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ABSTRACT 
 
Eveliina Repo 
EDTA- and DTPA-functionalized silica gel and chitosan adsorbents for the removal of heavy 
metals from aqueous solutions 
Lappeenranta 2011 
 p. 104 
Acta Universitatis Lappeenrantaensis 437 
Diss. Lappeenrannan teknillinen yliopisto 
ISBN 978-952-265-107-5, ISBN  978-952-265-108-2 (PDF), ISSN 1456-4491 
 
Adsorbents functionalized with chelating agents are effective in removal of heavy metals from 
aqueous solutions. Important properties of such adsorbents are high binding affinity as well as 
regenerability. In this study, aminopolycarboxylic acid, EDTA and DTPA, were immobilized on 
the surface of silica gel, chitosan, and their hybrid materials to achieve chelating adsorbents for 
heavy metals such as Co(II), Ni(II), Cd(II), and Pb(II). 
 
New knowledge about the adsorption properties of EDTA- and DTPA-functionalized adsorbents 
was obtained. Experimental work showed the effectiveness, regenerability, and stability of the 
studied adsorbents. Both advantages and disadvantages of the adsorbents were evaluated. For 
example, the EDTA-functionalized chitosan-silica hybrid materials combined the benefits of the 
silica gel and chitosan while at the same time diminishing their observed drawbacks. 
 
Modeling of adsorption kinetics and isotherms is an important step in design process. Therefore, 
several kinetic and isotherm models were introduced and applied in this work. Important aspects 
such as effect of error function, data range, initial guess values, and linearization were discussed 
and investigated. The selection of the most suitable model was conducted by comparing the 
experimental and simulated data as well as evaluating the correspondence between the theory 
behind the model and properties of the adsorbent. In addition, modeling of two-component data 
was conducted using various extended isotherms. Modeling results for both one- and two-
component systems supported each other. 
 
Finally, application testing of EDTA- and DTPA-functionalized adsorbents was conducted. The 
most important result was the applicability of DTPA-functionalized silica gel and chitosan in the 
capturing of Co(II) from its aqueous EDTA-chelate. Moreover, these adsorbents were efficient in 
various solution matrices. In addition, separation of Ni(II) from Co(II) and Ni(II) and Pb(II) from 
Co(II) and Cd(II) was observed in two- and multimetal systems. Lastly, prior to their analysis, 
EDTA- and DTPA-functionalized silica gels were successfully used to preconcentrate metal ions 
from both pure and salty waters. 
 
 
Keywords: water treatment, chelating agent, heavy metals, adsorption isotherm, adsorption 
kinetics, modeling 
 
UDC 661.183:628.16:663.63:544.723:546.4:546.7:546.8
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NOMENCLATURE 

 
List of symbols 
A   Surface area      cm2 
AE   Elovich model parameter    mmol/min g 
AT   Temkin maximum binding energy   L/mmol  
aT   Toth adsorptive potential constant   mmol/L  
b   Langmuir constant (gas/solid adsorption)   
BDR   Dubinin-Radushkevich constant   mmol2/J2 
BE   Elovich model parameter    g/mmol 
bT   Temkin constant      - 
BT   Temkin constant related to the heat of adsorption J/mol 
C   Intraparticle diffusion constant   mmol/g 
Ce   Equilibrium concentration    mmol/L or mg/L 
Ci   Initial concentration     mmol/L or mg/L 
Eads   Mean free energy of the adsorption   J/mmol 
Edes   Activation energy of desorption   J/mol 
G   Standard Gibbs free energy    J or J/mol 
k1   Pseudo-first-order rate constant   1/min 

k2   Pseudo-second-order rate constant   g/mmol min  
Kads   Equilibrium constant of adsorption   mmol/L 

Kd   Distribution ratio     mL/g 
kdif   Diffusion rate constant    mmol/g min1/2 
kdes   Rate of desorption from fully covered surface mol/cm2s 
kdes∞   Rate constant of desorption at infinite T  mol/cm2s 
Keq   Thermodynamic equilibrium constant of adsorption L/mmol 
KBiL   BiLangmuir affinity constant    (mmol/g)/ 

(L/mmol)1/nF  
KF   Freundlich affinity constant    L/mmol  
KFS   Fritz-Schlunder affinity constant   L/mmol 
KL   Langmuir affinity constant    L/mmol  
KRP   Redlich-Peterson affinity constant   L/mmol  
KS   Sips affinity constant     L/mmol or 
M   Molecular mass     g/mol  
m   Weight of the adsorbent    g 
mT   Toth heterogeneity factor    - 



  

n   Quantity of material / Number of data points  mol / - 
N   Primary hydration number    - 
nF   Freundlich heterogeneity factor   -  
nFS   Fritz-Schlunder heterogeneity factor   - 
nGen   General adsorption heterogeneity factor  - 
nRP   Redlich-Peterson heterogeneity factor  - 
nS   Sips heterogeneity factor    - 
mFS   Fritz-Schlunder heterogeneity factor   - 
P   Pressure      Pa 
p   Number of parameters    - 
Q   Heat of adsorption     J/mol 
qe   Equilibrium adsorption capacity   mmol/g  
qm   Maximum adsorption capacity   mmol/g  
qt   Adsorption capacity at time t    mmol/g  
R2   Coefficient of determination/correlation coefficient - 
Rads   Rate of adsorption on bare surface   mol/cm2s 
Rdes   Rate of desorption from the surface   mol/cm2s 
Rg   Ideal gas constant     8.314 J/Kmol 
RH   Hydrated radius     Å 
Rs   Collision rate of molecules to the surface  mol/cm2s 
S   Entropy      J/K or J/molK 
T   Temperature      K or oC 
U   Internal energy     J or J/mol 
V   Volume of the solution    L or cm3 
 
α   Striking coefficient, phase    - 
β   Phase       - 
χ2   Non-linear reduced chi-square   - 
ε   Polanyi potential     J/mmol 
γ   Surface tension     J/cm2 
Γ   Surface excess      mol/cm2 
µ   Chemical potential     J/mol 
θ   Fractional coverage     - 
σ   Plane interface      - 
 
 



  

Abbreviations 
AN-DVB  Acrylonitrile-divinylbenzene 
APCA   Aminopolycarboxylic acid 
APTES  (3-aminopropyl)triethoxysilane 
ARE   The average relative error 
calc   Calculated  
CE   Capillary electrophoresis 
DTPA   Diethylenetriaminepentaacetic acid 
EABS   The sum of absolute errors 
EDAC   1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
EDTA   Ethylenediaminetetraacetic acid 
EPR   Electron paramagnetic resonance 
ERRSQ  The sum of the square of the errors 
ESR   Electron spin resonance 
exp   Experimental 
FTIR   Fourier transform infrared spectroscopy 
HAc   Acetic acid 
HEDP   1-hydroxyethylene-1,1-diphosphonic acid 
HYBRID  The hybrid error function 
ICP-MS  Inductively coupled plasma mass spectrometry 
ICP-OES  Inductively coupled plasma optical emission spectrometry 
IDA   Iminodiacetic acid 
LDH   Layered double hydroxide 
ME   Mean error 
MPSD   Marquardt’s percent standard deviation 
NTA   Nitrilotriacetic acid 
PAMAM  Polyamidoamine 
PBA   Polybenzylamine 
PS   Polystyrene 
PS1   Pseudo-first-order 
PS2   Pseudo-second-order 
PVA   Polyvinylalcohol 
SBA-15  Mesoporous silica 
SEM   Scanning electron microscope 
SNE   Sum of normalized errors 
TEOS   Tetraethylorthosilicate 
XRD   X-Ray diffraction 
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1 INTRODUCTION  
 
1.1 Basic concepts and theory of adsorption 
 
Adsorption is a process in which a component accumulates at the common boundary of two 

phases. The accumulating component from the gas or liquid phase is called adsorbate and the 

adsorbing material the adsorbent [1]. Over the past thirty years adsorption technology has 

become a major unit operation used in petrochemical industries, production of industrial gases, 

and air and water purification [2]. Modeling of adsorption equilibrium as well as kinetics, 

however, has become more and more important for a fast and successful process design [3]. 

