. fluitans in a flow-through
fixed-bed column. It focuses on the simulation-prediction of
experimental results by Kratochvil and Volesky [14], studying
sorption of divalent cations of Cu, Cd, Zn and their respec-
tive mixtures Cu + Zn, Cu + Cd, Cd + Zn, Cu + Zn + Cd by Ca-
preloaded S. fluitans biomass packed in a sorption column. The
model of Tan and Spinner [26] modified by Kratochvil et al.
∗ Corresponding author. Tel.: +1 514 3984276; fax: +1 514 3986678.
E-mail address: boya.volesky@mcgill.ca (B. Volesky).

[15] has been adopted and adapted in the present work for sorp-
tion systems containing one-, two- and multi-metal mixtures

927-7757/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2006.02.040

mailto:boya.volesky@mcgill.ca
dx.doi.org/10.1016/j.colsurfa.2006.02.040


G. Naja, B. Volesky / Colloids and Surfaces A: Physicochem. Eng. Aspects  281 (2006) 194–201 195

Nomenclature

[A] concentration of A in solution
B binding site of the biomass
CM concentration of species M in the liquid phase

(meq L−1)
C0 normality of the column feed (meq L−1)
DZ dispersion coefficient in the liquid phase

(cm2 min−1)
ε column void fraction
F volumetric flow rate (cm3 h−1)
KfM overall mass transfer coefficient of species M

(min−1)
KM,Ca exchange equilibrium constant of a metal ion M

present in a binary system with calcium
L0 length of the column (cm)
ρb packing density of dry biomass in the packed-bed

(g L−1)
qM uptake of species M by the biosorbent (meq g−1)
q∗

M dimensionless equilibrium uptake of species M at
CM

Q concentration of binding sites in the biosorbent
(meq g−1)

t time (h)
ν interstitial fluid velocity (cm min−1)
VC volume of the packed-bed (cm3)
x equivalent fraction in the liquid phase related to

the total normality of the solution
y equivalent fraction in the solid phase related to

the total number of binding sites.

Dimensionless groups
DgM = ρbQ/C0ε solute distribution parameter
Pec = L0v/DZ column Peclet number
ShM = KfML0/ν modified Sherwood number

of cations. It consists of a coupled system of partial differen-
tial, ordinary differential and algebraic equations describing the
dynamics of the multicomponent ion exchange in a flow-through
fixed-bed.

2. Theoretical basis

2.1. Equilibrium model

Several biosorption studies reported on in the literature
attempted to develop mathematical equilibrium sorption mod-
els and to verify their suitability for describing biosorption of
Cu by marine algal biomass [4] or the uptake of Cu onto Na-
alginate [11]. Ion exchange has been identified and confirmed
as the major mechanism involved in heavy metal uptake by
organic biomass, and implicitly by algae [10,24]. As a result,
ion exchange models have been used for fitting and interpreting
the data obtained in both equilibrium and dynamic biosorption
experiments [15,22].

Because algal biosorbents, similar to ion exchange resins, can
easily be prepared in different ionic forms, also Ca-preloaded
algal biomass can be viewed as a simple ion exchanger. Corre-
spondingly, the classical ion exchange concept based on express-
ing the ion-exchange equilibrium constant can be applied for the
case of ideal behavior of the exchanging species in both liquid
and solid phases. There could be several types of binding sites
on the biomass, each with different characteristics.

Only one type of a binding site was assumed to be functional
in the biomass in the present study reacting with ions from the
solution. This assumption was verified by the quantification of
carboxylic moieties and phosphonate and sulfonate groups con-
sidered as the three major binding sites of the type of biomass
examined. It was shown that for the pH range examined the con-
tribution of the biomass sulfonate and phosphonate groups could
be considered negligible as compared to the contribution of the
carboxyl groups [6], allowing the application of this assumption.
Correspondingly, the model used in the present study is based
on the following equation (1).

M2+ + B2Ca ⇔ Ca2+ + B2M (1)

where M represents the sorbate metal ion (Cu2+, Zn2+ or Cd2+)
and B is the binding site of the biomass (Ca loaded).

