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Abstract The paper is devoted to the problem of multi-

component sorption of metal ions on the algae-based bio-

sorbents. The basic methods of generalization of the single-

component adsorption models are reviewed or introduced

and commented for both biosorption equilibrium and

kinetics. The problem of similarities and difference between

the competitive adsorption and the ion-exchange models is

discussed and analyzed to state that both these approaches

give the same results providing that only equilibrium prop-

erties are considered.
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1 Introduction

Biosorption is a technique based on employing materials of

biological origin (e.g., algae, fungi, bacteria) to immobilize

pollutants contained in aqueous solutions (Veglió and

Beolchini 1997; Volesky 2001; Volesky and Holan 1995). In

particular, it can be applied to remove heavy metal ions

(copper, lead, mercury, cadmium, nickel,���). Recently there

have been published numerous papers dealing with the bio-

sorption phenomena focusing on experimental studies of

binding of heavy metal ions (e.g., Pb2?, Cu2?, Cd2?, Hg2?)

by biosorbents based on the algal biomass or containing the

alginates (Ahmady-Asbchin and Jafari 2012; Areco et al.

2012; Cirik et al. 2012; Flouty and Estephane 2012; Ibrahim

2011; Singh et al. 2012; Sulaymon et al. 2012; Wang et al.

2012; Yalçın et al. 2012; see also the review by Febrianto

et al. 2009). When considering the biosorption systems

containing several metal ions able to be bound by the bio-

sorbent, only very few of them have been subjected to pro-

found theoretical analysis of the experimental data. In most

cases only several simple (sometimes empirical) mathe-

matical expressions are applied in parallel to correlate the

measured data. Such situation does not help draw any more

conclusions about the biosorption process mechanisms.

Many attempts have been made to formulate general

mathematical expressions or theoretical models, which

would be able to adequately describe the equilibrium and

kinetics of sorption in the metal ion/biosorbent systems. The

overview of the potential models which can be applied in the

single-component systems can be found in refs. (Plazinski

et al. 2009; Febrianto et al. 2009). Here we focus on the issue

of transforming the existing adsorption/sorption/biosorption

models in order to describe the multicomponent sorption of

metal ions by biosorbents. The systems taken into consid-

eration are those containing (heavy) metal ions and biosor-

bents based on alginates. This includes algal-biosorbents or

alginates (e.g., calcium alginate which can be used directly

as the sorbent or as the immobilizer for other types of sor-

bents) which are both referred to as ‘biosorbents’ here.

The main aims of this paper are:

(1) To present the brief review of the methods of

generalizing the single-component-related models of

sorption on the case of sorption systems containing

more sorbing species and to comment on the existing

ways of such generalization.

(2) To prove the equivalency of the competitive adsorp-

tion and ion-exchange equilibrium-related models for

the multicomponent systems.
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(3) To put the problem of multicomponent (ad)sorption

models into the context of binding of metal ions by

the algae-based biosorbents (biosorption).

2 Specific binding

The process of cation binding by the biosorbent can be

expressed by the following reaction:

Mþ aMS�!KMMSaM
ð1Þ

in which the metal ion (M) valence is not shown; S is the

monovalent binding site and KM denotes the metal ion

binding affinity constant. If several different types of ions

capable of binding to the biosorbent exist in the system, the

additional reaction (in analogy to Eq. 1) must be added to

complete the description. The most common situation (in the

case of algal biosorbents) is when binding of heavy metal

cations is accompanied by binding of protons. In other

words, the influence of pH is accounted for by considering

the reaction of H? with the titratable sites of the biosorbent.

The usual procedure of arriving at the (bio)sorption isotherm

equation consists of: (i) formulation of reactions analogous

to Eq. (1) for all species which may be sorbed in the

considered system; (ii) finding the appropriate balance

equations linking e.g., the total amount of sorbates or the

total number of binding sites; (iii) solving the obtained

system of equation with respect to the quantity (quantities) of

interests (usually, the amount adsorbed in the function of

sorbate concentration(s)). Such procedure leads to the set of

equations analogous to Eq. (2):

KM ¼
qM

CM Ns �
P

i

aiqMi

� �aM
: ð2Þ

in which q is the amount adsorbed, C is the concentration

in the bulk phase, while the subscript denotes the corre-

sponding species. Ns is the total number of binding sites

onto the (bio)sorbent surface. The summation includes all

species which can be bound by the biosorbent.