Therefore, the first section of this work concentrates on the basic concepts and principles of the 

adsorption phenomena as well as theoretical isotherm and kinetic models. 

 

1.1.1 Chemisorption and physisorption 

There are different ways to categorize adsorption. One of them is chemical and physical 

adsorption [4]. Basically, the difference between these two processes is a binding mechanism. 

For example, nitrogen gas binding on the solid surface at 77 K is physisorption and metal binding 

by surface chelating groups, chemisorption. Characteristics of chemisorption and physisorption 

are compared in Table 1. 

 

Table 1. Comparison of chemisorption and physisorption [4]. 
 Chemisorption Physisorption 

Type of interaction Covalent bond 
Van der Waals, hydrogen 
bonding, hydrophobic 
interactions 

Heat of the adsorption 
(kcal/mol) 10-100 5-10 

Effect of temperature Occurs  at wide temperature 
range Occurs at low temperatures 

Reversibility Irreversible or reversible Irreversible 
Layer forming Only monolayers Mono- or multilayers 
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1.1.2 Adsorption, ion-exchange, and surface complexation/chelation 

In general, sorption processes can be divided into adsorption and ion-exchange. While in 

adsorption a component directly binds onto the surface, in ion-exchange a component from the 

fluid phase exchanges places with a component bound to the surface. Usually, exchanging 

components have a similar charge. 

In some cases, however, drawing the line between adsorption and ion-exchange is 

complicated. Usually, the sorption process is dependent on the pH. This means that for example 

acidic surface groups can be protonated at low pH, but protons can still be replaced by cations 

through the ion-exchange mechanism. On the other hand, at higher pH, surface groups can be 

negatively charged and then directly adsorb dissolved cations. Sorption materials that can bind 

target compounds by both adsorption and ion-exchange are for example complexing/chelating 

resins with three dimensional ligands [5]. Instead of using either of these two sorption terms, a 

concept of surface complexation or chelation can be applied. In this study, however, the term 

adsorption is generally used to describe the surface binding phenomena of metal ions by 

chelating agents. 

 

1.1.3 Electric double-layer and zeta-potential 

Particles in liquids or suspensions are usually charged because of the ionizable groups on the 

particle surfaces. The charge of the particle is important factor in determining its adsorption 

properties. A particle with a certain surface charge is surrounded by the ions with the opposite 

charge (countercharge). These ions as well as solvent molecules nearby are in thermal motion, 

which causes the dispersion of the countercharge forming a diffusion layer (Figure 1) [6,7]. 
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Figure 1. Planes, layers, and the electrostatic potential near a charged particle [modified from 
refs. 6 and 7]. 
 

The surface charge of the particles is determined by applying electric field and measuring particle 

mobility. The particles move to the direction of oppositely charged electrode. Counter ions 

closest to the particle surface tend to pull particles to the other direction, however, and some of 

the counter ions will move with the particle. These counter ions constitute the Stern layer as 

observed in Figure 1. 

The electrostatic potential between the surface and closest counter ions changes more 

rapidly than the potential through the diffusion layer (Figure 1). The surface, which separates the 

bound charge and diffusion charge around the particle, marks where the particle and solution 

move in opposite directions. It is called the surface of share. The electrostatic potential on that 

surface is called the zeta potential, which can be measured from the movement of particles. When 

the absolute value of the zeta potential is higher than 25 V, the system is stable. In an unstable 

system, repulsive forces between the particles are not strong enough to keep particles dispersed 

and aggregation occurs [6]. 

 

1.1.4 Thermodynamics of adsorption 

The fundamental method examining the thermodynamics of surface phenomena was presented by 

Young and then developed by Gibbs over a hundred years ago [8]. The basic concepts of the 

method are: (i) a dividing surface, until which the properties of the phases are assumed to be 

identical and where all extensive parameters change abruptly, (ii) the idealized reference system, 
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in which volume and shape are the same as in a real system and other properties constant up to 

the selected dividing surface, and (iii) excess thermodynamic quantities, which describe the 

difference between extensive quantities in real and reference systems. 

Figure 2 shows the equilibrium between two phases separated by a surface plane (fracture 

surface). In this system the fundamental equations of thermodynamics give [9]: 

 

∑
=

+−=
N

i
ii nASTU

1

σσσσ dμddd γ  (1) 

 

where U (J) is internal energy, T (K) is temperature, S (J/K) is entropy, γ (J/cm2) is surface 

tension, A (cm2) is surface area, µ (J/mol) is chemical potential, and n (mol) is the quantity of 

material. 

 

β phase

α phase

σ plane interface

π Tσ A nσ

Pα Tα Vα nα

Pβ Tβ Vβ nβ

Equilibrium

Pα = Pβ

Tα = Tβ

µα  = µβ

β phase

α phase

σ plane interface

π Tσ A nσ

Pα Tα Vα nα

Pβ Tβ Vβ nβ

Equilibrium

Pα = Pβ

Tα = Tβ

µα  = µβ

 
 

Figure 2. Equilibrium between phases α and β separated by a plane interface σ (P is pressure (Pa) 
and V is volume (cm3)) [modified from ref. 10]. 
 

Integration with constant T, A and µi followed by differentiation and subtraction from the original 

form (Eq. 1) yields the fundamental equation (2) at constant temperature: 
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For a two-phase system, this takes a form: 
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where Γ is surface excess (moles of the component adsorbed/cm2). Gibbs adsorption isotherm is 

derived from the equation (3) by placing the Gibbs dividing plane so that the surface excess of 

liquid phase is zero (Γ1 = 0): 
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where a is activity and Rg the universal gas constant. Eq. (4) is one of the most important 

equations in the surface science and can be used as a basis for the derivation of the Henry’s law 

as well as the famous Langmuir isotherm [10]. 

 

1.1.5 Adsorption isotherms for one-component systems 

An adsorption isotherm describes the amount of component adsorbed on the adsorbent surface 

versus the adsorbate amount in the fluid phase at equilibrium. The fitting of adsorption isotherm 

equations is one of the main stages in data-analysis. The most commonly used adsorption 

isotherms are still the Langmuir and Freundlich models even though they were first introduced 

over 90 years ago [11-13]. 

Theoretical adsorption isotherms have originally been derived for the gas phase 

adsorption [10] and these equations were later applied with some modifications on the liquid-

solid systems. For example, the simplest isotherm equation, Langmuir isotherm, is derived in this 
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section using the kinetic theory of gas as well as thermodynamic approach. Other isotherm 

models are presented directly for liquid-solid adsorption without derivation. 

