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Abstract 

Biosorption is the passive sequestration of pollutants by non-metabolizing non-living 

biomass. The technique emerged in 1980’s as a possible alternative method for 

wastewater treatments in an environmentally friendly manner. In this paper it is shown 

that a basic research in biosorption processes is closely related to the field of 

Electrochemistry according to the conceptual division of this area in Ionics and 

Electrodics. 
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Introduction 

In order to alleviate heavy metal burden of wastewaters before discharging into 

waterways, a number of physicochemical methods, such as chemical 

precipitation, adsorption, solvent extraction, ion exchange, membrane separation, 

electrolysis, etc., have commonly been employed. However, these methods have 

several disadvantages such as incomplete metal removal, expensive equipment, 

high reagent or energy requirements and generation of toxic sludge or other 

waste products that require disposal. Further, they may be ineffective or 

extremely expensive when metal concentration in wastewater is in the range 1-

100 mg/L. 

Biosorption is a relatively new technique that emerged in the 1980’s and gained a 

considerable amount of attention since it has shown to be very promising in the 

removal of contaminants from effluents in an environmentally friendly manner 

[1]. 
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Figure 1. Involvement of electrochemistry in biosorption modelling.
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Table 1. Some activity coefficient models proposed in literature. 

 

Model Function Comments Reference 

Brönsted log 3 2c cγ α β± = − − ⋅   Applicable at moderate 

concentration 

[34, 35] 

Limiting 

Debye-Hückel 
log A z z Iγ ± + −= −  Applicable at very 

diluted concentration 

[36, 37] 

Extended 

Debye-Hückel log
1

A z z I

Ba I
γ + −

±

−
=

+
 

Applicable at diluted 

concentration 

[36, 37] 

Hückel 

log
1

A z z I
c

Ba I
γ β+ −

±

−
= +

+
 

Applicable at moderate 

concentration 

[38] 

Guggenheim 
2 2

ln
1

M X M X
MX Ma a cX c

a cM X M X

A z z I
m m

I

ν ν
γ β β

ν ν ν ν

′
= − + +

+ ++
∑ ∑  

Applicable at moderate 

concentration 

[39] 

Pitzer ( )

( ) ( )

2

2 2

2

ln 2 2

1

2

2

M a Ma Ma c McM
a c

c a M ca M ca Mca a a M aa Maa

c a a a

M
c c cc

c c

z f m B mz C m

m m z B z C m m z

z
m m

γγ θ

ψ θ ψ

θ

+

′ ′ ′
′

′ ′
′

= + + Σ + +  

′ ′+ + + + + +

′+

∑ ∑

∑∑ ∑∑

∑∑

 

Applicable at very 

high concentration 

[40, 41, 6] 

MSA 

( )

2 2 2 2 3 2

2

3 2 3 2 2 3 3

0 1 2 1 2 2 2

2 3

1 1
log

4 1 4 1 16 1 3

3 3 3 9 2 3
ln

i i i n i n
i

i i i

i i i i i i

z z P P

X X X X X X X

α α σ π α σ
γ

π σ σ σ

σ σ σ σ σ σ

 Γ
= − − + − − 

+ Γ + Γ ∆ + Γ ∆ 

+ + +
− ∆ + + +

∆ ∆ ∆

 

Inclusion of size and 

charge effects 

[42] 

Sammartano 2
3 2log

1
z z z

Az I
C I D I

B I
γ

−
= + +

+
 

Empirical modification 

of the Extended 

Debye-Hückel limiting 

law 

[7] 

*For symbol meaning and interpretation see references mentioned in the table and references therein. 
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Biosorption, as it has been defined, perceived and investigated is an adsorption 

process based on the passive sequestration by non-metabolizing, non-living 

biomass [2]. Conceptually, biosorption is distinguished from bioaccumulation, 

which is active metabolically mediated transport and deposition of chemical 

species. Biosorbents are generally inexpensive because they are either naturally 

abundant or found as waste material from certain processes. 

Biomass particles contain different chemically active groups, which are partially 

ionised in aqueous solution. The resulting interactions of these ionised groups 

with their surroundings can be rationalised from a wide perspective in the 

framework of electrochemistry. 