The above-described procedure is rather straightforward

and intuitive, but there are several (additional) complica-

tions which must be considered:

(1) The stoichiometry of binding reaction is not obvious

even for the relatively simple system containing raw

alginate as the biosorbent; in the case of raw algae or

other biosorbents the situation is more complicated by

the presence of (at least) several different types of

binding sites which contribute to the overall metal ion

binding. For instance, the experimental data indicate

that at least two different binding modes (mono- and

bidentate-, with respect to the carboxyl moieties) are

possible during calcium ions binding by alginate

(Papageorgiou et al. 2010). The common procedure of

accepting the dentacy of metal-biosorbent complex as

equal to the binding ion charge is not justified.

Further, the binding of ion may occur according to

various schemes proceeding in parallel. If the stoi-

chiometries of binding are known, the only compli-

cation connected with the generalization for the case

of multicomponent binding is the requirement of

considering additional reactions.

(2) The relation linking the total number of binding sites

with that occupied by different species is the simplest

when assuming that exactly the same sites are equally

well accessible for all considered species. This may

not be true for the ions differing much in their

properties (dimension, charge) for many reasons (e.g.,

steric hindrance or affinities). Thus, the subsets of

binding sites characteristic of each type of ions may

be partially separable. The example is the competitive

sorption of metal ions (Pb2?) and protons which may

compete for the same type of binding sites (carboxyl

groups) but, additionally, (according to some exper-

imental studies (Davis et al. 2008a)) Pb2? may be

sorbed by other oxygen atoms (e.g., hydroxyl or ring

oxygens).

(3) The related problem is the chemical heterogeneity of

binding sites which may have various characters for

each of the sorbing ions. One can distinguish the

cases of correlated and uncorrelated affinity distribu-

tion functions (Plazinski and Rudzinski 2011). Such

distinction is convenient for mathematical modeling

purposes but is only a crude approximation.

(4) Other species which do not directly compete with the

sorbing ions for the available binding sites may also

interfere with the sorption equilibrium. Here one can

distinguish two independent cases:

(i) The presence of ligands in the bulk solution

competitive for metal ions with respect to the

biosorbent binding sites. These may be water

molecules (hydrolyzing metal ions) or other

strong bases present in the solution (e.g., OH-

ions reacting with metal cations producing metal

hydroxide at high pH values). It is worth noting

that the products of hydrolysis may also be bound

by the biosorbent (Plazinski and Rudzinski 2010).

(ii) The increased values of ionic strength which may

be caused by the presence of both sorbing and non-

sorbing ions (e.g., ‘light’ metals and anions). This

issue is described in detail below, in the Sect. 3).

(5) It is very probable that obtaining a simple and

compact mathematical equation expressing the

amount adsorbed in the function of concentrations
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of all species of interests will not be possible. Thus,

the concept of the biosorption process modeling may

be equivalent to the numerical solutions of the set of

equations at fixed values of operational parameters.

There exist several methods capable of approximating

modeling of issues listed above in points 2 and 3 (Plazinski

2012). The non-ideal competitive adsorption model

(NICA) approach and its subsequent modification may be

useful in most cases (Koopal et al. 2005; Milne et al. 2003;

Rey-Castro et al. 2003). Note that, in most cases, simple

mathematical expressions for q are possible to obtain only

for monodentate binding.

Finally, let us mention the problem of the biosorption

mechanism interpretation. In numerous cases researchers

try to distinguish between the ion-exchange (IE) and the

adsorption mechanisms. Such distinction makes sense only

if there are at least two sorbing ions in the system. The

proper identification of the mechanism is obviously

important from the point of view of sorption process

understanding but if the main aim is the proper prediction

of the equilibrium properties, this may not be relevant.

Recently it has been proved that the relations describing

equilibrium in the binary sorption system are basically the

same, independently of the accepted mechanism of ions

binding (i.e., IE or adsorption). In other words, it is not

important HOW the equilibrium is reached once it is

reached. The influence of mechanism is significant only

when considering: (i) the non-equilibrium properties

(sorption kinetics, difference between the initial and final

composition of the bulk and adsorbed phases, etc.); (ii)

chemical heterogeneity of the biosorbent related to the

distribution of the affinity constant(s). Both these issues are

described in detail in Refs. (Plazinski 2010; Plazinski and

Rudzinski 2011).

