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Abstract 26 

A broad variety of materials of biological origin have been successfully used in 27 

recent decades for the removal of pollutants from solution. These biosorbents 28 

present a range of natural polymers that play a key role on their adsorption 29 

capacity. It is therefore critical to understand the physicochemical properties 30 

of the chemical groups that form these polymers. The acid-base properties of 31 

biomass are affected by pH, ionic strength and medium composition. 32 

Nevertheless, these crucial parameters are not always considered during 33 

biosorption studies. 34 

According to bibliography, less than 3% of biosorption papers include studies 35 

on proton binding. Moreover, in 60% of these papers there is key 36 

experimental information missing such as the calibration of the electrodes 37 

employed in potentiometric titrations. We consider therefore that there is an 38 

important need for reviewing the role of proton binding on biosorption studies. 39 

This paper outlines the major advances on proton binding data interpretation 40 

and modelling on biosorbents. In addition, we propose some experimental 41 

considerations that cover all issues raised in this paper concerning the acid-42 

base properties of biosorbents. 43 

44 

Keywords: Biosorption, proton binding, master curve, electrostatics and non-45 

electrostatic effects, Hofmeister series. 46 

47 

48 

49 

50 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



3 

1. Introduction51 

The removal of pollutants (e.g. heavy metals, phenols, dyes, endocrine 52 

disruptors, etc.) from contaminated waters is an issue of current concern. For 53 

example, in 2015 the percentage of untreated wastewaters in high- and low-54 

income countries was c.a. 30 and 92%, respectively (Koncag�l et al. 2017). 55 

The search for an efficient, affordable and easy-to-handle technology has 56 

produced a potential alternative to traditional wastewater treatments such as 57 

ionic exchange or precipitation; that is the use of green adsorbents. These 58 

materials of biological origin are usually referred to as biosorbents, and the 59 

technique involving their use for pollutant removal from waters, biosorption 60 

(Volesky 2003). 61 

A broad variety of materials have been used in biosorption studies in recent 62 

decades (De Gisi et al. 2016): e.g. algae (Davis et al. 2003), bacteria (Gupta 63 

and Diwan 2017; Vijayaraghavan and Yun 2008), fungi (Kapoor and 64 

Viraraghavan 1995), agricultural by-products (Bhatnagar and Sillanpää 2010) 65 

or chitin and wood derivatives (Abdolali et al. 2014; Gerente et al. 2007). The 66 

biosorbents present a heterogeneous matrix that constitutes the biomass 67 

structure, and is formed of polysaccharides (Crini 2005). The excellent 68 

pollutant adsorption capacity reported for many biosorbents results from the 69 

presence of specific chemical groups in their biopolymer chains. It is therefore 70 

critical to understand the physicochemical properties of these natural 71 

polymers present in the biomass used in biosorption studies. 72 

The biosorption mechanism is complex due to the heterogeneity and structure 73 

of the biosorbents (Aksu 2005; Robalds et al. 2016). Different chemical active 74 

functional groups, such as carboxyl, hydroxyl, sulfonate, acetamide or amino 75 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 

groups are present in the polysaccharides that form the structure of 76 

biosorbents (Volesky 2003). Those chemical groups are responsible for 77 

pollutant removal. Specifically, the removal of contaminants from solution 78 

depends on the affinity between the binding sites and the pollutants (namely, 79 

the specific equilibrium constants), the availability of the binding sites, i.e. 80 

chemical state of the groups, their quantity and accessibility (Schiewer and 81 

Volesky 2000). Therefore, the biosorption mechanism is also influenced by 82 

factors such as the pH, temperature and solution composition, or the 83 

concentration and type of contaminant. 84 

Protons and covalently bound contaminants (e.g. heavy metals) compete for 85 

the same binding sites. This competition, together with pollutant speciation, 86 

makes the solution pH a key parameter in biosorption studies. In addition, the 87 

binding of contaminants to biosorbents can be largely influenced by charge 88 

behaviour, also regulated by the solution pH (de Wit et al. 1993). When 89 

biosorbents are fully protonated many chemical groups (carboxyl, hydroxyl, 90 

sulfonate, etc.) present no charge, while those groups are negatively charged 91 

when deprotonated. At pH values higher than the pK of the binding groups, 92 

they can attract positively charged species in solution. On the contrary, 93 

groups such as amine, amide or imidazole are positively charge when 94 

protonated and neutral when deprotonated, so at pH values lower than the pK 95 

of those chemical groups the attraction of negatively charged species is 96 

favoured. 97 

Since protons are always present in solution, the study of proton binding to 98 

biosorbents and its dependence on pH, ionic strength and medium 99 

composition should constitute the first step in any biosorption study. 100 
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Besides, competitive adsorption effects and biomass adsorption capacity are 101 

also related to the acid-base properties of the biosorbent. Despite its critical 102 

importance, few authors have included a systematic investigation of the acid-103 

base properties of biomass in their biosorption studies (Bouanda et al. 2002; 104 

Li and Englezos 2005; Liu et al. 2013; Martín-Lara et al. 2008; Ravat et al. 105 

2000; Rey-Castro et al. 2003; Schiewer and Volesky 1997a; Vilar et al. 2009). 106 

A simple bibliographic search using Scopus and Web of Science databases 107 

shows that <3% of the total peer-reviewed literature contain any of the key 108 

words related to acid-base studies when searching for “biosorption” or 109 

“biosorbent” (Fig. 1). 110 

111 

Fig. 1 Total bibliography search scores (January 2018) using Scopus (blue 112 
bars) and Web of Science (red bars) databases for “biosorption” and 113 
“biosorbent”, containing any of the key words related to acid-base studies: 114 
acid-base, titration, potentiometric, potentiometry or pK. The figure shows that 115 
less than 3% of biosorption papers include studies on proton binding 116 
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117 

The biosorbents present a high heterogeneity with a range of dissociation 118 

constants of their chemical groups (Volesky 2003). The heterogeneity 119 

together with the similarity in the equilibrium constant of the chemical groups, 120 

make the accurate experimental determination of specific contributions from 121 

each binding site a challenge (de Wit et al. 1993). An alternative to the 122 

experimental determination of proton binding constants consists in their semi-123 

empirical estimation using Linear Free Energy Relationships (Matynia et al. 124 

2010). This methodology has been used for natural organic matter (e.g. fulvic 125 

and humic compounds), including the determination of metal-ligand constants 126 

(Carbonaro et al. 2011). 127 

The presence of light metals in solution influences the binding of other 128 

species (e.g. pollutants) competing for the same chemical sites. Typical “hard” 129 

counterions (Na, K, Mg, Ca) form electrostatic bounds with negatively charged 130 

chemical groups, and reduce the local concentration of other ions (e.g. 131 

protons and metals) until convergence with their concentration in the bulk 132 

solution. The electrostatically bound counterions cannot displace covalently 133 

bound ions, but can reduce their local concentration, and then also decrease 134 

the covalent binding. The ionic strength (I), a function of the concentration and 135 

charge of ions in solution, is therefore another key parameter, together with 136 

pH, to consider during biosorption studies. A medium of constant ionic 137 

strength is required to perform the potentiometric titration of biosorbents. The 138 

ionic strength does not influence the number of acidic groups obtained from 139 

an acid-base titration, but it strongly affects the apparent proton binding 140 

constant values of those chemical groups. Besides, the medium composition 141 
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should also be considered during the calibration of the pH electrodes used on 142 

titration studies. 143 

The main aim of this paper is to characterize the proton binding equilibria, as 144 

an extremely important and preliminary step, for a correct interpretation of 145 

biosorption results. We first investigate the basics of the acid-base properties 146 

of simple substances in saline solutions. This analysis will provide a proper 147 

interpretation of the more complex physicochemical behaviour of 148 

polyelectrolytes and biosorbents. We evaluate the role of key parameters 149 

such as the ionic strength, pH or medium composition. Following, we show 150 

and discuss what has been done so far regarding acid-base characterisation 151 

of biosorbents and what models have been commonly used to describe the 152 

proton binding equilibria. Moreover, the role that acid-base properties of 153 

biosorbents play on pollutant removal is also discussed. Finally, we propose 154 

some experimental considerations for future works that cover all issues 155 

concerning the acid-base studies of biosorbents. 156 

It is worth mentioning that for the sake of simplicity most of the discussions 157 

and analysis shown here are focused on the acid-base properties of 158 

biosorbents and their implications for metal biosorption. Nevertheless, proton 159 

binding also influences the biosorption of other pollutants such as organic 160 

compounds. The basic interaction principles are similar for either metals or 161 

organic substances. Moreover, most of the theoretical and practical 162 

considerations described in this paper allow for the description of the 163 

biosorption of any pollutant. However, the extrapolation of the results and 164 

models considered here to pollutants other than metals should be considered 165 

cautiously. 166 
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This article is an abridged version of the chapter published by Lodeiro et al. 167 