Langmuir isotherm 
The assumptions of the Langmuir model are: (i) homogeneous surface, when adsorption energy 

of all adsorption sites is constant, (ii) adsorption of adsorbates is localized, and (iii) each of the 

adsorption sites can accommodate only one adsorbate. Kinetic theory of gas gives that the rate 

(Rs, mol/cm2s) of which a component collide on the surface is: 

 

TMR
PR

g
s π2

=  (5) 

 

where P is pressure (Pa), M molecular mass of the gas (kg/mol), Rg the universal gas constant, 

and T  temperature (K). When gas molecules strike on the surface, a fraction of them will be 

adsorbed. In an ideal case this fraction would be unity, but Langmuir presented that a striking 

coefficient α, which accounts for non-perfect striking, should be added into the equation to obtain 

rate of the adsorption on bare surface:  

 

TMR
PR

g
ads π2

α
=  (6) 

 

When a gas molecule collides to the occupied adsorption site, it will reflect back to the gas phase 

very quickly. Therefore, the rate of the adsorption on the occupied surface can be written as: 

 

( )θ1
π2
α

g
a −=

TMR
PR  (7) 

 

where θ is a fractional coverage. The rate of desorption is the desorption rate from fully occupied 

surface (kdes) multiplied by a fractional coverage. 
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where Edes is the activation energy for desorption and kdes∞ a rate constant of desorption at 

infinite temperature. The Langmuir isotherm can be obtained by equating the rates of the 

adsorption and desorption (Eq. 7 and 8): 

 

bP
bP
+

=
1

θ  (9) 

 
where 

 
( )

TMRk
TRQ

b
gdes

g

π2
/expα

∞

=  (10) 

 

Parameter b is called affinity constant and Q is the heat of the adsorption, which is equal to the 

activation energy of desorption. Thus, when b is higher, surface is covered more with adsorbates 

and when Q increases, the adsorbed amount increases due to the higher energy barrier adsorbates 

have to overcome to be evaporated back into the gas phase [10]. 

In liquid-solid system, pressure is replaced by equilibrium concentration (Ce) and b by the 

Langmuir affinity constant KL. Furthermore, when both of the sides of Eq. (9) are multiplied by 

qm (mmol/g, maximum adsorption capacity), the Langmuir equation is transformed to: 

 

e

em
e 1 CK

CKq
q

L

L

+
=  (11) 

 

where qe (mmol/g) is adsorption capacity at equilibrium (θ × qm). The affinity constant KL 

(L/mmol) does not have a similar definition than in the gas-solid adsorption, but it still describes 

how strong the interactions between the adsorbate and surface are. At low concentrations, the 

Langmuir isotherm follows the Henry’s law i.e. adsorption capacity is linearly proportional to the 

adsorbate concentration in the solution. At high concentrations, the Langmuir isotherm 

approaches a constant capacity value [14]. 
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Thermodynamic approach for the derivation of the Langmuir isotherm is based on the 

equilibrium equation of binding of adsorbate A to surface site S. 

 

[ ][ ]
[ ]AS

SA          ASSA eq =↔+ K
K

  (12) 

 

where Keq is a thermodynamic equilibrium constant. The mass balance equation in this case is: 

 

[ ] [ ] [ ]ASSStot +=  (13) 

 

where [Stot] is a total amount of surface sites. By combining equations (12) and (13) and 

assuming that there are no changes of [AS] with respect of time one will obtain: 
 

[ ] [ ]( )[ ]
[ ] eq

eqtot

/A1
A/S

AS
K

K
+

=  (14) 

 

which can be arranged to equation (11). The Langmuir model is a very commonly used isotherm 

equation mostly because it can be linearized and therefore easily fitted to the experimental data 

[13]. Most of the adsorption materials, however, have heterogeneous surface, which is taken into 

account in many other isotherm equations. 

Freundlich isotherm 
As the Langmuir isotherm, the Freundlich isotherm [11] contains only two parameters and is the 

simplest isotherm that takes the surface heterogeneity into account [13,14]. The Freundlich 

isotherm is given as: 

 
F/1

eFe
nCKq =  (15) 

 
where KF ((mmol/g)/(L/mmol)nF) and nF are the Freundlich adsorption constants. The Freundlich 

isotherm is one of the earliest empirical isotherms applied for describing adsorption equilibrium. 

It can be used for heterogeneous surfaces and for multilayer adsorption. The linearized form of 
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this equation is often used, but generally the Freundlich isotherm lacks the thermodynamic basis 

since not approaching the Henry’s law at low concentrations [14]. 

Sips isotherm (Langmuir-Freundlich) 
The Sips isotherm is a combination of the Langmuir and Freundlich isotherms and can be derived 

using either equilibrium or thermodynamic approach [15]:  
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where KS (L/mmol) is the affinity constant and nS describes the surface heterogeneity. When nS 

equals unity, the Sips isotherm returns to the Langmuir isotherm and predicts homogeneous 

adsorption. On the other hand, deviation of nS value from the unity indicates heterogeneous 

surface [16]. At high concentrations, the Sips isotherm approaches to a constant value and at low 

concentrations Freundlich type equation [14].  

Redlich-Peterson isotherm 
The Redlich-Peterson isotherm [17] also combines the features of the Langmuir and Freundlich 

models: 
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where KRP and nRP are the Redlich-Peterson constants. There are some discrepancies in literature 

about the definitions of the Redlich-Peterson parameters. In some cases they are said to be 

constants without any physical meaning [14,18-21] and in some cases their meaning is assigned 

to be similar to the Sips model [13,22-24]. In this study the latter definition is used. 

Toth isotherm 
The Toth isotherm [25] is an empirical equation, which was derived to improve the Langmuir 

model fittings at both low and high concentration limits. The Toth model assumes an 

asymmetrical quasi-Gaussian energy distribution and is useful in the cases of heterogeneous 

adsorption [26-28]. 
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where aT is adsorptive potential constant (mmol/L) and mT Toth’s heterogeneity factor. 

Temkin isotherm 
The Temkin isotherm explicitly takes into account the interactions between adsorbent and 

adsorbate. It is based on the uniformly distributed binding energies up to some maximum energy. 

The Temkin isotherm states that heat of the adsorption decreases linearly with the increasing 

adsorbate coverage [27,28]. 
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where RgT/bT = BT (J/mol) is related to the heat of the adsorption and AT (L/mmol) is the 

equilibrium binding constant i.e. maximum binding energy. Rg is the universal gas constant. 

General adsorption isotherm (Biosorption model) 
The general adsorption isotherm was derived by Liu et al. [29] according to the thermodynamics 

of adsorption (see the Langmuir case). 
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where ∆G0 (J/mol) is the change in standard Gibbs free energy, Keq is a thermodynamic 

equilibrium constant, and nGen is a positive constant. When nGen = 1, the equation reduces to the 

Langmuir equation and when equilibrium concentration (Ce) in the liquid phase is much lower 
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than the constant Kads, equation becomes the Freundlich isotherm. The Sips isotherm can also be 

derived from the general adsorption equation [29]. 

Dubinin-Radushkevich isotherm  
The Dubinin-Radushkevich isotherm is based on the potential theory and assumes a Gaussian 

energy distribution. 
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where ε is the Polanyi potential given by: 
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A constant BDR (mmol2/J2) is related to the mean free energy Eads of the adsorption per molecule 

when it is transferred to the surface from infinity of the bulk phase. 
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Besides of Eq. (22) a modified form of the Dubinin-Radushkevich isotherm can be found in the 

literature [13]. 

Fritz-Schlunder isotherm 
Increasing the amount of estimated parameters make isotherm equations more flexible leading 

generally better fitting results. The following empirical four-parameter isotherm equation was 

proposed by Fritz and Schlunder [19,30]: 
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where KFS (L/mmol) corresponds to the Langmuir affinity constant and nFS and mFS describe the 

heterogeneity of the surface. This kind of models, however, should be carefully used since the 

physical meaning of the parameters is not clear.  

BiLangmuir isotherm (Two-site Langmuir) 
The heterogeneity of the adsorption system can be taken into account by assuming two or more 

different surface active sites that follow a Langmuir type behavior [31]. The BiLangmuir model 

(two-site Langmuir model) is the simplest four-parameter isotherm incorporating two Langmuir 

equations: 
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where qm1 (mmol/g) is the maximum adsorption capacity of the first active site and KBiL1 

(L/mmol) the adsorption energy related to that active site. Similarly qm2 and KBiL2 are the 

corresponding parameters related to the second adsorption site. It should be noted that both of the 

active sites are homogeneous and can bind only one adsorbate at a time according to the 

assumptions of the simple Langmuir model. 