In our previous paper (Rudzinski and Plazinski 2010)

we demonstrated the convergence of IE and adsorption

mechanisms in the binary system, on the basis of compe-

tition between metal ions and protons. Here the more

general proof for the case of multicomponent (ad)sorption

is presented. Let us consider the system containing n ions

able to be bound by the same type of binding sites S

equally well accessible for each type of ions. Let us limit

ourselves to only two (arbitrary chosen) ions X and Y

bound purely by the adsorption process (Eq. 1). The

amount adsorbed according to such mechanism will be

denoted as q(Ad). As both Eqs. (1) and (2) hold, the

appropriate relations read:

KX ¼
q
ðAdÞ
X

CX Ns �
P

i

aiqMi

� �aX
; ð3Þ

KY ¼
q
ðAdÞ
Y

CY Ns �
P

i
aiqMi

� �aY
: ð4Þ

Obviously, both competing ions can be bound by the

direct adsorption onto the free binding site (which is fully

physical assumption if they exhibit any affinity for the

biosorbent binding sites). On the other hand, the ion-

exchange process between ions X and Y leading to the

binding of the X ion can be written as:

aYXþ aXYSaY
�!j aYXSaX

þ aXY ð5Þ

Thus, the relation describing the dependence of the amount

adsorbed according to this process (q(IE)) can be written as:

j ¼
q
ðIEÞ
X

h iaY

CaX

Y

q
ðIEÞ
Y

h iaX

CaY

X

: ð6Þ

The resulting Eqs. (3)–(5) seem to be quite different but

it is the matter of the parameters included in their

mathematical forms. Eq. (3) or (4) expresses the amount

of the bound ion as the function of its concentration in the

bulk phase and the number of free (unoccupied) binding

sites. Eq. (6) performs the same operation on the bulk

concentrations and amounts adsorbed of two (bound and

exchanged) types of ions. After eliminating the common

variable (i.e., the number of free binding sites) from Eqs.

(3) and (4) and after the simple algebraic transformations

one obtains the equation:

ðKXÞ
aY

ðKYÞ
aX
¼

q
ðAdÞ
X

h iaY

CaX

Y

q
ðAdÞ
Y

h iaX

CaY

X

ð7Þ

which is essentially identical to the ion-exchange-related

expression (5). The common form of both these equations is

the proof that both adsorption and ion-exchange models are

mathematically equivalent when applied to the systems in

which the equilibrium is reached. The interpretation of the

ion-exchange constant j has the form of the l.h.s. of Eq. (7).

The above reasoning is of a general character, as derived

from the fundamental mass-action-law on the assumption

of general binding stoichiometries. Further, similar trans-

formations can be made for any pair of ions present in the

system making the final conclusion general in the case of

not only binary but also multicomponent sorption systems.

3 Non specific binding

Apart from the specific binding which can be described by

the binding reaction analogous to Eq. (1), one can distinguish
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also the non-specific one. The non-specific binding effects

are connected with the electrostatic attraction between pos-

itively charged ions and the negatively charged biosorbent

gels (Rey-Castro et al. 2003; Kalis et al. 2009). Both calcium

alginate and the algal biosorbents can be treated as gels

formed by the polymer chains bearing negative electric

charge with the spaces between them filled with water and

ions (Donnan gels). The gel particles are assumed to be large

enough to assume that the total charge of alginate chains is

fully compensated by both bound and free cations present in

the gel volume. The non-specific binding can be qualitatively

described as the increase of the cation concentration in the

gel phase, not connected with the formation of the cation-

biosorbent complexes.

The quantitative description requires incorporating the

Donnan theory. The concentration (activity) of any ionic

species (Z), bearing the charge zY, in the gel phase depends

on the dimensionless concentration factor (K) according to

the following relation (Davis et al. 2008b):

½ZðPÞ�1=zY

½Z]1=zY
¼ K ¼ exp �FwðIÞ

RT

� �

; ð8Þ

where the (P) superscript denotes the activity in the gel phase,

WI is the Donnan potential [expressed in (V) and being a

function of ionic strength, I] and F is the Faraday constant.