(2018) (Lodeiro et al. 2018) in the series Environmental Chemistry for a 168 

Sustainable World (https://www.springer.com/series/11480). 169 

170 

2. Acid-base properties in solution: pH, ionic strength and medium171 

composition as relevant variables 172 

Organic functional groups are part of the polysaccharides that form the 173 

structure of the biosorbents. The study of the acid-base properties of these 174 

simple compounds is therefore of great importance. 175 

Considering the dissociation of an acid, AH, in aqueous solution (Eq. 1) 176 

different operational equilibrium constants can be defined: 177 

𝐴𝐻 ⇆ 𝐴− + 𝐻+ 1 

𝐾𝑇 =
(𝐴−)(𝐻+)

(𝐴𝐻)
=

[𝐴−][𝐻+]

[𝐴𝐻]

𝛾𝐴−𝛾𝐻+

𝛾𝐴𝐻
= 𝐾∗

𝛾𝐴−𝛾𝐻+

𝛾𝐴𝐻 2 

where KT and K* are the thermodynamic and stoichiometric proton 178 

dissociation constants, respectively; the brackets represent activities, the 179 

square brackets represent concentrations, and i are the activity coefficients. 180 

While the thermodynamic proton dissociation constant depends on pressure, 181 

temperature and solvent, the stoichiometric one is also dependent on the 182 

medium composition: ionic strength and electrolyte type. As described in Eqs. 183 

2-3, this dependency is a function of the activity coefficients of the species184 

involved, which are ions and neutral molecules: 185 

𝐾𝑇(𝑃, 𝑇, 𝑠𝑜𝑙𝑣𝑒𝑛𝑡) = 𝐾∗ ∙ 𝑄(𝛾𝑖) 3 

where Q(i) represents the ratio of activity coefficients of the species involved 186 

in the equilibrium. The activity coefficients are considered unity at infinite 187 

dilution or zero ionic strength. 188 
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Taking into account that activity coefficients in saline solutions can be 189 

expressed as a function of the ionic strength and the specific parameters of 190 

the system (Pitzer 1991), the following equation is obtained at constant P, T 191 

and background electrolyte (Daniele et al. 1997; Sastre De Vicente 1997): 192 

𝑝𝐾∗ = 𝑝𝐾𝑇 + 𝑓(𝐼, 𝑠𝑦𝑠𝑡𝑒𝑚 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠) 4 

The representation of pK* versus ionic strength depends on the electrostatics 193 

involved in the acid-base equilibrium (Herrero et al. 1993). Therefore, in a 194 

typical ionization (charge separation) equilibrium (Eq. 1), a plot of the pK* 195 

dependence on ionic strength commonly passes through a minimum 196 

(Barriada et al. 2000). Nevertheless, the pK* is usually a linear function of the 197 

ionic strength when isocoulombic equilibria are involved (Herrero et al. 1992); 198 

this is commonly observed, for example, for amine protonation reactions: 199 

BH+ ⇆ B + H+. An example of these two behaviours can be seen in Fig. 2. 200 

201 

Fig. 2 pK* versus ionic strength plot for isocoulombic and ionization acid-base 202 
equilibrium. For isocoulombic equilibria, pK* is a linear function of the ionic 203 
strength (red lines). On the contrary, the plot shows that for ionization 204 
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equilibrium, curves pass through a minimum (blue lines). Hofmeister effects 205 
could be identified at constant ionic strength206 

207 

2.1 Models for the activity coefficients of species in solution 208 

Different equations have been proposed to obtain expressions for the activity 209 

coefficients (log i) according to the theory of electrolytes (Pitzer 1991). The 210 

activity coefficient of an electrolyte can be split into two contributions: long-211 

range Coulomb’s interactions and short-range specific interactions. The 212 

former are a function of the ionic strength, and are independent of the 213 

electrolyte nature. On the other hand, the short range interactions represent 214 

pairwise or three particle interactions in solution, hence they are electrolyte 215 

dependent. Most of the models used to calculate activity coefficients in 216 

electrolyte systems are based on the Debye-Hückel limiting law, which is only 217 

valid for very dilute concentrations i.e. <0.001 mol Kg-1. This model considers 218 

that the interactions between ions are exclusively electrostatic, that is 219 

dependent on ionic strength. Equations that extend the validity range of 220 

activity coefficient calculations to moderate or high ionic concentrations 221 

should take into account not only the ionic strength, but also electrolyte 222 

specific effects. Different approaches have been proposed to account for non-223 

electrostatic interactions between ions. The simplest models are based on the 224 

Specific Interaction Theory (SIT) of BrØnsted-Guggenheim, e.g. the Pitzer´s 225 

equations are a representative example (Pitzer 1991). The Pitzer formulation 226 

has been extensively used in the literature for different ligands in simple 227 

electrolytes and complex mixtures, such as seawater (Daniele et al. 1997; De 228 

Stefano et al. 2002; Grenthe 2002; Millero and Pierrot 2002; Turner et al. 229 

2016). A more elaborate theory, the Mean Spherical Approximation (MSA), 230 
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allows the calculation of the activity coefficients term, Q(i), including explicitly 231 

the ion charge, size and concentration, and the temperature, as parameters in 232 

its formulation (Blum 1975). Therefore, the MSA theory allows, for example, 233 

studying size effects on chemical equilibria, which is not possible using 234 

Specific Interaction Theory expressions (Sastre de Vicente and Vilariño 2002; 235 

Vilarino and Sastre de Vicente 1996). 236 

237 

3. Gibbs free energy of proton binding: electrostatic and non-238 

electrostatic contributions 239 

About forty years ago, in a yet classical work on ionizable surfaces, Healy and 240 

White (Healy and White 1978) presented a reaction of dissociation as: 241 

𝐴𝐻(𝑄−1)−
⇄ 𝐴𝑄−

+ 𝐻+ 5

For this dissociation process, or its thermodynamically equivalent proton 242 

adsorption/binding reaction, the interaction free energy can be split into two: 243 

on the one hand an electrostatic term associated with double layer 244 

interactions, on the other, contributions including dispersion and other non-245 

electrostatic forces. The Gibbs free energy in adsorption processes usually 246 

involves a wide range of reaction energies, which can be grouped, as a first 247 

approximation, into non-electrostatic and electrostatic terms (Moreno-Castilla 248 

2004):  249 

∆𝐺𝑑𝑖𝑠𝑠 = ∆𝐺𝑛𝑜𝑛−𝑒𝑙𝑒𝑐 + ∆𝐺𝑒𝑙𝑒𝑐 6 

In addition, according to Van Oss (Van Oss 2006; Van Oss and Giese 2011), 250 

the Gdiss (dissociation) of interactions between two different entities e.g. 251 

molecules, particles and surfaces in aqueous solution can be expressed as: 252 

∆𝐺𝑑𝑖𝑠𝑠 = ∆𝐺𝐿𝑊 + ∆𝐺𝐴𝐵 + ∆𝐺𝑒𝑙𝑒𝑐 7 
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where GLW and GAB represent Lifshitz-van der Waals and Lewis Acid-Base 253 