Other isotherms 
Some other empirical three-parameter models, although less commonly used, are for example the 

Khan [19,32], Koble-Carrigan [19,33], and Jossens [18,34] isotherms. A three-parameter Radke-

Prausnitz isotherm [19,35] has thermodynamic basis. Also quite rarely applied four-parameter 

models are the Weber-van Vliet [18,36], Vieth-Sladek [21,37], and Marczewski-Jaroniec [38] 

isotherms. 

Isotherm shape 
Four different isotherm shapes are commonly observed (Figure 3) [39,40]. The C-type isotherm 

is a line passing through the origin (Figure 3a). It refers to a system were the ratio between the 

concentration of the compound in solution and adsorbed on the solid is the same at whole 

concentration range. In practice, this kind of isotherm can only be obtained for a narrow range of 

concentrations or low concentrations. 
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Figure 3. The main types of isotherm curves [modified from refs. 39,40]. 

 

The L-type isotherm proposes a progressive saturation of the solid with or without of a strict 

plateau (Figure 3b). Most of the isotherm equations are of this type. The H-type isotherm is a 

special case of the L-type isotherm (Figure 3c) with a very high initial slope indicating strong 

adsorbate–adsorbent interactions [41]. Finally, the S-type isotherm, although quite rarely 

observed, shows a low adsorption affinity at low adsorbate concentrations and enhanced 

adsorption after the point (point of inflection, Figure 3d) at which some adsorption has already 

occurred. 

 

1.1.6 Adsorption isotherms for two-component systems 

Adsorption isotherms introduced in the previous section are applicable for systems containing 

only one adsorbing compound. This is rarely the case, however, in real systems. Therefore, many 

of the one-component isotherms have been extended to be applicable for the simultaneously 

adsorption of more than one adsorbate. For the simplicity, in this section, extended isotherms are 

presented for two-component systems. 
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Langmuir type 1 isotherm 
The simplest extended isotherm, the Langmuir type 1 isotherm, is derived from the assumption 

that two adsorbates compete for the same adsorption sites [42]: 
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where qe1 and qe2 are amount of components 1 and 2 adsorbed at equilibrium, qm1 and qm2 are 

their maximum adsorption capacities, KL1,1 and KL1,2 affinity constants of the adsorbent for 

components 1 and 2, respectively and Ce1 and Ce2 the concentrations of the components in the 

solution at equilibrium. 

Langmuir type 2 isotherm 
The Langmuir type 2 isotherm assumes that the adsorption is uncompetitive phenomenon 

[42,43]: 
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where KL2,3 (L/mmol) is the affinity constant for the simultaneous bonding of two components by 

the same adsorption site and other parameters have the same meaning as in the Langmuir type 1 

model. 

Langmuir type 3 isotherm 
The Langmuir type 3 isotherm is based on the concept that one component can be attached onto 

both free and occupied adsorption sites [42,43]: 
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where KL3,3 (L/mmol) is the equilibrium constant for the bonding of component 1 with the 

binding site occupied with component 2 and KL3,4 (L/mmol) is the equilibrium constant for the 

bonding of component 2 with the binding site occupied with component 1. Other parameters have 

the same meaning than in the Langmuir type 1 model. It should be noted that also the extended 

Langmuir models assume that all the binding sites are similar as a simple Langmuir case [42]. 

Extended Sips isotherm 
The binary form of Sips isotherm is given by [43,44]: 

 

( )
( ) ( ) 2S

e2S2
1S

e1S1

1S
e1S1m1

e1
1 nn

n

CKCK
CKq

q
++

=  (33) 

( )
( ) ( ) 2S

e2S2
1S

e1S1

2S
e2S2m2

e2
1 nn

n

CKCK
CKq

q
++

=  (34) 

 

where KS1 and  KS2 (L/mmol) are analogous to the Langmuir affinity constant and nS1 and nS2 are 

the heterogeneity constants. Similarly as in the case of the one-component Sips model, deviation 

of nS1/S2 from unity indicates heterogeneous adsorption. 

Extended Redlich-Peterson isotherm 
The Redlich-Peterson model [43] was also extended to cover multi-component systems. This 

model is purely mathematical but may describe the experimental data very well. 
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where nRP reflects the heterogeneity of the adsorbent surface. 

Extended BiLangmuir model 
In the case of two component systems, the extended BiLangmuir model is given as: 
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where qm1,1 and qm1,2 are the maximum adsorption capacities of the component 1 on adsorption 

sites 1 and 2 and KBiL1,1 and KBiL1,2 are adsorption energies related to the adsorption of the 

component 1 on adsorption sites 1 and 2. Accordingly, qm2,1, qm2,2, KBiL2,1, and KBiL2,2 are 

corresponding parameters related to the adsorption of component 2. In this model, both 

competitive ions can be adsorbed on either of the sites and only monolayer adsorption is possible. 

Kaczmarski et al. [45] presented a quite similar form of the extended BiLangmuir model than 

above, but with the assumption that only one of the active sites was totally available for the both 

components.  

 

1.1.7 Important aspects in isotherm modeling 

The linear forms of the Langmuir and Freundlich equations are still frequently applied. The 

isotherm parameters can be easily determined from the slope and intercept of the linear plots. For 

three or four parameter models, linearization in ordinary manner is not longer possible and non-

linear regression is applied in modeling. This is done by minimizing the error distribution 

between experimental and predicted adsorption isotherms. Different error functions can be used 

in minimization. Furthermore, important aspects in non-linear regression are the experimental 

data range and initial guess values. These are discussed below. 
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Error functions 
Non-linear regression involves minimization of the error distribution between experimental and 

predicted adsorption isotherms usually by minimizing or maximizing the used error function 

depending on its definition. Table 2 shows the most commonly used error functions. Roughly, 

these can be divided into equations that account for the amount of parameters (p) and those that 

do not. Moreover, in most of the error functions the deviation between the experimental and 

simulated qe values is divided by the experimental qe to decrease weighting towards high 

concentration data [14]. 

 
 
Table 2. The list of error functions [14,27]. 
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n = number of data points, p = number of parameters of the isotherm equation, exp = experimental/measured, calc = 
calculated/estimated. 
 
 
Several authors have introduced the comparison of different error functions. In the case of metal 

ion adsorption on peat the best correlation between simulated and experimental data was obtained 

using HYBRID and MPSD [14], of which the former was applicable for two parameter isotherms 

and the latter for three. HYBRID function was also appropriate in modeling of arsenic adsorption 

on iron oxide coated cement [46], basic dye adsorption by kudzu [47], and dye adsorption by 
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cationized starch-based material [48]. EABS function provided the best approximation for Cu(II) 

adsorption on chitosan [49] and the R2 for the basic red 9 adsorption on activated carbon [50]. For 

adsorption of methylene blue on activated carbon R2 function gave the closest fit to the 

experimental data for three parameter models and MPSD for two-parameter models [51]. 

Previous examples show that the applicability of different error functions is clearly case 

dependent. 

 Besides using error functions in fitting procedure, these functions are more often used in 

evaluation of goodness of fit [52]. The sum of normalized errors (SNE) is presented to provide a 

meaningful way to find the best fitting isotherm. This alone, however, should also not be used for 

selecting the optimum isotherm. In addition, the extent of which the theory behind the model and 

determined adsorbent properties converges should carefully be evaluated [51]. 

Data range 
Limited discussion exists in the literature on how the data range affects isotherm fittings. After a 

literature survey, it can be stated that in over 80% of the studies fitting of isotherms and error 

analysis have been done using only eight or less experimental points. It is obvious that in these 

cases critical data might be missing from the isotherm curves. If high enough concentrations are 

not used in the experimental studies, the applied isotherm model may propose maximum 

adsorption capacity far from the true value. In addition, if all the experimental points lie in the 

initial part (linear range) or plateau of the isotherm curve the deviations between different 

isotherm models may not be observable. Therefore, proper experimental data should contain 

points from the concentration range that covers the whole isotherm. Even a wide experimental 

data range is used, however, minor changes in the data points may lead to notable changes in the 

fitting results [53]. 