R and T have their usual meanings. Equation (8) holds for both

cationic (K[ 1) and anionic (K\ 1) species. The concen-

tration of neutral species is not affected by the Donnan effects

(K = 1). The K values are possible to be determined experi-

mentally as was done for the Cd2?/calcium alginate gel sys-

tem by Davis et al. (2008b). The obtained values of K vary

from 2.5 to 4.2 (depending on the value of I).

Thus, the biosorbent has a contact with the part of the

system (i.e., the solution in the gel phase) characterized by

higher metal cation concentrations than those monitored

during the direct measurements. The q = f(C1, C2,���)
dependencies presented in the previous section no longer

correspond to the real, thermodynamic equilibrium

between ions in the bulk solution and those bound by the

biosorbent. The consequence of this is that the equilibrium

constants characterizing the metal-biosorbent affinity are

just the ‘conditional’ constants, dependent on W. As the

real, intraparticle concentration is higher than that in the

bulk solution, the estimated (‘apparent’) affinities will be

lower than the actual (‘intrinsic’) ones. Let us also note that

although the non-specific binding may be nearly mean-

ingless for estimating the total amount of bound ions (such

scenario occurs for the systems with the small Donnan gel

volume/volume of solution ratio) it can seriously affect the

values of affinity constants.

The ‘shift’ of the monitored affinity constant values is

only one of the results of the Donnan effects. Furthermore,

the amount of non-specifically bound ions has to be taken

into account, especially if the volume of the biosorbent

particle (associated with the volume of the Donnan gel) is

large in comparison to the overall system volume. In such

case the amount of the non-specifically bound ions can

contribute significantly to the total number of the ions

removed from the solution (actually only the latter

parameter can be directly monitored). Another observation

is that both cationic and anionic species concentrations are

affected by the Donnan effects. This may be especially

important if there exist other (anionic) ligands, competing

with the biosorbent binding sites for metal ions (the most

common case is the biosorption occurring at high pH val-

ues and the possible precipitation effects).

When there are several types of ions in the system, their

intraparticle concentrations are scaled according to the

relation C ? CKz. This means that in the case of the simplest

model (i.e., the multicomponent Langmuir adsorption) the

qX/qY ratio as well as that of the corresponding affinity

coefficients remains unaffected for each X/Y pair provided

that X and Y species have the same charge. Such situation

occurs for the very common case of binding various divalent

metal ions by the alginate-based biosorbents. The order of

affinities of alginic acid for the divalent metal ions reported

by Haug (1961) (Pb2? [ Cu2? [ Cd2? [ Ba2? [ Sr2? [
Ca2? [ Co2? [ Ni2? [ Mn2? [ Mg2?) remains correct,

independently of considering the apparent (i.e., Donnan

effects-affected) or intrinsic affinity constants. In the case of

the ions characterized by different charges, the analogous

scaling occurs via the relation: qX/qY ? qX/qYKzX�zY . No

relatively simple expression is possible to obtain for the

slightly more complicated case of the multicomponent

adsorption.

Accounting for the non-specific binding usually requires

adding more best-fit parameters to the model (e.g., volume

of the gel). In some cases, the values of these parameters

can be obtained due to the additional experiments (Schie-

wer and Volesky 1997, Davis et al. 2008b). Moreover, the

detailed mass-balance related to the ions present in the

solution causes that the corresponding equations have to be

solved iteratively.

4 Kinetics

The process of metal ion biosorption kinetics in the mul-

ticomponent systems may be modeled by using several

different approaches, e.g., the intraparticle diffusion mod-

els (Suzuki 1990; Crank 1975) or the statistical rate theory

approach (Ward et al. 1982). Here we do not consider the

even more popular pseudo-first and the pseudo-second

order equations due to the following facts: (i) they are only

the empirical expressions able to approximate well the

behavior predicted by many different theoretical models
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(Plazinski et al. 2009); (ii) their mathematical form con-

siders the presence of only one type of sorbing species. In

combination with (i), this results in serious complications

when trying to generalize these two expressions for the

case of the multicomponent sorption.