Based on the sorption system ion exchange reaction reflected
in Eqs. (1) and (2) expresses the affinity constant KM,Ca for the
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quilibrium uptake of the bivalent metal ion M present in a binary
ystem with calcium.

M,Ca = [B2M][Ca2+]

[M2+][B2Ca]
(2)

onsidering that the total number of binding sites, Q (meq g−1),
s the sum of the metal and calcium uptakes by the biomass, the
ffinity constant KM,Ca could also be expressed by the following
q. (3).

M,Ca = [B2M][Ca2+]

[M2+](Q − [B2M])
(3)

y rearranging Eqs. (3) and (4) is obtained for describing metal
sorption as a function of the metal [M2+] and calcium [Ca2+]

oncentrations in solution.

B2M] = QKM,Ca[M2+]

KM,Ca[M2+] + [Ca2+]
(4)

he desirable dimensionless equations are obtained by introduc-
ng three new parameters C0, x and y. C0 represents the normality
f the column feed (meq L−1), x characterizes the equivalent
raction in the liquid phase related to the total normality of the
olution and y is attributed to the equivalent fraction in the solid
hase related to the total number of binding sites. Equivalent
ractions x and y of the metal and calcium are related through
qs. (5) and (6).

M + xCa = 1 (5)

M + yCa = 1 (6)
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Upon rearranging Eq. (4) and introducing the three new parame-
ters C0, x and y, the model equation for the equilibrium uptake of
a bivalent metal ion M present in a binary system with calcium
can be written in the form of the following Eq. (7):

y∗
M = KM,CaxM

KM,CaxM + (1 − xM)
= KM,CaxM

1 + xM(KM,Ca − 1)
(7)

Eq. (7) could easily be generalized and applied even for quater-
nary systems containing bivalent species M1, M2 and M3. The
expressions for uptakes of each of the species can be written as
the following Eqs. (8)–(10).

y∗
M1 = KM1,CaxM

1 + xM1(KM1,Ca − 1) + xM2(KM2,Ca − 1)

+ xM3(KM3,Ca − 1)

(8)

y∗
M2 = KM2,CaxM

1 + xM1(KM1,Ca − 1) + xM2(KM2,Ca − 1)

+ xM3(KM3,Ca − 1)

(9)

y∗
M3 = KM3,CaxM

1 + xM1(KM1,Ca − 1) + xM2(KM2,Ca − 1)

+ xM3(KM3,Ca − 1)

(10)

when applying the model to the present study, the constants
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nary differential and algebraic equations describing the dynam-
ics of multicomponent ion exchange in a flow-through fixed-bed.

Assuming isothermal conditions and constant physical prop-
erties for the feed solution, the differential molar balance for a
sorbate species M is:

CM

∂z
− 1

Pec

∂2CM

∂z
+ ∂CM

∂t
+ DgM

qM

t
= 0 (11)

The sorption rate equation can be written as Eq. (12), assuming
a linear driving force for the sorption process and a combined
film and intraparticle mass transfer resistance.

∂qM

∂t
= ShM(q∗

M − qM) (12)

With

DgM = ρbQ

C0ε
(13)

ShM = KfML0

ν
(14)

Pec = L0ν

Dz
(15)

where t is the time (h), ρb the packing density of dry biomass
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M1,Ca, KM2,Ca and KM3,Ca will be equilibrium binding constants
f metals sorbed on S. fluitans biomass loaded with Ca2+. These
onstants were determined by Kratochvil and Volesky [14] for
ifferent metal ions by conducting batch sorption experiments.

The present model provides explicit formulas for metal
ptakes as functions of respective final concentrations of the
pecies present in the system. These equations are appropriate
or being used in numerical simulations of dynamic sorption
olumn systems.

.2. Sorption column model

While the conventional Bohart–Adams sorption model
12,17], mainly developed for carbon sorption, has often been
sed in studies of a biosorption column performance, it is not an
ppropriate model that would reflect the uptake mechanism of
on exchange. Other types of models need to be sought. The most
omplete column model taking into account also the dominant
ntraparticle mass transfer was developed for ion exchange by
an and Spinner [26]. In principle, this mass transfer model can
redict breakthrough curves for all of the species being removed
y the biosorbent and also the elution curves obtained during
orbent regeneration.