In fact, based on the conceptual classification done by Bockris [3], who divides 

electrochemistry in: Ionics, which is concerned with the physical chemistry of 

ionic solutions, and Electrodics, to the electrically charged interfaces, it can be 

shown that basic studies leading to fundamental information about the 

biosorption process are well supported on ingredients supplied by Ionics 

(speciation and activity coefficient models in solution) and Electrodics (models 

for charged particles in an electrolytic medium), as Fig. 1 shows. 
 

Ionic electrochemistry: speciation and activity coefficients 
Biosorption depends on speciation in solution. The case of biosorption of heavy 

metals is a good example. In addition to temperature and solvent, a factor 

influencing speciation, through its effect on the equilibrium constant, is the 

activity of species in solution according to equation: 

 
* ( )TK K Q γ= ⋅  (1) 

 

where the thermodynamic constant, K
T
, for each equilibrium, can be expressed as 

the product of stoichiometric constant, K
*
, times the activity coefficient quotient 

Q(γ). The expression for log(γ) and log(Q(γ)) is dictated by the different 

theoretical approaches, associated to the theory of electrolytes, (Table 1). Most 

treatments rely on the Debye-Hückel limiting law, although their final purpose is 

their possible application to moderate or high ionic strengths. The ionic strength, 

I, even eighty five years after its introduction in Chemistry, is an important 

variable in the description of this kind of models [4, 5]. 

The different theories and models for specific ionic interactions assume electrolytes 

to be fully dissociated into ions and express their interactions in terms of 

coefficients that are generally functions of the ionic strength and various specific 

parameters for the system concerned. Also different approaches, normally based in 

the Specific Interaction Theory (SIT) of Brönsted-Guggenheim, being the more 

complete development the Pitzer´s equations [6], have been used by different 

workers either in simple electrolytes or in mixtures such as synthetic seawater for 

different kinds of ligands [7, 8, 9, 10]. Other alternatives based on more recent 

theoretical developments such as the Mean Spherical Approximation (MSA), which 

is an integral-equation based theory, use charge, size, concentration and 

temperature as direct parameters in the expression for activity coefficients and the 

subsequent calculation of the term log(Q (γ)). For instance, this approach allows 
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studying effects of size on the chemical equilibria involved, not easily accessible in 

SIT expressions [11]. 
 

 

Electrodics: modeling charged particles 
Generally, a biomaterial with sorbent properties contains natural biopolymers. It 

also has a relatively high number of complexing sites, and exhibits the following 

characteristics: polyfunctionality (the binding sites can be chemically 

heterogeneous), conformational changes (the steric conformation of the 

complexants can vary with the chemical conditions of the medium, such as pH, 

ionic strength or amount of bound cation), and polyelectrolytic effect (many of 

the biomaterials complexing sites carry a high local charge concentration, which 

influences the stability of the complexes). 

Taking into account that in most cases a negative charge associated to the 

dissociation of acidic groups of biomaterials is developed, the interactions of 

these complex systems with their environment, specially with metals, are going 

to be necessarily dependent both on the acid-base properties of the biomaterial 

and on the metal speciation in solution; so variables such as pH, ionic strength or 

metal/site ratio are very relevant and they will determine the relative importance 

of the observed effects, mainly those associated to electrostatic interactions. 

If the biosorption of protons is considered, the value of a pK for the acid-base 

reaction (Equation 2) associated to a site is a function of pH, in contrast to what 

happens with simple ligands: 

 
( 1)Q QAH A H− − − ++�  (2) 

 

In monofunctional polymers, for example, the deviations from ideality are 

usually ascribed to electrostatic effects (apart from conformational effects). 

Therefore, two contributions to the overall standard free energy change of the 

dissociation process can be considered: 

 

elecint
GGG ∆+∆=∆ diss  (3) 

 

where ∆Gint represents the chemical free energy due to the reaction of the 

functional group itself and ∆Gelec represents the coulombic free energy due to the 

electrostatic interactions between the proton and the charges of the polyanion. In 

terms of equilibrium constants it can be written: 

 

int elecK K K= ⋅  (4) 

 

and a clear analogy with Equation 1 for reactions with simple monodisperse 

ligands can be drawn. 