(including hydrogen bonding) energies, respectively (Goss and 254 

Schwarzenbach 2001). Both free energy terms can be either attractive or 255 

repulsive. The comparison of Eqs. 6 and 7 allows the identification of the 256 

relevant contributions of non-covalent interactions in the ΔGnon-elec term, also 257 

called intrinsic free energy (ΔGint). 258 

The protons are a master variable that controls any acid-base system and 259 

influences practically all processes in aqueous chemistry (Stumm and Morgan 260 

1996). The pH, as discussed in section 2, becomes therefore an extremely 261 

important parameter affecting the proportion of neutral/charged sites in an 262 

adsorbent. This effect appears irrespective to the presence of metals or other 263 

substances in solution. Therefore, the pH also affects the interactions involved 264 

in the different Gibbs free energy contributions (Eq. 7). In addition, other 265 

parameters such as the ionic strength, and the specific electrolyte nature, 266 

influence the energetic terms in Eq. 7 to a variable degree. 267 

Therefore, for a given couple sorbent/sorbate in aqueous solution, the Gibbs 268 

free energy of adsorption (Gads) can be expressed as: 269 

∆𝐺𝑎𝑑𝑠 = ∆𝐺𝑎𝑑𝑠(𝑝𝐻, 𝐼, 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑛𝑎𝑡𝑢𝑟𝑒) 8 

The pH and ionic strength are generic variables independent of the 270 

characteristic of the electrolytes present in solution, and both contribute to 271 

ΔGelec. These variables modulate the electrical properties of the interface 272 

sorbate-solution/sorbent, acting as a sort of charge regulators (Trefalt et al. 273 

2016). Moreover, the influence of the nature of dissolved salts in solution is 274 

associated to Hofmeister lyotropic or salting in versus salting out effects. 275 
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Those terms are widely used to describe specific electrolyte effects on many 276 

physicochemical properties (Salis and Ninham 2014).  277 

Equation 7 is a general expression that can be applied to adsorption 278 

processes involving different sorbates, e.g. protons, metals or organic 279 

substances, with distinct speciation characteristics and variable structural 280 

complexity, i.e. different polarity or charge, degree of hydrophobicity, etc. 281 

Equations 7 and 8 also indicate that changes in the pH, ionic strength and/or 282 

the nature of salts in solution, will affect the value of ΔGads. Therefore, in order 283 

to properly understand dissociation/binding reactions, different experiments at 284 

several pHs, ionic strengths and/or electrolyte types should be performed. An 285 

adequate interpretation of the obtained results leads to important 286 

physicochemical information of the process such as intrinsic equilibrium 287 

constants. However, in most cases data interpretation involves the use of 288 

different models. Besides, when modelling data, specific physical properties of 289 

the adsorbent/biomass e.g. volume, size, texture, etc. are required or 290 

assumed. 291 

 292 

4. Modelling the proton binding equilibria in biosorbents 293 

The following discussion is based on the split of the adsorption energy into 294 

electrostatic and other non-electrostatic contributions proposed in Eq. 6. This 295 

division allows simplifying and correctly interpreting the proton binding 296 

equilibria in biosorption processes under different experimental conditions. 297 

4.1 Electrostatic effects: Influence of pH and ionic strength 298 

In most cases, the biosorbents present a negative charge associated to the 299 

dissociation of their acidic groups. One of the main differences in studying the 300 
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acid-base properties of simple organic ligands and biosorbents is due to the 301 

higher charge associated with the latter (polyelectrolyte effect). Moreover, the 302 

interactions of biosorbents with other species such as metals or organics in 303 

solution depend on the acid-base properties of the biomass and the chemical 304 

speciation. Therefore, the study of variables such as the pH, ionic strength or 305 

sorbate/binding-sites ratio is of great importance. These variables regulate the 306 

relative significance of the observed effects, mainly those associated with 307 

electrostatic interactions. 308 

As discussed in section 3, a simple way to model coulombic effects of proton 309 

binding to biosorbents consists of splitting the intrinsic (non-electrostatic) and 310 

electrostatic energy contributions to the binding according to Eq. 6. The 311 

biosorbents contain natural biopolymers; considering therefore the biosorbent 312 

as a polyelectrolyte, the electrostatic work involved in bringing a proton from 313 

the bulk solution to the binding site can be written as (Morel and Hering 1993): 314 

∆𝐺𝑒𝑙𝑒𝑐 = 𝑛𝐹𝜓0 = 𝐹𝜓0 9 

where F is the Faraday constant and 0 is the electrostatic potential at the 315 

location of the binding site. In terms of equilibrium constants, the equation 316 

reads: 317 

𝐾𝑒𝑙𝑒𝑐 = 𝑒− 
∆𝐺𝑒𝑙𝑒𝑐

𝑅𝑇 = 𝑒− 
𝐹𝜓0
𝑅𝑇 10 

Considering the proton dissociation reaction presented in Eq. 5, a biosorbent 318 

of charge Q will present an apparent dissociation constant (Kapp) given by: 319 

𝐾𝑎𝑝𝑝 =
[𝐴𝑄−

][𝐻+]

[𝐴𝐻(𝑄−1)−
]

=
(𝐴𝑄−

)(𝐻+)

(𝐴𝐻(𝑄−1)−
)

 
𝛾𝐴𝐻(𝑄−1)−

𝛾𝐴𝑄− 𝛾𝐻+
= 𝐾𝑖𝑛𝑡

𝛾𝐴𝐻(𝑄−1)−

𝛾𝐴𝑄− 𝛾𝐻+
11 

The proton and ratio of the biosorbent activity coefficients correspond then to 320 

the corrections to the intrinsic dissociation constant, Kint. If Q>>>1, the 321 
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following effective activity coefficient can be defined as (Morel and Hering 322 

1993): 323 

𝑙𝑛 𝛾𝑒𝑓𝑓 = 𝑙𝑛
𝛾𝐴𝑄−

𝛾𝐴𝐻(𝑄−1)−
= −

𝐹𝜓0

𝑅𝑇
12 

The intrinsic dissociation constant can be calculated from: 324 

𝐾𝑖𝑛𝑡 = 𝐾𝑎𝑝𝑝𝛾𝐻+𝛾𝑒𝑓𝑓 =
[𝐴𝑄−

]

[𝐴𝐻(𝑄−1)−]
(𝐻+)0 13 

The local ion activity of the proton at the binding site, (H+)0, is then given by its 325 

experimentally accessible bulk activity, (H+), multiplied by a Boltzmann factor: 326 

(𝐻+)0 = [𝐻+]𝛾𝐻+𝑒− 
𝐹𝜓0
𝑅𝑇 = (𝐻+)𝑒− 

𝐹𝜓0
𝑅𝑇 14 

Therefore, the surface proton activity, (H+)0, or concentration can be obtained 327 

from the electrostatic potential at the active binding site. The value of the 328 

electrostatic potential can be estimated using different models, as shown 329 

below. When considering the proton activity, but not the concentration, a 330 

correction for the activity coefficient of the proton in solution is required. 331 

Therefore, a suitable model for the activity coefficient (Pitzer 1991) should be 332 

chosen depending on experimental conditions, especially at low or high ionic 333 

strengths. 334 

In addition to geometrical constraints, the potential around a charged species 335 

in an electrolyte solution is a function of the ionic strength. Equation 14 336 

constitutes the basis for carrying out electrostatic corrections, which present 337 

different dependencies on ionic strength. 338 

The presence of an electrolyte in solution can affect the binding in a direct and 339 

indirect way. The former reduces the occurrence of other ions near the 340 

binding sites, while the indirect way is due to the fact that intraparticle 341 

activities are higher than bulk activities. Nevertheless, according to the 342 
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interpretation and definition of the Debye length, it is worth mentioning that in 343 

most cases electrostatic effects should be suppressed at ionic strengths c.a. 344 