The original model used in the present study to predict
iosorption in fixed-bed columns is based on the work of Kra-
ochvil and Volesky [14]. In order to use the model in the present
pplication to studying binary systems as well as ternary and
uaternary systems, it had to be adapted. Its transformation
llowed testing the modeling approach for the case of multicom-
onent biosorption systems. The adopted approach consisted on
umerically solving a mixed system of partial differential, ordi-
n the packed-bed (g L−1), Q the concentration of binding sites
n the biosorbent (meq g−1), C0 the normality of the column
eed (meq L−1), ε the column void fraction, L0 the length of
he column (cm), ν the interstitial fluid velocity (cm min−1),

Z the dispersion coefficient in the liquid phase (cm2 min−1),
hM the rate constant for ion exchange (min−1), CM the con-
entration of species M in the liquid phase (meq L−1), qM
he uptake of species M by the biosorbent (meq g−1), q∗

M the
imensionless equilibrium uptake of species M at CM, DgM
he solute distribution parameter, KfM the overall mass transfer
oefficient of species M (min−1), and Pec is the column Peclet
umber.

The relationship for a metal species represented by Eqs.
11) and (12) should be solved simultaneously. The specific ini-
ial and boundary conditions were specified by Kratochvil and
olesky [14].

The set of two coupled partial differential equations for the
ase of a binary-component system was solved numerically by
sing FEMLAB multiphysics modeling computer software. For
ulti-component systems, the number of coupled equations to

e solved increases with the number of components. Corre-
pondingly, the complexity of the computational solution for
he set of equations is also increased.

In this work, instead of using time on the horizontal axes
f relevant diagrams, the dimensionless throughput T has been
dopted for the purpose, defined by Eq. (16):

= C0Ft

ρbQVc
(16)

here F is the volumetric flow rate (cm3 h−1) and VC represents
he packed-bed volume (cm3).
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3. Materials and methods

The dimensionless numbers ShM, DgM and Pe, together
with the equilibrium parameters for a given system, represent
the parameters of the fixed-bed flow-through sorption column
model. The equilibrium parameters can be determined from
batch equilibrium studies and the values of C0, v, L0, Q and
ρb are usually known or can be calculated. The only remaining
unknowns in the model are KfM and Dz and they have to be
determined simultaneously by fitting the fixed-bed model to an
experimental breakthrough curve.

3.1. Biosorbent

The Sargassum seaweed biomass used for column sorption
experiments was first washed in the laboratory with distilled
water until a constant pH and conductivity of the spent rinse
water was obtained. Then, the biomass was protonated by wash-
ing it with 0.2 M H2SO4 followed by a distilled water rinse in
a 3.5 L beaker for 3 h until the pH of the rinse water reached a
constant value of 4. The subsequent conversion to Ca-biomass
was accomplished by another wash with a 0.016 M solution of
Ca(OH)2. The Ca-biomass was rinsed and dried in the oven
overnight at 50 ◦C before packing inside the column or using it
in the batch experiments.

Based on Kratochvil [13], the biosorbent used was character-
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Zn2+ (2 meq L−1) and Cd2+ (2 meq L−1). All the solutions used
in this work had sulphate (SO4

2−) as a counter-ion.

4. Results and discussion

4.1. FEMLAB software

With the advance of powerful and small computers, the
development of mathematical models capable of describing the
sorption column performance is not only essential for analyzing
and meaningfully interpreting experimental data, but it can also
assist in predicting the response of the sorption system to chang-
ing conditions. A contemporary specialized computer software
[21] was employed in this work in order to solve the equations
of the proposed mathematical model for the metal biosorption
process studied.