The case of the intraparticle diffusion-driven kinetics

may be considered as relatively simple, as the diffusion of

each type of ions in the biosorbent particle can be safely

assumed as independent of the diffusion of the remaining

species. This is due to the fact that the considered metal ion

concentrations are usually very small. Then the theoretical

description of the sorption kinetics of n ions simplifies to

solving the set of partial differential equations accompa-

nied by adjusting n diffusivities:

DirCiðtÞ ¼ q
oqiðtÞ

ot
ð9Þ

where Di is the diffusivity of the ith species in the biosorbent

particle and q is the particle density, qi and Ci are the

intraparticle (local) concentrations of bound and free ions,

respectively; i can vary from 1 to n. These equations are not

fully independent of each other; they are connected via the

dq/dt expression which can be calculated from the equilib-

rium sorption isotherm equation (according to the local

equilibrium assumption, i.e., dq/dt = dq/dC�dC/dt). Conse-

quently, such equation written for the multicomponent sys-

tem contains the concentrations of all the sorbing species.

The postulated independence of the diffusion coefficients of

the concentration of the other species may not be justified

when one considers the rate of sorption of cationic species

exhibiting the unusually high affinity for anionic binding

sites. Then, the gel charge density changes as the process

proceeds. What is more, the interaction of the alginate chains

with the rest of the species and other properties (e.g., particle

density) may change as well. However, such situation should

be considered as rather improbable, as the experiments are

carried out by using small amounts of removed ions and

those which are present in larger amounts and/or are able to

change the gel properties (e.g., calcium ions, protons) are

already in equilibrium with the biosorbent before the

beginning of the kinetic experiment. Therefore, their diffu-

sion does not have to be taken into account.

Much simpler is the case when one can use the approximate

expressions describing the diffusion driven kinetics of sorp-

tion derived on the additional assumptions (e.g., the linear

sorption isotherm equation for all sorbates). In such a case the

rate equations written for each species are truly independent of

each other. The presence of other species is accounted for only

by the value of qe, calculated from the equilibrium relationship

(or directly measured during the experiment). As there exist

numerous mathematical expressions derived on different

assumptions (e.g., the constant of time-dependent sorbate

concentration, varying particle geometry, etc.) the reader is

referred to (Suzuki 1990; Crank 1975) for the particular

examples of such models.

Finally, it is worth noting that in many cases the

intraparticle diffusivity of ions is assumed to be equal to

that characteristic of the bulk solution.

The straightforward generalization of the statistical rate

theory (SRT) for the case of multicomponent adsorption was

proposed by Azizian et al. (2008). Moreover, Refs. (Plazinski

2010; Plazinski and Rudzinski 2009) describe the specific case

of binary system (i.e., protons/metal ions) aiming at the

description of the pH influence on the biosorption kinetics.

The SRT approach links the sorption rate with the chemical

potential of ions in the bulk solution (lb) and those bound by

the sorbent (ls). Considering the system containing n com-

ponents, one has to solve the set of n (ordinary) differential

equations and adjust n best-fit coefficients (Kes). Each of these

equations is directly connected with the expression describing

the equilibrium state in the considered system, due to the

method of obtaining the chemical potentials of the particular

species. The appropriate rate equation reads:

dqiðtÞ
dt
¼Ke;i exp

lbðCiðtÞÞ � lsðqiðtÞÞ
RT

� ��

� exp
lsðqiðtÞÞ � lbðCiðtÞÞ

RT

� ��

: ð10Þ

Note that the presence of other sorbates is included

implicitly, in the expressions for ls. The specific form of

these expressions depends on the accepted model of

adsorption equilibria. Also in this case the situation can

be significantly simplified when assuming that each of the

sorbates is diluted (which essentially is identical with

accepting the linear Henry sorption isotherm for each

species), one can arrive at the set of n differential equations

which: (i) can be solved independently; (ii) provide

analytical solutions for each qi(t).

Finally, let us consider the Langmuir-like kinetics

(Langmuir 1918). The general situation is similar to that

described in the SRT-devoted paragraph. One has to solve

the set of following n ordinary differential equations for the

n-component system (written for the simplest case of one-

site-occupance adsorption model):

dqiðtÞ
dt
¼ Ka;iCiðtÞ Ns �

X

j

qj

 !

� Kd;iqiðtÞ ð11Þ

in which Ka and Kd are some temperature-dependent con-

stants. Accepting the linear sorption isotherm equation

simplifies the situation again making n equations inde-

pendent of each other and allowing for more compact

analytical expressions.