0.5-1 mol Kg-1 (Israelachvili 2011). However, a minimum in the Debye length 345 

has been observed around these values for some systems (Smith et al. 346 

2016). 347 

By analogy with models initially developed for humic and fulvic acids (Saito et 348 

al. 2005), two different approaches have been mainly used to account for 349 

electrostatic effects in biosorbents, namely one and two phase models (Fig. 350 

3). Two-phase models consider the active polyelectrolyte (biosorbent) sites as 351 

a three-dimensional permeable structure or Donnan volume; while in one-352 

phase models an active rigid surface (two-dimensional double-layer) is 353 

assumed. Calculating the contribution of electrostatic effects to free energies 354 

usually involves solving the appropriate Poisson-Boltzmann equation (Eq. 15), 355 

which relates the Laplacian of the electrostatic potential () to the charge 356 

density in the medium (Bartschat et al. 1992). 357 

𝛻2𝜓 = −
1000𝐹

𝜀
(∑ 𝑧𝑖[𝑋𝑖]𝑒−

𝐹𝜓
𝑅𝑇 + 𝜌0

𝑖

) 15 

where ρ0 (mol·L-1) is the charge in the region occupied by the biosorbent in 358 

the absence of mobile ions, and the summation term is the charge density 359 

produced by the distribution of co- and counterions (Xi) in the potential field. 360 

Equation 15 is valid either for surface double-layer (0= 0) or Donnan models, 361 

where 0≠0. 362 
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363 

Fig. 3 Schematic representation of the double layer surface model (left panel) 364 
and Donnan model (right panel). The former considers the active binding sites 365 
as a two-dimensional rigid structure. On the contrary, on the later the active 366 
sites are represented as a three-dimensional permeable volume. 367 

368 

The Surface Complexation Model (SCM) is one of the most well-known and 369 

used surface models. The works of Borrok et al. (Borrok et al. 2005) and 370 

Goldberg et al. (Goldberg and Criscenti 2008) constitute a good review for this 371 

matter. Table 1 shows several examples for biosorption of brown algae; for 372 

these biosorbents the Donnan model is often applied. A more extensive table, 373 

including other types of algae and other biomaterials can be found in (Lodeiro 374 

et al. 2018). It is worth mentioning that most of the references shown in Table 375 

1 do not include any ionic strength (electrostatic) correction term when 376 

analysing the proton binding. Moreover, significant differences can be found 377 

regarding important experimental conditions, such as the electrode calibration 378 

or the ionic strength adjustment during the proton titration performed by 379 

different authors. 380 

A suitable model describing the electrostatic contribution to the binding has to 381 

be based on the biosorbent properties. The Donnan-type models are applied 382 

when the biosorbent has a permeable structure that shrinks and swells, its 383 

size is larger than the double-layer or Debye thickness and presents a large 384 

surface charge uniformly distributed within the biomass. Those characteristics 385 
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are typical, for example, of many marine algae (Pagnanelli et al. 2004; Rey-386 

Castro et al. 2004a; Rey-Castro et al. 2003; Schiewer 1999; Schiewer and 387 

Volesky 1997a; Schiewer and Volesky 1997b; Schiewer and Wong 2000), and 388 

lignocellulosic agriculture derivatives (Bouanda et al. 2002; Lopez et al. 2011; 389 

Zhao et al. 2015). On the contrary, the SCM is used when the adsorbent is 390 

considered to have an impenetrable, rigid surface; for example, surface 391 

complexation models have been used to describe metal and proton binding 392 

on bacterial surfaces (Borrok and Fein 2005; Fein et al. 2005; Fein et al. 393 

1997; Grenthe 2002; Haas 2004; Leone et al. 2007; Liu et al. 2013; Ngwenya 394 

et al. 2009). Despite the different structural considerations on which those 395 

models are based, fitting similarities between Donnan and double-layer 396 

surface models have been reported when describing experimental binding 397 

data (De Stefano et al. 2005; Rey-Castro et al. 2004a; Rey-Castro et al. 398 

2004b). In fact, Donnan models have been successfully applied to bacterial 399 

biomass (Burnett et al. 2006; He et al. 2013; Heinrich et al. 2007; Martinez et 400 

al. 2002; Pagnanelli et al. 2004; Plette et al. 1995; Yee et al. 2004), and 401 

double layer models to agriculture derivatives (Ravat et al. 2000; Reddad et 402 

al. 2002) or algae biomass (Kim et al. 1998). 403 

The master curve approach is used to obtain a validation test of the 404 

electrostatic model used to describe the charged biosorbent. This approach 405 

consists on performing potentiometric titrations against a simple ion, usually 406 

the proton, in an electrolyte solution at different ionic strengths (see Fig. 4). 407 

Therefore, the proton binding data, obtained from experimental titrations, can 408 

be transformed using the electroneutrality condition into data of net charge 409 
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(Q), proton coverage or dissociation degree of the biosorbent versus pH (see 410 

section 6 for details). 411 
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Table 1. Compilation of potentiometric experiments for different brown algae including experimental and modelling titration 412 
conditions. 413 

Biosorbent Electrosta-

tic proton 

binding 

model 

Specific 

Interaction 

Model 

Master 

Curve 

approach 

Chemical 

proton 

binding 

model 

Electrode 

Calibration 

pH range Ionic 

strength 

mol/L 

Electrolyte Reference 

Brown algae Donnan/ 

Diffuse 

layer 

Pitzer/No Yes Continuous 

(L-F) 

Proton 

concentration 

2–10/11.5 0.05–2 NaCl and 

KNO3 

(Rey-Castro et al. 

2004b; Rey-

Castro et al. 

2003) 

Brown algae No No No Discrete 

(one site)/ 

Continuous 

(L-F)/ 

Katchalsky 

Proton 

concentration 

2.2–6.5/11 0.05 NaNO3 (Lodeiro et al. 

2006a; Lodeiro et 

al. 2005a; Lodeiro 

et al. 2004; 

Lodeiro et al. 

2005b) 

Brown algae No No No No No info 3–10 0.001 NaCl (Fourest and 

Volesky 1997) 

Brown algae No No No Discrete No info 2.5–4.5 0.1 NaNO3 (Seki and Suzuki 
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(one site) 1998) 

S. Polycystum 

(brown alga) 

No Davies 

equation 

No Discrete 

(three sites) 

No info 2–10.5 0.1 and 1 LiNO3 (Yun 2004; Yun 

and Volesky 

2003) 

Sargassum sp. 

(brown alga) 

Donnan No No/ pH-

pNa 

Discrete 

(one site) 

No info 2–6 0–1  NaNO3 (Schiewer and 

Volesky 1997b) 

S. fluitans 

(brown alga) 

Donnan/CH

EM model 

No No Discrete 

(one site) 

No info 2.2–4 0–5 NaNO3 (Schiewer 1999) 

S. fluitans 

(brown alga) 

No No No No No info 3–10 0.001 NaCl (Fourest and 

Volesky 1996) 

Brown/green 

algae 

Donnan No No Discrete 

(one site) 

No info 2–8.5 0–0.1 Deionised 

water/ 

NaNO3 

(Schiewer and 

Wong 2000) 

P. caniculata 

(brown alga) 

No No No Discrete 

(two sites)-

Continuous 

Sips (L-F) 

Buffers pH 4, 

7 and 10 

2.5–9.5 0.001–

0.1 

CaCl2 (Costa et al. 