FEMLAB is a powerful tool with an interactive environment
for modeling and solving scientific and engineering problems
based on partial differential equations [7]. It is the first engineer-
ing tool that performs equation-based multiphysics modeling in
an interactive environment [30]. Free-form entry of partial dif-
ferential equations or the use of specialized physics application
modes are possible. In its basic configuration, FEMLAB offers
modeling and analysis power for many different areas of appli-
cation [16,21] that are characterized by sets of partial differential
equations, even for a system of eight coupled equations.
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zed by the total number of binding sites Q = 2.2 meq g−1 and by
he following affinity constants: KCu,Ca = 2.01; KZn,Ca = 0.4524;

Cd,Ca = 0.6774.The constants were evaluated from batch
iosorption equilibrium data as described earlier [13]. Accord-
ng to the values of the constants, the metal species can be
rranged in the order of decreasing affinity towards the Sar-
assum biosorbent as follows: Cu > Cd > Zn.

.2. Column experiments and modeling

Dry Ca-biomass was packed in a 50 cm long column of 2.5 cm
ielding an approximate packing density of 200 g/L [14].

When a column feeding solution containing Cu2+

1 meq L−1) was pumped into the column (down-flow manner
t a rate of 4 cm min−1), a binary sorption system resulted
n conjunction with Ca-loaded biomass. The CuSO4 solution
H was adjusted to pH 5 using NaOH and was continuously
onitored. The pH value was chosen after studying the metal

nd solid behavior at different pH values.
There were three ternary sorption systems (a–c) simulated in

he present work. They resulted when Ca-loaded biomass was
sed together with a column feed solution (down-flowing at the
ate of 3 cm min−1) containing:

a) Cu2+ (1 meq L−1) and Zn2+ (0.2 meq L−1);
b) Cu2+ (1 meq L−1) and Cd2+ (0.1 meq L−1);
c) Cd2+ (1 meq L−1) and Zn2+ (0.2 meq L−1).

Eventually, the quaternary system studied consisted of the
a-loaded biomass and a solution, fed into the column from

he top at the rate of 3 cm min−1, containing Cu2+ (2 meq L−1),
With regard to biosorption modeling, FEMLAB was able to
olve equation sets for mono- and multi-component systems,
sing the equations mentioned above, in order to simulate break-
hrough curves resulting from operation of flow-through fixed-
ed experimental biosorption columns. The results obtained
ould easily be applied for design and optimization of a large-
cale sorption process.

The biosorption process examined here was reflected in a
et of partial differential equations developed in a general form
uitable for non-linear models. The necessary boundary condi-
ions for the solution of model equations were defined according
o Dirichlet and Neumann types suggested and used by the
EMLAB software package. Once the equations were inputted

hrough the software interface, and the different constants spec-
fied (length of the column, feed concentration, sorbent packing
ensity, the affinity constants, etc.), the computer process sim-
lation could be run whereby the equations are solved very
uickly. When solving the set of partial differential equations,
he software runs the finite element analysis together with adap-
ive meshing and error control using a variety of numerical
olvers [29].

The column length was divided into appropriately selected
lements via different discretizations that were used for the solu-
ion procedure to ensure that the model solution and convergence
ere mesh-independent. It is important that the finite element
rocedure accurately capture local variations in the solution such
s stress concentrations. Comparisons with available experi-
ental data are important to ensure the accuracy and overall

erformance of the model.
The FEMLAB output files were easily transformed to

S-Excel files where the results could easily be graphed and
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compared to the experimental data as reported by Kratochvil
and Volesky [14]. For the current modeling purposes, all
the parameters of the fixed-bed model and specifically the
mass-transfer coefficients for all of the ionic species in the
system must be known. The values of these coefficients can be
estimated, specifically derived [31] or determined by fitting the
model to experimental data.

The equilibrium parameters of the proposed model could be
determined from batch equilibrium studies and the values of C0,
v, ε (0.82), L0, Q (2.2 meq/L) and ρb were known from the exper-
imental conditions. The only remaining unknowns in the model
were KfM and Dz that had to be determined simultaneously by fit-
ting the fixed-bed model to an experimental breakthrough curve,
using an optimization-search procedure minimizing the sum of
the squares of the relative deviations between the model and
the experimental data. The minimization method was performed
with respect to the concentration CM of species M in the liquid
phase.

4.2. Modeling experimental data

As for any continuous-flow sorption process, biosorption of
Cu2+ in a fixed-bed column containing Ca-loaded S. fluitans is
influenced by both the sorption equilibrium and the mass transfer
resistance phenomena. The column experimental data obtained
by Kratochvil and Volesky [14] were interpreted through the
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a biosorption process carried out in a flow-through fixed-bed
column.