Let us note that in the case of SRT and the Langmuirian

kinetics the appearing concentrations of sorbates are not

necessarily those directly monitored during the experimental

Adsorption (2013) 19:659–666 663

123



measurements. When accepting the Donnan model, they are

equivalent to the ‘enhanced’ concentrations, scaled accord-

ing to the Donnan factor K. In the case of each presented

approach, the equilibrium relationship influences the kinetic

modeling which is understandable as the exact kinetic

expressions should be able to predict the equilibrium state in

the limit q(t ? ?). Accounting for these effects in the case

of intraparticle diffusion-related models requires modifying

the boundary conditions for Eq. (9) at the edges of the sorbent

particle or introducing another equation accounting for the

diffusion through the boundary layer, being the driving force

for flux of sorbing species into the (bio)sorbent particle. Such

modification satisfies the condition given by Eq. (8).

As mentioned in the previous section, the distinguishing

between ion-exchange and competitive adsorption models

is not relevant when aiming only at the equilibrium data

correlation and not at profound physical interpretation of

the obtained constants. As the scenario is different in the

case of the (bio)sorption rate, the brief discussion is given

on that issue. Let us focus on the Langmuir-like and the

intraparticle diffusion-driven kinetics (the SRT-related

related description was already been discussed elsewhere

(Plazinski 2010)). Assuming that Eq. (5) describes the ion-

exchange surface reaction, the corresponding rate equation

(for ion X) reads:

dqXðtÞ
dt
¼ ja;XCaY

X ðtÞq
aX

Y ðtÞ � jd;XCaX

Y ðtÞq
aY

X ðtÞ: ð12Þ

Note that this equation cannot be transformed into the

Langmuir-like form represented by Eq. (11). For instance,

the desorption rate is dependent on the concentration of the

competitive ion. Furthermore, (in analogy to Eq. 11) the

description of the X sorption rate is incomplete unless

the corresponding expression for the exchanged ion (Y) will

be given; this is because the additional, time-dependent

variables appeared on the r.h.s. of Eq. (12) as well as the

second stoichiometric coefficient. If Y can be sorbed by

other mechanisms (e.g., by direct reaction with the free

binding site), the rate expression must be modified

accordingly. In spite of different mathematical form of

Eq. (12) when compared to Eq. (11) they both require the

same procedure (and the similar amount information about

the system) to be solved, i.e., the set of following n ordinary

differential equations for the n-component system has to be

formulated and solved.

The assumption of the local equilibrium inherent in the

intraparticle diffusion-driven kinetic model leads to

another type of model modification when assuming the ion-

exchange-driven reaction. The mathematical form of

Eq. (9) remains essentially the same as well as the neces-

sity of considering n rate equations written for n species.

The competitive adsorption influences the kinetic model

through the dq/dt = dq/dC�dC/dt relation. The analogous

relation for the ion-exchange model (and the case of the Y

ion replaced by the X one) becomes more complicated as

qX depends of both CX and CY which both are also time-

dependent. Thus, the procedure of arriving at the

qX(t) function requires: (i) expressing the CY as the func-

tion of CX, qX and (eventually) qY (this is possible as long

as all equilibrium relationships are known); (ii) expressing

the dqX/dt derivative as the function of the abovementioned

variables (or their derivatives); (iii) solving the obtained

equation (having the form of Eq. 9) as a part of the larger

set of equations; at least one of the remaining equations

must refer to the Y species and include the variables

common for the X-related case. Note also that for physical

reasons the initial and boundary conditions holding for X

and Y (i.e., for the exchanging and the exchanged ions)

have to be different. In most of the cases the Y ion is

already present inside the biosorbent particle before the

process of X sorption begins (the particular concentrations

should be accounted for in the initial condition). Thus, the

related differential equations, in spite of their similar

mathematical form, may represent opposite processes: the

adsorption of X (i.e., the flux of X inside of the (bio)sorbent

particle) may be accompanied by the desorption of Y (its

flux outside of the particle).

5 Concluding remarks

The major part of the presented mathematical models and

derivations is of a general character and can be applied for

other types of sorption/adsorption systems not containing

the algae-based biosorbents. This includes the consider-

ations on the ion-exchange and competitive adsorption

models as well as the overview of kinetic models.