2010) 
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As stated in the previous section, the pH and ionic strength modulate the net 414 

charge of the biosorbent, then: 415 

𝑁𝑒𝑡 𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛(𝑝𝐻, 𝐼) = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑏(𝑝𝐻0) 16 

where pH0 (-log [H+]0H+), the pH at the local binding site, can be obtained 416 

from Eq. 14. 417 

418 

Fig. 4 Simulated data of charge versus pH curves (top graph) and 
calculated master curve (bottom graph) in a specific electrolyte solution. 
The master curve approach is built on the electroneutrality condition, so the 
proton binding data can be transformed into data of net charge. If the 
electrostatic model is correct, the dependence of the binding on ionic 
strength vanishes; therefore, the corrected binding curves merge into the 
master curve that is independent of the ionic strength as it can be observed 
in the bottom graph 

419 

Therefore, the charge-pH curves obtained over a range of ionic strength are 420 

used to optimise the parameters of the selected electrostatic model. If the 421 

electrostatic model used to calculate  is correct, the dependence of the 422 
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binding on ionic strength should vanish and the corrected binding curves will 423 

merge into the so-called master curve that is independent of the ionic strength 424 

(Eq. 16). 425 

More advanced theoretical treatments based on Monte Carlo simulations 426 

allow the study of potentiometric titration of ionizable polyelectrolytes 427 

(Madurga et al. 2009) , not only on the influence of the ionic strength but also 428 

on the effect of ion size and surface charge models. 429 

4.2 Non-electrostatic (intrinsic) effects: Hofmeister series 430 

Electrostatic interactions alone cannot provide with an explanation of ion-431 

specific interactions and their associated outcomes. This is because pure 432 

electrostatic treatments predict that ions of the same valence provide the 433 

same results, irrespective of their chemical nature. The so-called non-434 

electrostatic or intrinsic effects are associated to specific ion or salt effects in 435 

solutions or interfaces of different electrolytes. The intrinsic effects are 436 

involved in many phenomena including colloid, polymer and interface science 437 

in the fields of chemistry or biology (Cacace et al. 1997; Lo Nostro and 438 

Ninham 2012). 439 

Franz Hofmeister was a pioneer of specific salts effects with his work on the 440 

precipitation of proteins (Kunz et al. 2004a). These non-electrostatic 441 

interactions or dispersion forces are associated to the specific nature of ions, 442 

their size and their polarizability. These effects, represented by the terms 443 

GLW and GAB in Eq. 7 are interpreted as differences in the properties of 444 

salts in solution, usually at concentrations higher than 0.1 M (Ninham and 445 

Yaminsky 1997). Dispersion forces as a whole have a relevant role. 446 

Nevertheless, their analysis through theoretical developments is challenging. 447 
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From a theoretical point of view, the electrostatic and dispersion forces must 448 

be equally treated. One of the current approaches consists of including an 449 

additional term of dispersion, which is added to the conventional electrostatic 450 

potential, in the Poisson-Boltzmann equation. The ionic distribution at an 451 

interface is given then by (Kunz et al. 2004b; Parsons et al. 2011; Salis and 452 

Ninham 2014): 453 

𝑐± = 𝑐𝑒±
(𝑧𝑖𝑒𝜓 + 𝑈±)

𝑘𝑇 17 

Therefore, the Eq. 14 that describes the proton activity at the local binding site 454 

would be also modified including an energetic dispersion-dependent term 455 

(U), thus providing a more realistic picture of the forces involved. 456 

Quantitative studies on Hofmeister effects are scarce (Parsons 2016), and 457 

most works rely on qualitative or semi-quantitative analysis of results. Most of 458 

these papers are particularly focused on the adsorption of organic substances 459 

(Nelson and Schwartz 2013; Para and Warszynski 2007) where the 460 

complexity of electrostatic and non-electrostatic interactions is always present 461 

(Bauerlein et al. 2012). Some recent simulation studies on ion binding to 462 

carboxylic groups considering Hofmeister effects have also been performed 463 

(Schwierz et al. 2015; Stevens and Rempe 2016). These studies are of 464 

interest for biosorption due to the relevance of the carboxylic groups, which 465 

usually form part of the polysaccharide structure in many types of biomasses. 466 

Despite pH or ionic strength effects that are studied in biosorption, to the best 467 

of our knowledge, there are no studies related to specific salt or Hofmeister 468 

effects. 469 

4.3 Empirical models to describe the proton binding in biosorbents 470 
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The complex and heterogeneous nature of biosorbents makes the 471 

investigation and interpretation of their acid-base properties challenging. The 472 

local binding interface is supposed to be constituted of a charged 473 

polyelectrolyte. Therefore, the proton dissociation of an acid group in a 474 

biosorbent can be described using a reaction formally identical to Eq. 1 but 475 

considering AH as a whole (not only a specific acid site). The apparent 476 

conditional dissociation constant (Kapp) can be written then as: 477 

𝑝𝐾𝑎𝑝𝑝 = 𝑝𝐻 −  𝑙𝑜𝑔
𝛼

1 − 𝛼
 18 

where the degree of dissociation, , is given by: 478 

𝛼 =
[𝐴−]

[𝐴−] + [𝐴𝐻]
 19 

Ideally, as previously mentioned, the relative contribution from each of the 479 

effects concerning equilibrium binding in biosorbents should be accounted for 480 

by means of an appropriate model. 481 

A first approach, suggested in several biosorption studies, is to fit the 482 

potentiometric titration data with a set of previously defined discrete ligand 483 

constants. A further approach involves the use of a Gaussian distribution of 484 

ion binding constants, considering the well-known heterogeneity of the 485 

biosorbents. Despite the simplicity of those models, they can provide useful 486 

information regarding the acid-base and complexation equilibria under specific 487 

conditions of pH, ionic strength, temperature and medium composition. 488 

Nevertheless, these empirical models fail when relating the specific properties 489 

of biosorbents, such as size or charge distribution, to the model fit 490 

parameters. 491 

In the majority of cases, the equilibrium constants determined in biosorption 492 

studies are conditional stoichiometric constants, K* (see Eq. 2), valid only for 493 
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the specific ionic strength at which they have been determined. These 494 

conditional constants indirectly include all unspecific interactions among ions, 495 

namely, activity coefficients. 496 

The modified Henderson-Hasselbach equation (Eq. 20) is one of the empirical 497 

models widely used to describe the dependence of the protonation constants 498 

of polyelectrolytes or biosorbents on the degree of dissociation: 499 

𝑝𝐻 = 𝑝𝐾𝑚 + 𝑛 𝑙𝑜𝑔
𝛼

1 − 𝛼
 20 

where pKm and n are empirical constants that change with ionic strength. 500 

Therefore, the relationships between pKapp and α or pH can be easily 501 

obtained: 502 

𝑝𝐾𝑎𝑝𝑝 = 𝑝𝐾𝑚 − (𝑛 − 1) 𝑙𝑜𝑔
𝛼

1 − 𝛼
 21 

 503 

𝑝𝐾𝑎𝑝𝑝 = 𝑝𝐾𝑚 − (
𝑛 − 1

𝑛
)  𝑝𝐻 22 

Note that pKm=pKapp for =0.5 and n>1. Potentiometric titrations of 504 

biosorbents do not provide a simple set of discrete dissociation constants, as 505 

when using simple ligands, but a continuous distribution of binding sites. This 506 

fact, together with the polyelectrolyte and associated effects, results in flatter 507 

titration curves with not well-defined end points. 508 

The best description of the binding properties of biosorbents has been 509 

provided therefore, when the model explicitly includes both, heterogeneity and 510 

polyelectrolytic effects (despite conformational changes, not explicitly 511 

reflected). Therefore, reorganising Eq. 14 and substituting in Eq. 18 provides 512 

with an expression for the solution pH (-log [H+]H+) or pKapp: 513 

𝑝𝐻 = 𝑝𝐾𝑖𝑛𝑡 + 𝑙𝑜𝑔 (
𝛼

1 − 𝛼
) −

1

𝑙𝑛10

𝑒𝜓0

𝑘𝑇
 23 
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𝑝𝐾𝑎𝑝𝑝 = 𝑝𝐾𝑖𝑛𝑡 −
1

𝑙𝑛10

𝑒𝜓0

𝑘𝑇 24 

514 

It is worth mentioning that on the Donnan and surface charge models pKint 515 

refers to the limit of high ionic strength, where  tends to zero, as the 516 

reference state. Nevertheless, for simple ligands the ion activity coefficients, 517 