The C/C0 maximum value, the service time of a column and
the slope of the breakthrough curves can all be well estimated
from the simulation. The model breakthrough in Fig. 1 yields
important information from the process feasibility standpoint
by providing a perfect simulation of the breakthrough curve.
It could provide the basis for process optimization. This type
of information is essential for scaling up of the biosorption
process to an industrial level and for estimating the process
feasibility.

When there is more than one metal in the solution, the sorp-
tion models reported in the literature for such cases very often
become more problematical with non-converging equation solu-
tions. The assessment and prediction of the sorption performance
for these systems then becomes more complicated or just simply
impossible. The contribution of this work is in the applicability
of the present process model that is not limited to binary systems
and could conveniently be applied to three and multi-component
solution systems.

Figs. 2–4 depict the breakthrough curves obtained with more
complicated ternary metal mixtures consisting of (Cu2+–Zn2+),
(Cu2+–Cd2+), and (Cd2+–Zn2+). The experimental breakthrough
concentration profiles are compared in these figures with break-
through curves predicted and calculated by the model.

The column feed mixtures were fed individually into sorption
c
t
w
a
(
C

F
c
Z
r

oncept of ion exchange equilibrium isotherms and by taking
nto account the effect of intra-particle mass transfer, the latter
onsidered as the rate-limiting step.

The experimental breakthrough curve (Fig. 1), obtained for
u2+ sorption onto the 50 cm long packing of Ca-biomass,
ppears to agree very well with the one generated by the pro-
osed model. These results confirm that the model set of equa-
ions can be used as a suitable mathematical representation of

ig. 1. Comparison of experimental (�) and model (�) breakthrough curves
or Ca-Sargassum in a sorption column fed with 1 meq L−1 Cu2+. The column
ength, the biomass packing density and the flow rate were 50 cm, 4 cm min−1

nd 200 g/L, respectively.
olumns packed with Ca-preloaded biosorbent. The concentra-
ion of Cu2+ in the (Cu2+–Zn2+), and the (Cu2+–Cd2+) mixtures
as 30 mg L−1 (∼0.5 mmol L−1) and the concentrations of Zn

nd Cd in these mixtures were approximately 4 mg L−1. The
Cd2+–Zn2+) mixture contained 50 mg L−1 (∼0.5 mmol L−1) of
d2+ and 4 mg L−1 of Zn2+. The flow rate, the biomass packing

ig. 2. Comparison of experimental (©, �) and model (�, �) breakthrough
urves for Ca-Sargassum and feed containing 1 meq L−1 Cu2+ and 0.2 meq L−1

n2+, respectively. The column length, the biomass packing density and the flow
ate were 50 cm, 3 cm min−1 and 200 g/L, respectively.



G. Naja, B. Volesky / Colloids and Surfaces A: Physicochem. Eng. Aspects  281 (2006) 194–201 199

Fig. 3. Comparison of experimental (©, �) and model (�, �) breakthrough
curves for Ca-Sargassum and feed containing 1 meq L−1 Cu2+ and 0.1 meq L−1

Cd2+, respectively. The column length, the biomass packing density and the flow
rate were 50 cm, 3 cm min−1 and 200 g/L, respectively.

density and the height of the packing were kept constant for all
experiments.

The experimental breakthrough curves compare very well
with the results calculated after solving two systems of two
partial differential equations. Figs. 2 and 3 (modeling and experi-
mental) show that for feeds containing Cu2+, the column effluent
concentrations of heavy metals Zn2+ and Cd2+ tend to over-
shoot the normal maximum dimensionless value of 1. This exit

F
c
Z
r

concentration overshoot, observed also in earlier studies [8], is
caused by the copper ion affinity for the biosorbent that is much
higher than that of Cd or Zn causing the gradual replacement of
these ions inside the column by Cu. Many models reported in
the literature just could not reflect the concentration overshoot.

However, Fig. 4 reveals that Zn2+ did not overshoot upon
exiting the column when it was fed into the column in the mixture
with Cd2+. That was because the affinities of those two metal
ions are somewhat closer together and the amount of Zn in the
feed was relatively small to produce a significant concentration
wave.