Following the extensive work carried out by different researchers in the area of 

humic and fulvic acids (see Turner [12] and Tipping [13] for reviews) it can be 

stated that all electrostatic models for biosorbents will be based on Equation 4, 



P. Lodeiro et al. / Portugaliae Electrochimica Acta 25 (2007) 43-54 

 48 

with different approaches to calculate Kelec and diverse methods to express the 

possible distribution of active groups (sites) in the biosorbent. 

The conditional equilibrium constant corresponding to the dissociation 

represented in Equation 2 is: 

 

0

( 1)

Q

Q

A H
K

AH

− +

− −

      
=

  
 

(5) 

 

On the other hand the concentration of protons near the particle, H +   , can be 

related with its concentration (or activity) in solution, 
0

H +   , an experimentally 

accessible quantity, through a Boltzmann factor: 

 

0
exp

F
H H

RT

ψ+ +     = −      
 

(6) 

 

where Ψ is the characteristic smeared-out electrostatic potential in the solution at 

the location of the binding sites of the biosorbent. 

In case the proton activity is considered, a correction for the activity coefficient 

in solution for the proton will be required and depending on experimental 

conditions, a model from Table 1 will be chosen. 

The value of Ψ is often estimated by solving the Poisson-Boltzmann equation 

[14, 15, 16], which implies the description of the solid-liquid interface with a 

suitable model. By analogy with models initially developed for humic and fulvic 

acids [17], two groups of electrostatic models can essentially be categorised 

differing in the structure of the biosorbent particles (Fig. 2). A first group 

considers ion-impermeable particles, in which the charge is placed on the 

surface. These models are based implicitly or explicitly on the double layer 

theory and are typical, for example, of oxide surfaces. These models have been 

employed for cadmium biosorption on bacterial surfaces [18, 19, 20], and proton 

binding [21]. The second group considers ion-permeable particles, which can be 

viewed as a gel into which ions can penetrate, or Donnan models, which have 

been mainly used for interpreting biosorption data on marine algae [22, 23, 24, 

25, 26, 27, 28]. Application of these two models in biosorption systems is 

reflected in Table 2. Comparisons between different models including 

descriptions directly based in specific-ion interaction theory, so in Equation 1, 

have also been carried out for alginic acid [21, 23, 29], the main acid component 

in brown seaweed. 
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Figure 2. Schematic representation of the impermeable sphere (a) and Donnan (b) 

models. Adapted from the article of Avena et al. [46]. 

 

Testing electrostatic models: the electroneutrality condition and the master 

curve approach 

The electroneutrality condition for solutions, although is not a fundamental law 

of nature, is an excellent approximation to reality on the basis of the Poisson´s 

equation of electrostatics [30]. The master curve approach is built on that 

condition. The method entails to carry out potentiometric titrations of biosorbent 

suspensions against a simple ion, commomly the proton, in order to test an 

acceptable model for the charged particles. The experimental proton titration data 

can be transformed through the electroneutrality condition into data of net charge 

(Q), proton coverage (θ), dissociation degree, etc., of the biosorbent versus pH0: 

 

0
0

0

1 b b a a w

biosorbent b a

V C V C K
Q H

C V V V H

+

+

 −
  = + −  + +    

 
(7) 

 

In Equation 7, Q is the charge expressed as moles of protons dissociated per 

kilogram of biomass, V0 is the initial volume of solution in the titration cell, 

Cbiosorbent is the concentration of biomass in the cell, in kilograms of dry weight 

per liter, Va, Vb, Ca and Cb are the volume and the concentration of added acid 

and base, respectively, and Kw is the ionic product of water. 