Initial guess values 
In most of the cases in literature, authors do not state how they have selected the initial values for 

non-linear fittings. The reason may be that a selection of the initial values has not affected the 

fitting results. Trial and error approach is supposed to be adequate [13].  Convergence 

difficulties, however, may arise when the initial guesses are set far from their true values [54]. To 

optimize the iteration procedure Ncibi [52] used the values obtained from linear fittings as initial 
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guesses for non-linear regressions. It is also reasonable to use the experimentally obtained qm as 

an initial guess whenever possible. Kinniburgh [13] stated that in the case of the BiLangmuir 

model, initial guesses of the other KBiL and qm should be taken from the fit of the simple 

Langmuir model. On the whole, to ensure the best fitting result, it is reasonable to test a few sets 

of initial guesses in non-linear regression. 

Linear and non-linear fitting 
The most commonly applied method in the fitting of models to the experimental data is the least 

squares regression combined with linearization of adsorption isotherms. Linear fitting of the two-

parameter Langmuir and Freundlich isotherms is often used due to the simplicity of the method. 

A lot of literature, however, states that a better way to obtain fitting parameters is non-linear 

regression [50-52,55-59]. This is attributed to the change of the error distribution caused by 

linearization [13]. Moreover, the Langmuir isotherm can be linearized in four different ways 

(Table 3) resulting in different parameter estimations [55,57,58]. 

 

Table 3. Linear forms of the Langmuir isotherm [55,57,58]. 
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When the non-linear form of the isotherm equation is fitted, the least squares problem can be 

solved either as a general unconstrained optimization problem (Microsoft Excel Solver) or an 

iterative algorithm such as the Gauss-Newton or Levenberg-Marquardt algorithm (Matlab, 

Origin, some special software) [60,61]. The benefit of the non-linear regression over the linear 

one is that it does not assume an equal error distribution for all the values of x [55]. Hence, non-

linear fitting is generally a better choice for parameter estimation. 
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Lastly, it should be noted that the lack of the both linear and non-linear regression is an 

assumption that the independent variable (x) is error free. This assumption can lead to a wrong set 

of estimated parameters. To overcome this El-Khaiary [61] used orthogonal distance regression 

in modeling and found it to be a better method. Unfortunately, this procedure has not been widely 

applied. 

Two-component systems 
Besides the above discussion, a few special aspects need to be emphasized in the modeling of 

two-component systems. First, these systems are more complicated when the fitting as well as 

interpretation of the results can be difficult. The experimental data range should also include a 

large amount of points measured in different concentrations and different ratios of target 

components. This causes more experimental work. Therefore, some of the authors have fitted the 

two-component models to the experimental data by taking all the parameters from the one-

component modeling results [42,44,62]. Despite this method being quite successful in some 

cases, it is important to note that equation parameters can be affected by the competing ions [63]. 

Moreover, when one-component parameters are not utilized, the two-component modeling 

involves the adjusting of 4 to 8 parameters. This can lead to a situation where experimental data 

is well fitted with the model, but the model does not conform the actual physical behavior of the 

system [3]. As in the case of one-component modeling different two-component isotherms can be 

compared using an error analysis. To justify the obtained results, however, the theory behind a 

model and experimentally observed properties of adsorption system should be carefully 

compared [51]. It is also reasonable to compare the results of one- and two-component modeling. 

 

1.1.8 Kinetics of adsorption 

Before reaching the equilibrium state, several steps affect the adsorption process [64,65]. First of 

all, the component to be adsorbed has to move from the bulk phase to the vicinity of the 

adsorbent surface. Secondly, the properties of the solution close to the adsorbing particles differ 

from the bulk phase (diffusion and Stern layer, Figure 1) and the adsorbates have to travel 

through this region to reach the surface. This is called a film diffusion or boundary diffusion. 

Furthermore, most of the adsorbents have porous structure and therefore, diffusion of the 
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adsorbates in macro/meso/micropores can have a major impact on the rate of the adsorption. 

Finally, after reaching the active site, adsorbate is bound to it via a chemical reaction or physical 

interactions. This step can be generally called as a surface reaction. 

 As was depicted above, adsorption is not a simple one step process. Usually, the effect of 

travel in the solution is eliminated by vigorous mixing, but the contribution of all the other stages 

should be investigated. Therefore, different kinetic models have been developed to predict the 

rate determining step of the adsorption. Similarly, as in the case of adsorption isotherms 

(Langmuir, Freundlich), adsorption kinetics has most often been fitted by the two simplest 

models: pseudo-first- and pseudo-second-order equations. These models were originally 

proposed empirically and have only recently been examined on their theoretical basis [66]. 

 Besides of the pseudo kinetic models, which assume that the adsorption is governed by 

the surface reaction, a variety of diffusion based models have been derived [64]. Especially in the 

case of porous adsorbents, diffusion can greatly affect the adsorption rate, which is discussed in 

the end of this section. 

Pseudo-first-order model 
Legergren proposed the simplest empirical kinetic model at the end of 19th century [67]. The 

model was also called the pseudo-first-order (PS1) model due to the fact that it was associated 

with the kinetics of one-site adsorption governed by the rate of the surface reaction. The equation 

is given as: 

 

)( e1 qqk
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−=  (39) 

 

By integrating above equation at the boundary conditions q=0 at t=0 and q=qt at t=t, one will 

obtain a linear form of the PS1 model: 

 

tkqqq 1ete ln)ln( −=−  (40) 

where qt and qe are the adsorption capacity (mmol/g) at time t and at equilibrium respectively, 

while k1 represents the PS1 rate constant (1/min). For fitting of experimental data, however, it is 
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better to use the non-linear equation rearranged from eq. (40). This is because for the linear 

fitting the left hand side qe (term ln(qe-qt)) has to be taken from the experimental data when there 

are actually two values for qe in Eq. (40). 

 Earlier the PS1 model was derived for special cases such as ion-exchange by natural 

zeolites [68,69] and biosorption by aerobic granular sludge [70]. General analytical derivation 

was presented by Azizian [71] for high solution concentrations. Based on his derivation, k1 was a 

combination of adsorption and desorption rate constants and a linear function of the initial 

concentration of adsorbate. Liu and Liu [15], however, denoted that Azizian’s assumptions about 

the first order adsorption and desorption reactions with respect to the available and occupied 

adsorption sites, were not justified. They also stated that this derivation was only valid for pure 

solutions, which is rarely the case in the real systems. Moreover, the dependence of k1 on the 

initial concentration of adsorbate has not always been observed even if PS1 model has been well 

fitted [64]. 

 Finally, Rudzinski and Plazinski [72] derived a general kinetic equation based on the 

Statistical Rate Theory and showed that the PS1 model was a special case of this new equation. 

Similarly to Azizian’s approach, this was achieved by assuming high solution concentration, 

which essentially remained constant during the kinetic experiment. The PS1 rate constant was 

determined as a function of initial concentration of the adsorbate and the energy of the 

adsorption. 

It should be noted that even if most of the derivations of PS1 model were achieved from 

the assumption that the surface reaction governs the adsorption process, mathematically 

equivalent equations have also been obtained for film or pore diffusion [68,73]. Based on this, 

Plazinski et al. [65] suggested that the PS1 model is a general formula describing the 

experimental data measured not too far from the equilibrium. Authors also proved this point by 

investigating the properties of mechanism independent general rate equation. 