so the pKint, are referred to zero ionic strength or infinite dilution, where no 518 

interactions between ions are assumed. It is therefore important to consider 519 

this difference when comparing intrinsic binding constants of polyelectrolytes 520 

or biosorbents with the ones obtained for simple ligands. Moreover, for simple 521 

ligands, the Debye-Hückel law imposes a proportional dependence of pK with 522 

√𝐼  at low ionic strengths, whereas for a biosorbent or polyelectrolyte an523 

approximately linear increase of pK with log I is expected as the ionic strength 524 

decreases. 525 

4.4 Description of the chemical heterogeneity 526 

Once the electrostatic and/or non-electrostatic effects have been explicitly 527 

accounted for, a set of intrinsic binding constants that only depend on the 528 

chemical heterogeneity can be obtained. The biosorbents present many 529 

different chemical groups that can also have different steric and chemical 530 

environments. Therefore, a model for the description of the chemical 531 

heterogeneity is required. For the particular case of proton binding reactions, 532 

the coverage fraction of binding sites () is given by: 533 

𝜃 = 1 − 𝛼 =
[𝐴𝐻]

[𝐴𝑡𝑜𝑡]
=

[𝐴𝐻]

[𝐴−] + [𝐴𝐻] 25 

The plot of  vs [H+] is called the binding curve. The models used to account 534 

for chemical heterogeneity usually describe the coverage fraction of binding 535 
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sites as a weighted sum of local isotherms (f), which describe the binding in 536 

each site. If it is assumed that the binding sites do not interact each other, and 537 

all have the same local isotherm: 538 

𝜃([𝐻+]) = ∫ 𝑝(𝐾)𝑓([𝐻+], 𝐾)𝑑𝐾
∞

0

 26 

where p(K) is a probability density function known as the affinity spectrum, 539 

which represents the fraction of binding sites with a value of the microscopic 540 

affinity constant between K and K+dK. The simple Langmuir or Langmuir-541 

Freundlich equations are commonly used as local isotherms. Therefore, the 542 

proton affinity distribution can be calculated using a simplified approximation 543 

of the local isotherm by using, for example, the condensation approximation 544 

(CA) method. In this method, the local isotherm is replaced by a step function, 545 

which is the first derivative of the binding curve: 546 

𝑓𝐶𝐴(𝑙𝑜𝑔 𝐾 = − 𝑙𝑜𝑔[𝐻+]) =
𝑑𝜃

𝑑 𝑙𝑜𝑔[𝐻+] 
27 

Alternatively, the experimental binding curve data can be described by means 547 

of an arbitrary empirical isotherm, using a conventional fitting procedure. The 548 

NICA (Non-Ideal Competitive and thermodynamically consistent Adsorption) 549 

isotherm model has been extensively used to describe heterogeneity and 550 

competition on ion binding to humic/fulvic substances (Kinniburgh et al. 1999) 551 

and many different biosorbents (Herrero et al. 2011; Lodeiro et al. 2006b; 552 

Lopez et al. 2011; Zhao et al. 2015). If only proton binding is considered 553 

(absence of competing ions) the NICA equation leads to the well know 554 

Langmuir-Freundlich isotherm. 555 

On account of the importance of the ion exchange mechanism in biosorption, 556 

it is worth mentioning that analogies and differences between competitive 557 

adsorption models and ion exchange models has been discussed and 558 
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analysed for metal biosorption systems, concluding that both descriptions are 559 

equivalent if only equilibrium properties are compared (Plazinski 2013; 560 

Rudzinski and Plazinski 2010). Moreover, heterogeneity effects considering a 561 

continuous function of binding site, the stoichiometry of the ion exchange 562 

reaction responsible for the “apparent” heterogeneity and a site discrete 563 

model, have also been studied (Plazinski and Rudzinski 2009; Plazinski and 564 

Rudzinski 2011). 565 

 566 

5. The role of the acid-base properties of biosorbents on metals removal 567 

This section is focused on some selected examples where the interactions of 568 

biomass with metals are described. 569 

The relationship between the acid-base properties of biosorbents and their 570 

adsorption capacity is probably the key question in many biosorption studies. 571 

This issue is not a simple one because of the nature of biomass, which 572 

consists of a varied and complex mixture of polymeric species. However, the 573 

detailed investigation of acid-base properties reveals that the polymer in 574 

largest proportion determines the fundamental behaviour. 575 

The analysis of the adsorption capacity is an even more complex issue, 576 

mostly because of the failure to elucidate the adsorption mechanism. 577 

Biosorption consist of several mechanisms (Chen and Wang 2009; 578 

Javanbakht et al. 2014) mainly physical adsorption, ionic exchange, 579 

complexation, chelation, reduction or microprecipitation (Crini 2005; Schiewer 580 

and Volesky 2000; Veglio and Beolchini 1997). 581 

The interaction, and thus the adsorption, is strongly dependent on the solution 582 

conditions, which are decisive for the biomass surface, the metal speciation or 583 
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the competition of other ions or organic molecules. The direct consequence is 584 

that it is difficult to explain the adsorption by one single mechanism. 585 

Therefore, it is quite possible that some of these mechanisms are acting to 586 

varying degrees simultaneously, most commonly, the ionic exchange, 587 

complexation, reduction/oxidation reactions and metal precipitation. 588 

The occurrence of the functional groups involved in the ion exchange and 589 

complexation mechanisms are usually the same as those that account for 590 

acid-base properties. When these two mechanisms govern the adsorption, 591 

there is a direct correlation with the acid-base properties of the biomass 592 

(Schiewer and Volesky 1995). 593 

When reduction of the metal ions and resulting metal precipitation play the 594 

key role, the adsorption is attributed to those functional groups that are easily 595 

oxidisable, without need for being related to the acid-base properties. 596 

In any case, as indicated above, it is most likely to find a complex mechanism 597 

in which some of the above-mentioned processes participate simultaneously. 598 

A large number of studies report the correlation of the adsorption capacity 599 

with the number of protonated groups in the biomass. Lodeiro et al. (Lodeiro 600 

et al. 2008) studied the Cr(III)-binding capacity of three different types of 601 

biomass, the brown Sargassum muticum macroalga, orange peel and 602 

bracken fern. On the one hand, the authors found that the maximum Cr(III) 603 

uptake capacity is approximately equal to the number of carboxyl functional 604 

groups determined by potentiometric measurements. On the other hand, the 605 

obtained complexation constants (log KCr=2.9-3.1) are very similar for the 606 

three materials studied, that reinforces the hypothesis of the implication of the 607 

same functional group, e.g. carboxyl groups, in metal uptake. Barriada et al. 608 
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(Barriada et al. 2009) studied the adsorption of Cd (II) and Pb (II) on bracken 609 

fern. Maximum uptake values were the same for both metals (0.410 mmolg -610 

1), which is very similar to the number of acidic groups determined for this 611 

material (0.432 mmolg -1). Once again, the results indicate that acidic groups 612 

were responsible of the sequestration of both metal ions. 613 

The analysis of the effect of pH on adsorption capacity provides further 614 

evidences of the implication of acidic groups on metal binding. For example, 615 

an S-Shaped curve centred at pH 3-4 is usually found for metal adsorption 616 

(Lodeiro et al. 2005a; Lodeiro et al. 2004; Ravat et al. 2000; Reddad et al. 617 

2002; Schiewer and Volesky 1995). At pH values below c.a. 2.0, the metal 618 

uptake is very low, but not negligible, which is related to the presence of a 619 