The system containing the algae-based biosorbents and

metal ions is usually treated as the single-component sys-

tem and the theoretical description of equilibrium in such a

system is performed accordingly. The system is treated as

binary usually when the pH effects are studied. The situ-

ation in the real systems is much more complicated as they

usually contain other potential sorbates and metal ions

which cannot be directly bound but interfere in the indirect

way (e.g., through increasing the value of ionic strength).

There exist many theoretical approaches designed to deal

with the competition between the metal ions and proton but

the issue of competition between the metal ions is studied

less extensively. In the paper we have presented the

straightforward generalizations of the single-component

adsorption models in the case of multicomponent metal ion

sorption by the algae-base biosorbents. Furthermore, we

have shown how the ion-exchange and competitive

adsorption models reflect each other and give the same

expressions for the equilibrium adsorbed amounts. The
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difference resulting from the interpretations of these two

models in the context of the kinetic processes are also

discussed.

The proper description of the multicomponent sorption

kinetics depends not only on the choice of the correct

kinetic model but also on the accepted model of sorption

equilibrium. One (obvious) reason for that is that the

equilibrium-related expressions are only the limiting (i.e.,

correct for the infinite time) forms of the time-dependent,

kinetic ones. The second reason is connected with a

necessity of including a form of equilibrium-related

expressions (e.g., their derivatives with respect to the sor-

bate bulk concentration) in the kinetic models. The exact

calculations of the kinetic isotherms of sorption for each

sorbing compound (which requires solving the set of

ordinary or partial differential equations) may be replaced

by approximate calculations when there exists such possi-

bility. The most common cases are: (i) the low concen-

trations of the competing sorbents in the bulk phase or their

low affinity for the sorbent (e.g., the presence of light metal

ions like Na? competing with heavy metal cations); (ii)

much faster rate of sorption of selected compounds when

compared to the remaining ones (e.g., the rate of surface

protonation/deprotonation reaction is much faster when

compared to the rate of heavy metal ions sorption; simi-

larly, the diffusivity of protons is much higher than that of

heavy metal ions).

Finally, it is worth emphasizing that the high degree of

complexity of the studied systems often leads to intro-

ducing the additional parameters describing the (bio)sorp-

tion processes. As these parameters are rarely known a

priori, usually a best-fit procedure is used to determine

their values. When the number of these parameters is high

and their obtained values cannot be verified, the model may

not be fully reliable; various ‘flexible’ models based on

diverse physical assumptions may work equally well within

a very broad range of adjusting parameters.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

Ahmady-Asbchin, S., Jafari, N.: Physicochemical studies of copper

(II) biosorption from wastewater by marine brown algae

Sargassum angustifolium C. Agardh (Fucales, Phaeophyceae).

Int. J. Algae 14, 367–379 (2012)

Areco, M.M., Hanela, S., Duran, J., Dos Santos Afonso, M.:

Biosorption of Cu(II), Zn(II), Cd(II) and Pb(II) by dead

biomasses of green alga Ulva lactuca and the development of

a sustainable matrix for adsorption implementation. J. Hazard.

Mater. 213–214, 123–132 (2012)

Azizian, S., Bashiri, H., Iloukhani, H.: Statistical rate theory approach

to kinetics of competitive adsorption at the slid/solution inter-

face. J. Phys. Chem. C 112, 10251–10255 (2008)

Cirik, Y., Molu Bekci, Z., Buyukates, Y., Ak, İ., Merdivan, M.:

Heavy metals uptake from aqueous solutions using marine algae

(Colpomenia sinuosa): kinetics and isotherms. Chem. Ecol. 28,

469–480 (2012)

Crank, J.: The mathematics of diffusion. Clarendon Press, Oxford

(1975)

Davis, T.A., Pinheiro, J.P., Grasdalen, H., Smidsrød, O., Van

Leeuwen, H.P.: Stability of lead(II) complexes of alginate

oligomers. Environ. Sci. Technol. 42, 1673–1679 (2008a)

Davis, T.A., Kalis, E.J.J., Pinheiro, J.P., Town, R.M., Van Leeuwen,

H.P.: Cd(II) speciation in alginate gels. Environ. Sci. Technol.

42, 7242–7247 (2008b)

Febrianto, J., Kosasih, A.N., Sunarso, J., Ju, Y.-H., Indraswati, N.,

Ismadji, S.: Equilibrium and kinetic studies in adsorption of

heavy metals using biosorbent: a summary of recent studies.