Pseudo-second-order model 
The PS1 model was generalized to two-site-occupancy adsorption to form a pseudo-second-order 

(PS2) equation: 
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where k2 is the PS2 rate constant (g/mmol min) and k2qe
2 represents the initial sorption rate. An 

integration of Eq. (41) at the boundary conditions, q = 0 at t=0 and q=qt at t=t, gives a linear 

form: 
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Azizian [71] derived the PS2 model using classical theory of adsorption/desorption by assuming 

a low initial concentration of adsorbate. Based on this derivation, k2 was a complicated function 

of the initial concentration of adsorbate, its equilibrium surface capacity as well as the rates of the 

adsorption and desorption. Later on Azizian’s assumptions were debated by Liu and Liu [15], 

who stated that his derivation was applicable in the initial stage of the adsorption (small value of 

t) and did not necessarily require the assumption of a low initial concentration. 

 The direct mathematical derivation of the PS2 model could not be done using the 

Statistical Rate Theory. Convergence of the general model derived by Rudzinski and Plazinski 

[72] and the PS2 model, however, was nearly perfect in certain conditions indicating that the PS2 

model was a special case of this general equation. 

 The PS2 model has also been assigned to a special case of the more general rate law [74] 

or the Langmuir kinetic model [75]. In addition, it has been noted that this model is able to 

estimate experimental qe values quite well and is not very sensitive for the influence of the 

random errors [65]. The latter is also one of the reasons the second-order model is usually better 

fitted on the experimental data than the first-order model.  

Elovich model 
The Elovich model was proposed by Roginsky and Zeldovich in the early 1930’s: 
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where AE (mmol/min g) and BE (g/mmol) are the Elovich constants. These constants were related 

to the rate of the chemisorption and surface coverage, respectively [76,77]. 

Interpretations of the Elovich equation are usually connected to the heterogeneous 

surfaces. This assumption was also used by Rudzinski and Plazinski when they derived an 

Elovich-like equation using the Statistical Rate Theory [72,73,78]. One interesting observations 

the authors made [78] was that the PS2 model and Elovich-type model were essentially identical 

when the surface coverage of the adsorbate was lower than 0.7 times the equilibrium coverage. 

Intraparticle diffusion model 
Weber and Morris [64] proposed that a plot of the adsorption capacity vs. the square root of 

contact time should give a straight line if the pore-diffusion was the rate limiting step of the 

adsorption process. The most commonly applied pore-diffusion model is the intraparticle 

diffusion model: 

 

( )Ctkq += 2/1
dif  (44) 

 

where kdif (mmol/gmin1/2) is the rate constant of intraparticle diffusion and C (mmol/g) represents 

the thickness of the boundary layer. 

 In many studies, the plot of the intraparticle diffusion model has shown multi-linearity, 

which has been assigned the following diffusion steps during the adsorption process [64,79,80]: 

(i) an external surface adsorption or film diffusion, (ii) a gradual adsorption, where intraparticle 

diffusion is controlled, and (iii) a slow diffusion of the adsorbates from larger pores to 

micropores. Different linear portions can also be assigned to diffusion into macropores, then 

mesopores and finally into micropores [80]. 

 Ho et al. [64] presented some more criteria to confirm the diffusion mechanism. The 

constant kdif should vary linearly with reciprocal particle diameter and the product of kdif and the 

adsorbent mass should vary linearly with the adsorbent mass. Moreover, the rate of the reaction 

governed by surface reaction depends more on the temperature than the diffusion governed 

process. 
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Other kinetic models 
Plenty of different kinetic models have been derived for adsorption processes. Besides those 

presented above, these include for example: Langmuir kinetics [65], Freundlich kinetics [81], the 

modified PS1 model [82], different forms of the PS2 model [83], the Bangham diffusion model 

[20,84], the particle diffusion model [64,68], and the Ritchie equation [83,85]. Previous models, 

however, are rarely applied and therefore not discussed further. 

Linear or non-linear fittings 
Kinetic modeling is usually done by the linear fitting of PS1 and PS2 models (Eq. 40 and 42). 

After comparing the linear and non-linear methods several authors concluded that the non-linear 

method is a better way to estimate the model parameters [86-88]. When comparing the linear 

forms of pseudo-equations Plazinski et al. [65] noted that the linear PS2 model tends to “smooth” 

the experimental data due to the contribution of inherent errors in t/qt not dependent on the 

system’s closeness to equilibrium. In the case of the PS1 model, however, errors in ln(qe-qt) are 

inversely proportional to the (qe-qt) when most of the scattering in experimental data (ln(qe-qt) 

vs. t) ought to occur close to equilibrium. In addition, to conduct linear fitting, qe in this term is 

taken from the experimental data and can differ from the estimated value (right hand side qe in 

Eq. 40). 

 

1.2 Adsorbents functionalized with chelating agents 
 

In order to remove heavy metals from contaminated waters, it is very important to strongly bind 

metal ions on the adsorbent surface. The surfaces of most natural (for example zeolites) and 

synthetic (for example activated carbon) adsorption materials are covered by functional groups 

such as hydroxyls, sulfonics, phosphates, amines etc. Bonds between these simple surface groups 

and metal cations, however, are not usually strong. Therefore, surface functionalization with high 

affinity binding groups has attained a lot of attention in recent years. Amongst them are for 

example chelating agents such as aminopolycarboxylic acids (APCAs): iminodiacetic acid (IDA), 

nitrolotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA), and diethylenetriamine-

pentaacetic acid (DTPA) (Figure 4). 
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1.2.1 Properties of aqueous aminopolycarboxylic acids and their metal chelates 

The structures and properties of the group of APCAs are extensively reviewed in literature [89-

91]. In this work a focus will be in those that are often applied in surface functionalization (IDA, 

NTA, EDTA, and DTPA, (Figure 4)). 
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      Figure 4. Structures of the most common APCAs. 
 
APCAs are widely used in many industrial processes or products (i) to prevent metal 

precipitation, (ii) to inhibit catalytic activity of metal ions, (iii) to remove metal ions, or (iv) to 

keep metal ions in the solution [91]. All of this is possible because APCAs form very stable 

chelates with metals. Moreover, the higher the number of carboxyl groups in the structure of 

APCA the higher the stability of the formed chelate (Table 4). 
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Table 4. pK values for some metal APCA chelates [92]. 
 Me(II)IDA2

2- Me(II)IDA Me(II)HIDA+ 

Co(II) 12.3 6.97  
Ni(II) 14.3 8.19  
Cu(II) 16.3 10.6  
Zn(II) 12.4 7.03  
Cd(II) 9.99 5.7  
Pb(II)  7.45 10.4 

 Me(II)NTA2
4- Me(II)NTA- Me(II)HNTA 

Co(II) 14.97 11.66  
Ni(II) 16.93 12.79  
Cu(II) 18.04 14.28 16.1 
Zn(II) 14.88 11.84  
Cd(II) 15.11 11.04  
Pb(II) 13.44 12.76 15.33 

 Me(II)EDTA2- Me(II)HEDTA- Me(II)H2EDTA 
Co(II) 18.16 21.59 23.49 
Ni(II) 20.11 23.64 24.74 
Cu(II) 20.49 24.02 26.23 
Zn(II) 18 21.43 22.83 
Cd(II) 18.1 21.43 23.23 
Pb(II) 19.71 22.54 24.44 

 Me(II)DTPA3- Me(II)HDTPA2- Me(II)2DTPA- 
Co(II) 20.95 26.53 25.98 
Ni(II) 22.25 28.53 29.13 
Cu(II) 23.35 28.79 31.43 
Zn(II) 20.35 26.59 26.12 
Cd(II) 21.15 26.61 24.74 
Pb(II) 20.95 26.76 25.65 

 

 

The high stability of metal APCA chelates can be attributed to the multidentate binding of APCA 

to the metal center. Both carboxyl and amine groups participate in chelation. For example NTA 

forms octahedral chelates with divalent metal ions. In these structures metal is coordinated via all 

carboxyl groups, nitrogen, and two water molecules [93]. In most studies, EDTA chelates with 

divalent metals are reported as quinquedentate where one of the carboxyl groups is free and one 

water molecule is coordinated to the metal center. Sexidentate structures may be important at 

high ionic strength [94]. Octahedral structures have been determined for the Cu(II)DTPA and 

Pb(II)DTPA chelates with more distorted structure of the latter one due to the bigger ionic radius 

of Pb(II) [95]. These structures have shown metal coordination via three nitrogen and three 

carboxyl groups with two free carboxyl groups. Similar structures are proposed for Zn(II) and 
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Cd(II)DTPA chelates with some additional alternatives, where only one carboxyl group is free 

and coordination of metal occurs via two nitrogen and four carboxyl groups [96]. 