relatively low amount of very strong acid groups such as sulfonic groups, 620 

which are present in the fucoidans of brown algae. The change in the ionic 621 

state of the carboxyl functional groups, which are associated with the 622 

polymers of the cell wall, explains the dramatic increase in adsorption of 623 

metals from pH 2 to 4. Above pH 4 the metal sorption capacity levels off at a 624 

maximum value (Haug and Smidsrod 1970; Rey-Castro et al. 2004a). 625 

The fact that the same functional groups, i.e. the same sites, are used for the 626 

proton and metal binding is evident when acid-base and metal adsorption 627 

properties are modelled simultaneously, by use of competitive proton-metal 628 

models. The proposed equations are able to describe both proton and metal 629 

experimental data satisfactorily. Models of varying degrees of complexity have 630 

been proposed; some of them take into account different isothermal models, 631 

others several binding sites, heterogeneity or different stoichiometric 632 

proton/metal ratios. 633 
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Langmuir competitive model with a single binding site is one of the simplest 634 

models that has been successfully applied by Schiewer (Schiewer and Wong 635 

1999) to Ni and Cu adsorption by several types of algae, assuming 1:2 636 

binding stoichiometry. Lodeiro et al. (Lodeiro et al. 2005b) investigated the Cd 637 

adsorption by biomass of the brown marine algae Sargassum muticum. The 638 

authors compared Langmuir competitive models, assuming 1: 1 and 1: 2 639 

stoichiometries. The NICA model can adequately explain all the experimental 640 

data, both concentration and pH dependence of cadmium uptake, employing 641 

the same constants obtained in proton binding studies. Pagnanelli et al 642 

(Pagnanelli et al. 2005) obtained similar results using the NICA model to 643 

reproduce the Cu and Cd biosorption experiments on olive pomace. Li and 644 

Englezos (Li and Englezos 2005) employed the NICA-Donnan model to 645 

describe the interaction of protons and metal ions, Cu (II), Pb (II), Fe (III) and 646 

Mn (II), and the lignin extracted from wheat bran and kraft pulp. They were 647 

able to reproduce with great accuracy the experimental data, assuming only 648 

two types of sites for the binding of protons or metal ions to lignin, considered 649 

to be due to carboxylic-type and phenolic-type groups. 650 

Herrero et al. (Herrero et al. 2011) studied the Cu(II) uptake by the macroalga 651 

Sargassum muticum. A simple Langmuir or Langmuir-Freundlich isotherm can 652 

be used to accurately describe equilibrium experiments. However, only the 653 

NICA model allows a good description of all equilibrium experiments tested, 654 

i.e. isotherm, pH influence and competition between Cu and Cd, employing 655 

the same constants attained through proton binding studies. 656 

All studies above make clear that protons and metal ions compete for the 657 

same adsorption positions on different types of biomass. 658 
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 659 

6. Potentiometric determination of the acid-base properties of 660 

biosorbents.  661 

The determination of acid-base properties of the biosorbents provides very 662 

useful information about the physicochemical behaviour of these substances, 663 

and consequently their performance in adsorption processes. Not only the 664 

total number of acidic sites can be quantified, but also their proton binding 665 

affinities (Li et al. 2014; Pagnanelli et al. 2000; Pagnanelli et al. 2004; 666 

Schiewer and Patil 2008). However acid-base characterization is not limited to 667 

these two aspects, and it can also be used to determine the potential of zero 668 

charge (pzc) of the biosorbent (Fiol and Villaescusa 2009; Li et al. 2014; 669 

Lodeiro et al. 2012; Pagnanelli et al. 2013). 670 

Broadly speaking, the determination of acid-base properties of biosorbents 671 

does not differ from the determination of the acid-base behaviour of any other 672 

simple substances. That is, during a titration a typical s-shape curve will be 673 

obtained, with one or several inflection points, depending on the nature of the 674 

biosorbent (Naja et al. 2005; Schiewer and Patil 2008). The analysis of these 675 

curves will provide the corresponding acid-base information of the substance 676 

under study. However, the analysis of the titration curves is not as trivial as 677 

that obtained for a single, pure substance (Lenoir and Manceau 2010). For 678 

biosorbents, the corresponding titration curves are not as sharp as the ones 679 

obtained for simple substances and the s-shape curves have inflection points 680 

not always well defined. 681 

Different techniques can be used to obtain acid-base information of 682 

substances (Bouanda et al. 2002; De Stefano et al. 2005; Gans et al. 1996; 683 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



34 

Gans et al. 2008), but potentiometry with glass electrode is the most important 684 

one, widely used especially in biosorbent acid-base analysis. Potentiometry 685 

requires very simple, commonly employed equipment present in any 686 

laboratory, and is also reasonably easy to automate (Barriada et al. 2009; 687 

Lodeiro et al. 2012; Lopez-Garcia et al. 2013), decreasing the manipulation of 688 

the sample and the preparation of different mixtures. 689 

Potentiometric titrations are based in the measurement of the electromotive 690 

force (emf) appearing between a glass electrode and a reference electrode in 691 

a solution. In the case of a biosorbent determination, instead of working with a 692 

solution, a suspension of the biomaterial is present. As in any titration, the pH 693 

of the suspension is modified by addition of an acid or base, and the evolution 694 

of the pH of the mixture (or the emf readings) is followed. The pH or emf 695 

values and volume of titrant added constitute the starting data employed 696 

during analysis. 697 

6.1 Experimental set-up 698 

The typical potentiometric experiment set-up can be described as a vessel 699 

where the biosorbent suspension is allowed to attain equilibrium after each 700 

titrant addition (Barriada et al. 2009; Lodeiro et al. 2012; Lopez-Garcia et al. 701 

2013). Temperature control using a thermostated vessel is particularly useful. 702 

The titration vessel is typically closed with a lid with several ports where the 703 

glass electrode, an inert gas bubbler and a tip for adding the titrant are 704 

introduced. A temperature probe is optional. A reference electrode is also 705 

required, but if just proton activity is going to be followed, a combination glass 706 

electrode is typically used. If other species activities are going to be measured 707 

(e.g. metal cations) a common reference electrode has to be shared between 708 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



35 

the glass electrode and the ion selective electrode in order to avoid reading 709 

interferences between the two electrodes. An inert gas bubbler must be used 710 

during the titration; it helps to remove the interference of gases present in the 711 

suspension, mainly CO2 and O2. A vigorous stirring procedure is often 712 

employed, typically magnetic stirring, to achieve a correct mixture of the 713 

suspension. However, caution with stirring has to be taken into consideration, 714 

since too vigorous stirring could disaggregate the biomaterial under study. 715 

This is especially important if high temperatures are going to be used during 716 

the titration. 717 

Finally, another common procedure in potentiometric acid-base titrations, also 718 

for biomaterials, is the usage of an inert electrolyte (Barriada et al. 2009; 719 

Bouanda et al. 2002; De Stefano et al. 2005). A glass electrode is sensitive to 720 

proton activity, therefore in order to minimize the change in proton activity 721 

coefficient, a suspension of the biomaterial in a solution containing an inert 722 

electrolyte is employed rather than a suspension in pure water. Both the 723 

suspension of the biosorbent and the titrant added during the determination 724 

are prepared in a solution with the same ionic strength. This allows the 725 

response of the glass electrode to be related to the concentration of free 726 

protons in solution rather than to their activity. This procedure facilitates the 727 

subsequent derivation of the apparent equilibrium constants of the acidic 728 

groups involved in the acid-base equilibria. 729 

6.2 Calibrations 730 

When an inert electrolyte is present, the response of the electrode depends 731 

proportionally on proton concentration, while the activity coefficient of this 732 

species remains almost constant during the whole titration. In order to obtain 733 
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a relationship between the proton concentration and the emf readings, a 734 

calibration procedure is followed. The simplest calibration can be performed 735 

using a solution of the inert electrolyte, where aliquots of a strong acid with 736 

electrolyte at the same ionic strength are added. If the concentration of the 737 

strong acid is accurately known, it is possible to calculate the concentration of 738 

the protons after each addition. A direct relationship between the emf 739 

readings and the proton concentration can be easily obtained using the 740 

following equation: 741 

𝐸 = 𝐸∗ + 𝑝 𝑙𝑜𝑔 [𝐻+] 28 

where E is the electromotive force, E* is the so-called formal potential. The 742 

slope in the representation, p, theoretically should be the Nernstian slope, 743 

59.16 mV per decade in aqueous solutions at 25 °C. Nevertheless, in 744 

practice, it is considered a fitting parameter together with the formal potential. 745 