J. Hazard. Mater. 162, 616–645 (2009)

Flouty, R., Estephane, G.: Bioaccumulation and biosorption of copper

and lead by a unicellular algae Chlamydomonas reinhardtii in

single and binary metal systems: a comparative study. J. Environ.

Manage. 111, 106–114 (2012)

Haug, A.: The affinity of some divalent metals to different types of

alginates. Acta Chem. Scand. 15, 1794–1795 (1961)

Ibrahim, W.M.: Biosorption of heavy metal ions from aqueous

solution by red macroalgae. J. Hazard. Mater. 192, 1827–1835

(2011)

Kalis, E.J.J., Davis, T.A., Town, R.M., Van Leeuwen, H.P.: Impact of

ionic strength on Cd(II) partitioning between alginate gel and

aqueous media. Environ. Sci. Technol. 43, 1091–1096 (2009)

Koopal, L.K., Saito, T., Pinheiro, J.P., van Riemsdijk, W.H.: Ion

binding to natural organic matter: general considerations and the

NICA–Donnan model. Colloids Surf. A 265, 40–54 (2005)

Langmuir, I.: The adsorption of gases on plane surfaces of glass, mica

and platinum. J. Am. Chem. Soc. 40, 1361–1403 (1918)

Milne, C.J., Kinniburgh, D.G., van Riemsdijk, W.H., Tipping, E.:

Generic NICA–Donnan model parameters for metal-ion binding

by humic substances. Environ. Sci. Technol. 37, 958–971 (2003)

Papageorgiou, S., Kouvelos, E., Favvas, E., Sapalidis, A., Romanos,

G., Katsaros, F.: Metal–carboxylate interactions in metal–

alginate complexes studied with FTIR spectroscopy. Carbohydr.

Res. 345, 469–473 (2010)

Plazinski, W.: Statistical rate theory approach to description of the

pH-dependent kinetics of metal ion adsorption. J. Phys. Chem. C

114, 9952–9954 (2010)

Plazinski, W.: Sorption of lead, copper, and cadmium by calcium

alginate. Metal binding stoichiometry and the pH effect.

Environ. Sci. Pollut. Res. Int. 19, 3516–3524 (2012)

Plazinski, W., Rudzinski, W.: Modeling the effect of pH on kinetics

of heavy metal ion biosorption. A theoretical approach based on

the statistical rate theory. Langmuir 25, 298–304 (2009)

Plazinski, W., Rudzinski, W.: Heavy metals binding to biosorbents.

Insights into non-competitive models from a simple pH-depen-

dent model. Colloids Surf. B 80, 133–137 (2010)

Plazinski, W., Rudzinski, W.: Biosorption of heavy metal ions: ion-

exchange versus adsorption and the heterogeneity of binding

sites. Adsorpt. Sci. Technol. 29, 479–486 (2011)

Plazinski, W., Rudzinski, W., Plazinska, A.: Theoretical models of

sorption kinetics including a surface reaction mechanism: a

review. Adv. Colloid Interface Sci. 152, 2–13 (2009)

Rey-Castro, C., Lodeiro, P., Herrero, R., Sastre De Vicente, M.E.: Acid-

base properties of brown seaweed biomass considered as a Donnan

Gel. A model reflecting electrostatic effects and chemical

heterogeneity. Environ. Sci. Technol. 37, 5159–5167 (2003)

Adsorption (2013) 19:659–666 665

123



Rudzinski, W., Plazinski, W.: How does mechanism of biosorption

determine the differences between the initial and equilibrium

adsorption states? Adsorption 16, 351–357 (2010)

Schiewer, S., Volesky, B.: Ionic strength and electrostatic effects in

biosorption of divalent metal ions and protons. Environ. Sci.

Technol. 31, 2478–2485 (1997)

Singh, L., Pavankumar, A.R., Lakshmanan, R., Rajarao, G.K.:

Effective removal of Cu2? ions from aqueous medium using

alginate as biosorbent. Ecol. Eng. 38, 119–124 (2012)

Sulaymon, A.H., Mohammed, A.A., Al-Musawi, T.J.: Competitive

biosorption of lead, cadmium, copper, and arsenic ions using

algae. Environ. Sci. Pollut. Res. 1–13 (2012)

Suzuki, M.: Adsorption engineering. Kodansha/Elsevier, Tokyo

(1990)
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