Considerable concern about the environmental effects of APCAs has arisen in recent 

decades. Especially, EDTA and DTPA have the highest concentration compared to the other 

measurable synthetic organic compounds in both drinking and surface waters [97]. Moreover, a 

generally presented conclusion is that they are not eliminated by conventional biological and 

physico-chemical water treatment methods although some contradictory results exist [98]. 

Therefore, utilization of these chelating agents in aqueous form should be limited or more 

efficient water treatment methods applied. One possible solution, however, could be the use of 

these chelating agents as immobilized form to prevent their release in to the environment, but still 

take advantage of their beneficial properties. 

Before introducing some APCA-functionalized chelating adsorbents some of their 

features need to be highlighted. These arise from the difference between surface bound ligands 

and their dissolved analogies in the liquid phase. Immobilized ligands are insoluble, they have a 

limited set of conformations, a more irregular distribution, high volume concentration, and are 

sterically unequivalent. All of this influences the adsorption properties of the chelating resins [5]. 

Moreover, when successfully immobilized on the solid adsorbent, chelating agent can have 

higher adsorption efficiency compared to their aqueous form [99]. 

 

1.2.2 IDA- and NTA-functionalized adsorbents 

IDA and NTA are the simplest APCAs containing two and three carboxyl groups. IDA- and 

NTA-functionalized adsorbents have been widely studied during the recent decades. Only some 

of the materials will be introduced here (Table 5) because the experiments being conducted using 

EDTA- and DTPA-functionalized adsorbents. NTA-functionalization has, for example, been 

applied for chitosan [100], silica polyamine composites [101], and melamine-formaldehyde 

[102]. In addition, commercial NTA Superflow chelating resin is available [103]. Besides of a 

variety of commercial IDA-functionalized chelating resins [104] some self-prepared materials are 

IDA-functionalized silica gel [105], acrylonitrile-divinylbenzene (AN-DVB) [104,106,107], and 

polybenzylamine (PBA) [108]. 
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Table 5. IDA- and NTA-functionalized adsorbents. 

Chelating adsorbent Surface coverage 
(mmol/g) Metal pH qm (mmol/g) Reference 

NTA-chitosan 1.45 Cu(II) - 1.53 [100] 

NTA-silica-poly(allylamine) 
composite 1.36 

Co(II) 
3 

0.35 
[101] Ni(II) 0.55 

Zn(II) 0.25 
NTA-silica-
poly(ethyleneimine) 
composite 

0.79 
Co(II) 

3 
0.7 

[101] Ni(II) 0.75 
Zn(II) 0.6 

NTA-melamine-
formaldehyde 0.67 Cu(II) 6 0.47 [102] 

IDA-silica gel 1.22 

Co(II) 

5.5 

1.0 

[105] Ni(II) 1.1 
Cu(II) 1.23 
Zn(II) 0.63 

IDA-AN-DVB - 
Co(II) 

5 
2.51 

[106] Ni(II) 2.81 
Cu(II) 3.26 

IDA-AN-DVB - Cd(II) 5.5 0.99 [104] Pb(II) 0.69 

IDA-PBA - 
Cu(II) 

5 
1.72 

[108] Cd(II) 0.61 
Pb(II) 1.12 

Amberlite IRC-748 
(commercial IDA resin) - 

Cu(II) 
5 

1.69 
[108] Cd(II) 0.61 

Pb(II) 1.13 
 

Table 5 shows that the adsorption capacity of different NTA- and IDA-functionalized materials 

varies greatly depending on the supporting material. In addition, the order of adsorption 

capacities does not follow the order of the stability constants (Table 4), which is discussed more 

in the next section. It should also be noted that some self-prepared materials are more efficient 

adsorbents than commercial ones [106].  

 Finally, it is important to consider the binding mechanism of metal ions on chelating 

agents, when they are attached on the solid support. Unfortunately, authors have not usually 

investigated the surface structures of immobilized metal IDA/NTA-chelates. As an example, the 

structure of metal chelates formed on IDA-AN-DVB was studied by Fourier transform infrared 

spectroscopy (FTIR), X-Ray diffraction (XRD), and electron paramagnetic resonance (EPR). A 

tetrahedral structure, where metal ions were coordinated through one amine and two carboxyl 

groups, was proposed [107]. 
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1.2.3 EDTA-functionalized adsorbents 

Various materials from biomass to inorganic oxides have been functionalized with EDTA. The 

popularity of EDTA arises from its strong metal chelating ability, local availability, and low 

price. Table 6 shows the metal adsorption properties of EDTA-functionalized adsorbents. 

Silica gel is an amorphous form of silicon dioxide where silicon atoms are linked together 

via oxygen atoms with siloxane bonds. Silica gel surface contains hydroxyl groups that can be 

further functionalized using a familiar silanization procedure [99,109]. Silica gel has various 

advantages as an inorganic support compared, for example, to organic polymeric resins. These 

include good selectivity, no swelling, rapid adsorption, and good mechanical stability. EDTA can 

be attached on the silica support by first using the amine group containing silylating agents ((3-

aminopropyl)triethoxysilane, APTES) and then reacting surface bound amine groups with EDTA 

anhydride in a mixture of ethanol and acetic acid [110]. Table 6 shows relatively low adsorption 

capacities for metal ions by EDTA-silica gels, which can be attributed to the experimental 

conditions such as short contact time (1 h) and acidic media. 

Chitosan can be prepared from chitin, one of the nature’s most abundant biopolymers. 

Chitosan contains primary amino groups, which can be further functionalized with different 

organic ligands. In the synthesis of EDTA-chitosan, chitosan is reacted with EDTA anhydride in 

acetic acid/MeOH solution [111-113]. When EDTA is used as such, the formation of amide 

bonds between amino groups and EDTA carboxyl groups can be mediated using carbodiimides 

[114]. A complete functionalization of amino groups by EDTA leading to the adsorbents with 

very high adsorption capacities has been reported in the literature [111-113]. 

The same authors, who first prepared EDTA-functionalized chitosan, also tested a similar 

synthesis for polyallylamine. Adsorption properties of these two adsorbents were, however, quite 

different and they suggested that in the case of modified polyallylamine, carboxyl groups did not 

effectively participate in the chelate formation [113]. 

Silica polyamine composites have been functionalized with EDTA using a synthetic route 

similar to that of amino functionalized silica gel. A higher amount of available primary amino 

groups of composite materials, however, has enabled a better surface coverage of EDTA groups 

compared to that of silica gel [115]. 
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Most of the commercial ion-exchange resins are based on the crosslinked polystyrene 

(PS). The high loading capacity (0.5–3 mmol/g) and low cost of PS make it a good support for 

solid phase synthesis [116]. Polystyrene based EDTA-resins were prepared by at first introducing 

ethylenediamine in styrene-divinylbenzene copolymer and then increasing the amount of 

carboxyl groups using chloroacetate [117,118]. The mechanical strength of the PS-EDTA resin 

was improved by wrapping it up by polyvinylalcohol (PVA) beads [119]. This material was an 

effective adsorbent for Zn(II). 