The model not only confirmed the existence of the exit con-
centration overshoots of Zn2+ for the (Cu2+ + Zn2+) mixture and
of Cd2+ in the (Cu2+ + Cd2+) mixed system, both sorbing onto
Ca-biomass, but it also yielded a very good estimate of the C/C0
maximum value as can be seen in Figs. 2 and 3. It may be con-
cluded that this model, in conjunction with FEMLAB, could
serve as a very useful tool for examining multi-metal biosorp-
tion in dynamic flow-through systems.

The model breakthrough curves in Figs. 2–4 yield important
information from the process feasibility stand-point by provid-
ing the time intervals between the breakthroughs of the individ-
ual components. The exit concentration overshoots translate as
concentration wave extremes inside the column.

As the FEMLAB solution for the partial differential equations
of the biosorption model is capable of illustrating the computer
s
e
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ig. 4. Comparison of experimental (©, �) and model (�, �) breakthrough
urves for Ca-Sargassum and feed containing 1 meq L−1 Cd2+ and 0.2 meq L−1

n2+, respectively. The column length, the biomass packing density and the flow
ate were 50 cm, 3 cm min−1 and 200 g/L, respectively.
imulation results of dynamic sorption this was attempted for an
quimolar feed stream. A multi-component solution containing
n equimolar mixture of Cu2+, Cd2+ and Zn2+ (2 meq L−1

ach), i.e. xCu2+ = xCd2+ = xZn2+ = 0.33 was pumped through
Ca-Sargassum packed column. The sorption behavior results

ig. 5. Comparison of experimental (�) and model (�) Zn breakthrough curves
or Ca-Sargassum and feed containing 2–2–2 meq L−1 Cu2+, Zn2+ and Cd2+. The
traight line corresponds to the Kratochvil model [14]. The column length, the
iomass packing density and the flow rate were 50 cm, 3 cm min−1 and 200 g/L,
espectively.
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Fig. 6. Comparison of experimental (�) and model (�) Zn breakthrough curves
for Ca-Sargassum and feed containing 2–2–2 meq L−1 Cu2+, Zn2+ and Cd2+.
The column length, the biomass packing density and the flow rate were 50 cm,
3 cm min−1 and 200 g/L, respectively.

of model-based calculations are compared to experimental
breakthrough curves in Figs. 5 and 6. Both types of curves are
in very good agreement.

Furthermore, Fig. 5 shows the results of the calculations
obtained by FEMLAB solving the system of equations pre-
sented in the present work and those obtained by Kratochvil
and Volesky [14]. In order to avoid dealing with eight cou-
pled differential equations, Kratochvil and Volesky [14] con-
sidered the system only as a binary one (Ca2+ + Zn2+) and
simulated it as such. The simulation halted early at one point,
running into non-converging solution problems. Only the early
stage of the resulting simulated breakthrough curve of Zn2+ is
compared in Fig. 5 to the corresponding stage of the break-
through obtained experimentally from the four-component sys-
tem (Cu2+–Cd2+–Zn2+–Ca2+).

Successful solution of eight coupled differential equations
using FEMLAB demonstrated not only that the numerical solu-
tion can converge in this case (Fig. 6) but it also resulted in a
better approximation of the experimental data by the computer-
simulated sorption column breakthrough curve (Fig. 5).

5. Conclusion

The major advantage of the FEMLAB software used for solv-
ing the present model is that it can simulate and predict the
performance of a (bio)sorption column operating under various
c
c
T
t

(

(2) simulating the performance of the final design based on the
results of these tests.

This overall performance simulation of flow-through sorp-
tion columns is also necessary for estimation of the length and
shape of the active dynamic ion-exchange zone that develops
during sorption and regeneration, affecting the overall column
utilization and process economics.

There may be only one disadvantage of the FEMLAB software
in the fact that, theoretically, all the parameters of the fixed-
bed sorption column model and specifically the mass-transfer
coefficients for all of the ionic species in the system must be
known. Consequently, the values of these coefficients need to
be estimated, specifically derived or determined by fitting the
model to experimental data.
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