When a glass electrode is providing an accurate response, a plot of E vs. log 746 

[H+] renders a straight line (May et al. 1982) with a slope that should not be 747 

very different from the theoretical value. For every addition the concentration 748 

of protons is calculated as: 749 

[𝐻+] = 𝐶𝑎 ·
𝑣

𝑉0 + 𝑣
 29 

where Ca is the concentration of the acid in the titrant solution, v is the total 750 

volume of the aliquots of acid added for each emf reading and V0 is the initial 751 

volume of the electrolyte solution.  752 

Calculation of proton concentration for every addition using Eq. 29 together 753 

with the emf readings allow fitting of the experimental data to Eq. 28, 754 

obtaining both the slope p and the formal potential. 755 
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Calibration of glass electrode following this procedure must be done 756 

periodically, since both formal potential and slope change over time 757 

6.3 Measurements 758 

A biosorbent titration is done with a suspension of the biosorbent. Therefore, 759 

a heterogeneous mixture is used rather than working with a homogenous 760 

solution. This fact makes stirring an important factor, since the biosorbent will 761 

tend to separate from solution by gravity. The time required to achieve a good 762 

hydration of the sorbent material is also important. In some cases, e.g. 763 

biomass from fern, the biomaterial is stored dry; when this material is used in 764 

a titration, it is quite water-repellent and it takes a considerable time to 765 

become fully hydrated. Other materials, such as alga, do not show this 766 

problem. They are hydrated within minutes, but they tend to swell and 767 

become very soft, so caution should be taken when stirring to avoid 768 

destruction of the sorbent. 769 

Another point to take into consideration is the protonation state of the 770 

biosorbent; the functional groups that constitute the active sites of the material 771 

can be in different protonation states. A common procedure consists in doing 772 

an acid wash of the material in order to start the titration with the biosorbent 773 

on its fully protonated state (Barriada et al. 2009; Rey-Castro et al. 2003; 774 

Schiewer and Patil 2008). Other researchers have used a different approach. 775 

Starting with the native, untreated material, an accurate amount of acid is 776 

added to the suspension and the mixture is allowed to reach equilibrium 777 

(Pagnanelli et al. 2013). At that moment, the titration is started by adding base 778 

of known concentration. The amount of acid initially added is taken into 779 

account in the subsequent calculations. 780 
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It is also important to consider that during biomass titrations the glass 781 

electrode readings are much more unstable than in a common acid-base 782 

titration. Electromotive force tends to drift significantly, not only because a 783 

heterogeneous medium is involved, but also a complex biopolymer mixture is 784 

being titrated. Therefore, conformational modifications of the biomolecules 785 

can be expected during the titration besides complex electrostatic effects. 786 

Consequently, the titrations take a considerable time, and a criterion for 787 

“stable” readings must be adopted. Usually researchers considered that the 788 

glass electrode is “stable” if the change in the emf is small (below 1 mV) 789 

during a moderate time interval (2-5 min) (Bouanda et al. 2002; Naja et al. 790 

2005). This drift in the readings is more significant when the titration is 791 

reaching an inflection point and a typical titration can take hours depending on 792 

the system under study. Since biomass titrations are time-consuming, 793 

automation of the titration is desirable. A computer controlled titration system 794 

can easily cope with the recording of experimental data that will be used in 795 

titration analysis (Barriada et al. 2009; Lodeiro et al. 2012). 796 

6.4 Data analysis 797 

The analysis of the data obtained during a titration is usually based on a 798 

charge balance equation: the charge of all the positive species has to be 799 

compensated by the charge of the negative species. Let us suppose that a 800 

titration of a biosorbent is done with sodium hydroxide and a known amount of 801 

hydrochloric acid has been added to start the titration in acidic conditions. In 802 

this situation, at any point of the titration the electroneutrality condition can be 803 

written as it follows: 804 

[𝑁𝑎+] + [𝐻+] − [𝐶𝑙−] − [𝑂𝐻−] + 𝑄 = 0 30 
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where Q is the charge concentration present in the biosorbent at each point of 805 

the titration. If the Q value is positive, it implies that the biosorbent has a neat 806 

positive charge. On the contrary, the biosorbent is negatively charged. The 807 

equation 30 can be easily transformed into charge-pH or master curves (see 808 

section 6). 809 

If the glass electrode has been calibrated in the free proton scale, the emf 810 

readings can be easily transformed into proton concentration [H+] (Eq. 28). 811 

Hydroxide concentration can be obtained from the equilibrium constant of 812 

water once the hydrogen concentration is known. The concentrations of 813 

sodium and chloride ions can be calculated from the concentration of the 814 

titrant, the initial volume of the mixture and the concentration of acid added. 815 

Therefore, the charge concentration of the biosorbent can be computed for 816 

each titrant addition. 817 

If the charge is associated to an acidic group and the total number of groups 818 

is determined, the dissociation degree can be computed following Eq. 19 and 819 

the apparent dissociation constant can be obtained as it is described in 820 

section 4.3. 821 

 822 

7. Conclusions and future research needs 823 

a) A deep knowledge of the acid-base properties of biosorbents is the basis to 824 

understand the mechanisms of biosorption. Moreover, a full comprehension of 825 

basic acid-base processes helps to perform better the experimental set-up on 826 

biosorption studies. For example, the acid-base chemistry knowledge 827 

supports the design of biosorbents for a specific use, or the establishment of 828 

adequate experimental conditions for the optimum behaviour of a biosorbent. 829 
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b) Different external parameters have to be modified to obtain relevant 830 

information on the properties of the biosorbent. The most important variables 831 

at fixed temperature are the pH, the ionic strength and the nature of the 832 

electrolyte. 833 

c) Ionization/protonation of biosorbents can be interpreted, as a first 834 

approach, in terms of Gibbs free energies including electrostatic and non-835 

electrostatic interactions. This conceptual division allows associating the 836 

interaction terms with molecular parameters, which have relevant effects on 837 

the biosorption process. This approach is underdeveloped and future 838 

research is needed. 839 

d) The analysis of possible Hofmeister series could help to quantify non-840 

electrostatic effects associated with the interaction between biosorbent and 841 

adsorbate. The consideration of Hofmeister effects is not only valid for proton 842 

binding but also for interactions between biosorbents and other species such 843 

as metals or organic substances. 844 

e) The proton is a master variable in aqueous chemistry that is involved in ion 845 

exchange, precipitation, complexation and other chemical processes. Proton 846 

experimental control is relatively easy by potentiometry. However, 847 

potentiometric measurements should be supplemented with other techniques 848 

that confirm the nature of the functional groups involved in the biosorbent 849 

acid-base behaviour. 850 

f) The potentiometric technique also allows the determination of zero charge 851 

point values of the biosorbents. This aspect is well developed and discussed 852 

for minerals. Nevertheless, the interpretation and coherency of the values 853 

obtained for biomass materials is far from being clear. A systematic 854 
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determination and investigation of zero charge values for biosorbents is 855 

therefore needed. 856 

g) Basic interaction laws must be equal at different scales, although with 857 

unexpected effects. Therefore, the simple pH-metric technique should be also 858 

useful for the study and interpretation of the acid-base behaviour of 859 

nanosorbents. This use of potentiometry could provide with relevant 860 

information regarding acid-base properties of specific nanomaterials that 861 

should be considered for future studies. 862 
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 865 
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