        Negative groups 

         Counter ions 

         Potential decay 

ψ = ψS ψ = ψD 

(a) (b) 
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Table 2. Application of solid-liquid interface models in biosorption processes 

 

Biosorption system 
Model of charged particle 

of biosorbent 
References 

Binding of heavy metals to 

algal surfaces 
Surface model [43] 

Cd adsorption onto 

bacterial surfaces 
Surface model [20] 

Metal adsorption onto a 

natural polysaccharide 

(sugar beet pulp) 

Surface model [18] 

Heavy metal sorption onto 

aminated chitosan 
Surface model [44] 

Adsorption of metals onto 

Gram negative bacteria 
Surface model [19] 

Biosorption of protons onto 

algae Sargassum 
Donnan model [27] 

Biosorption of divalent 

metals onto Sargassum sp. 
Donnan model [28] 

Biosorption of heavy 

metals onto Sargassum sp. 
Donnan model [25] 

Biosorption of metals onto 

several marine seaweeds 
Donnan model [26] 

Biosorption of protons onto 

several brown seaweeds 
Donnan model [22] 

Biosorption of copper on 

calcium alginate 
Donnan model [45] 

Biosorption of protons onto 

seaweed biomass 

Donnan model and surface 

model (both descriptions 

are compared) 

[21] 

Biosorption of protons onto 

chelating resin and 

bacterial biomass 

Donnan model [24] 

 

 

The net charge of the biosorbent is in general a function of pH0 and ionic 

strength, so: 

 
Net charge Q = f (pH0, I) = g (pH) (8) 

 

where the local pH at the surface of the biosorbent is: 

0( )

( ,model)

2.303
bulk

e I
pH pH

kT

ψ
= +  

(9) 
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As a result of the electrostatic effects, the experimental binding curve depends on 

the ionic strength. A set of measured charge- pH0 curves obtained over a 

(preferably wide) range of ionic strength is used to optimise the parameters of the 

electrostatic model (Donnan volume, specific surface area, etc.). If the model for 

the potential Ψ is correct, the dependence of this binding isotherms on ionic 

strength should vanish and the charge curves at different ionic strengths plotted 

versus pH, calculated from Equation 9, yield a single so-called master curve [31] 

(see Fig. 3). This master curve is independent of the salt level, and can be used 

for the analysis of the intrinsic binding parameters, for example, by means of an 

arbitary isotherm. 

Obtaining a potential created by a charged particle in an electrolytic solution, 

which is necessary for being included in Equation 9, entails the resolution of the 

Poisson or more specifically, the Poisson-Boltzmann equation. According to 

Bartschat, Cabaniss and Morel [15], this equation can be written as: 

 

[ ]2

0

1000
exp i

i i

i

z eF
z X

kT
ρ

ε

 Ψ  
∇ Ψ = − − +  

  
∑  

(10) 

 

where ρ0 is the charge corresponding to the space region occupied by the 

biosorbent in mol·L
-1
 in the absence of mobile ions and the summation term is the 

charge density produced by the distribution of co- and counterions in the 

potential field. This equation accommodates either one phase models 

(impermeable particles, ρ0= 0) or two phase models, ρ0≠ 0. 

Apart from the fundamental differences in the approaches of the two models, the 

macroscopic Donnan model and the microscopic Poisson-Boltzmann theory 

represent essentially the same electrostatic and osmotic phenomena. In fact, 

Dähnert and Huster [32] clearly states that an exact solution for the transition of 

the PB model to the Donnan model has never been presented so they try the 

question of the intrinsic connection between the two models and show 

analytically that the Donnan model turns out to be a special case of a more 

general PB theory. Intuitively this result is not surprising because Poisson-

Boltzmann equation is one of the expressions of Maxwell´s laws: the Poisson 

equation. 

It must be finally underlined that unlike the simple analytical approximation of 

Debye-Hückel in 1923, the more general non-linear Poisson-Boltzmann equation 

can be solved today by application of the finite difference method considering the 

arbitrary shape and charge distribution of molecules offering insight into an 

important range of biological and chemical phenomena [33]. 
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a) 

 

b) 

Figure 3. Schematic representation of the procedure for the analysis of proton tritation 

data (adapted from de Wit el al. [47] using experimental data from Rey-Castro et al. 

[22].(a) Charge vs. pH curves of Saccorhiza polyschides in KNO3 at different ionic 

strengths: 0.05, 0.1, 0.2, 0.7 and 2 mol·L
-1
. (b) Calculated master curve for Saccorhiza 

polyschides in KNO3. The line represents Langmuir-Freundlich model best fit. 

 

o 
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