Polyamidoamine (PAMAM) dendrimers are branched, well-defined synthetic nanoscale 

materials, consisting of globular macromolecules with three covalently bonded components: core, 

interior branch cells, and terminal branch cells. PAMAM dendrimers with amino terminal groups 

have previously been used for Cu(II) removal [120]. The difficult recycling process of pure 

dendrimers, however, has prompted researchers to design PAMAM based inorganic-organic 

hybrid materials. Mesoporous silica such as SBA-15 was used as a support for dendrimer 

structures prior to functionalization with EDTA [121]. 

 Plenty of natural and low-cost materials have also been utilized as supports for EDTA 

functionalities. These are for example saw dust and sugarcane bagasse [122], mercerized 

cellulose and sugarcane bagasse [123], rice husk [124], maize husk [125], maize cob [126], 

biomass of baker’s yeast [127], and carbon cloth [128]. Some of these modified adsorbents have 

shown very high adsorption capacities, for example mercerized cellulose and sugarcane bagasse 

[123]. The authors stated that mercerization (treatment with 5 M NaOH) made hydroxyl groups 

of raw materials more susceptible to esterification with EDTA anhydride thus increasing the 

surface coverage of EDTA groups. 

Finally, layered double hydroxide interchelated with EDTA (MgFe-LDH-EDTA) have 

been tested for Cu(II) and Pb(II) adsorption [129]. The high stability constant of Cu(II)EDTA 

chelate (Table 4) could explain a very high adsorption capacity obtained for Cu(II) (Table 6). 
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Table 6. EDTA-functionalized adsorbents. 

Matrices functionalized with 
EDTA 

Surface 
coverage 
(mmol/g) 

Metal pH qm (mmol/g) Reference 

Silica gel 0.30 
Co(II) 

1 
≈ 0.01 

[110] Ni(II) ≈ 0.06 
Cu(II) ≈ 0.07 

Chitosan ≈ 5.9 Pb(II) 2 1.5 [112] 
Ni(II) 2 2.1 [113] 

Polyallylamine - Ni(II) 2 2.0 [113] 

Silica-poly(allylamine) 
composite 0.76 

Co(II) 

3 

0.47 

[115] Ni(II) 0.55 
Cu(II) 0.58 
Zn(II) 0.48 

Silica-poly(ethyleneimine) 
composite 0.56 

Co(II) 

3 

0.46 

[115] Ni(II) 0.45 
Cu(II) 0.50 
Zn(II) 0.46 

PS - Cu(II) 6 0.66 [118] Pb(II) 0.15 
PS-PVA - Zn(II) 6 0.59 [119] 

PAMAM-SBA-15 - 

Ni(II) 

4 

0.21* 

[121] Cu(II) 0.21* 
Zn(II) 0.15* 
Pb(II) 0.03* 

Sawdust 0.79 Zn(II) 6.2 1.22 [122] 
Sugarcane bagasse 0.81 Zn(II) 6.2 1.61 [119] 

Mercerized sugarcane 
bagassea 1.04 

Cu(II) 
5.3 

1.46 
[123] Cd(II) 1.33 

Pb(II) 1.61 

Mercerized 
cellulosea 0.64 

Cu(II) 
5.3 

1.05 
[120] Cd(II) 1.00 

Pb(II) 1.12 

Maize husk - 
Zn(II) 

7.5 
≈ 0.54 

[125] Cd(II) ≈ 0.27 
Pb(II) ≈ 0.15 

Maize cob - Co(II) 7.5 ≈ 0.87 [126] Cu(II) ≈ 0.82 

Biomass - Cu(II) 6 1.02 [127] Pb(II) 0.93 

Carbon cloth - 

Co(II) 

 

0.80 

[128] 

Ni(II) 0.96 
Cu(II) 0.70 
Zn(II) 0.40 
Cd(II) 0.35 
Pb(II) 0.09 

MgFe-LDH-EDTA - Cu(II) 5.5 ≈ 5 [129] Pb(II) ≈ 0.2 
*Competitive conditions, total adsorption capacity: 0.6 mmol/g 
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Table 6 shows that the type of the supporting material greatly affects adsorption performances of 

different materials although pH can play a significant role as well. Furthermore, the adsorption 

capacities of different metals do not follow any particular trend comparable to the results 

presented in Table 5. The order of stability constants of aqueous EDTA chelates is 

Cu>Ni>Pb>Co>Cd>Zn (Table 4) suggesting that Zn(II) should have the lowest capacity. The 

hydrated radius (RH) on its behalf follows the order of Pb>Cd>Zn>Co>Cu>Ni and the primary 

hydration number the opposite order: Ni>Cu>Co>Zn>Cd>Pb [130]. Therefore, both the type of 

the supporting material and the metal ion properties affect the adsorption capacity of the 

immobilized EDTA. Almost all the results in Table 6, however, were obtained for one-

component systems. Experiments performed in multi-metal solutions may provide better 

information about the true differences between different metals. 

As with IDA/NTA-functionalized adsorbents, most of the authors do not give suggestions 

of exact structures of metal EDTA-chelates formed on the surface. The metal chelate formed on 

EDTA-silica gel was proposed to have an ideal octahedral structure without any convincing 

evidence. The authors only observed chelate formation between EDTA functionalized silica gel 

and Cu(II) from variations of diffuse reflectance spectra and electron spin resonance (ESR) 

analysis [110]. Pereira et al. [122] suggested a quinquedentate structure for Me(II)EDTA chelate 

immobilized on sawdust and sugarcane bagasse without any characterization of metal loaded 

adsorbent. Coordination of metals with EDTA immobilized on biomass was confirmed by XPS-

analysis, which showed bonds between metal and nitrogen as well as carboxyl groups [127]. IR-

measurements also suggested the coordination through both amino and carboxyl groups [117] 

Finally, EDTA-functionalized mercerized cellulose and sugarcane bagasse reportedly adsorbed 

three metals per every two EDTA surface groups, but the binding mechanism was not discussed 

[123]. 

 

1.2.4 DTPA-functionalized adsorbents 

Similarly to EDTA, DTPA can be attached on the silica support by first using silylating agents 

(APTES) and then reacting surface bound amine groups with DTPA anhydride [110]. The 

synthesis of DTPA functionalized chitosan is also similar to that of EDTA-chitosan [111-113]. 

For silica gel, DTPA coverage was much higher than EDTA coverage (Tables 6 and 7). Despite 
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this, the adsorption capacities of metals were much lower for DTPA-silica gel. This was 

attributed to the lower chelating ability of the immobilized DTPA. For chitosan, a considerably 

lower surface coverage was obtained for DTPA than for EDTA. This was explained by a steric 

hindrance of bulky DTPA molecules or the crosslinking of DTPA groups [113]. Adsorption 

capacities of these two modified chitosans, however, were similar (Tables 6 and 7). 

Little literature is available on DTPA-functionalized adsorbents. The latest examples are 

melamine-formaldehyde-DTPA [131] and melamine-DTPA [132] chelating resins. The first one 

was prepared by heat treatment of a homogeneous slurry of melamine, DTPA, and formaldehyde 

and the second one by a heat-treatment of melamine and DTPA dissolved in dimethylsulfoxide. 

The adsorption capacities of these melamine based adsorbents were not as high as those obtained 

for DTPA-chitosan (Table 7), but comparable with many of the EDTA-functionalized adsorbents 

(Table 6). 

 

Table 7. DTPA-functionalized adsorbents. 

Matrices 
functionalized with 
DTPA 

Surface coverage 
(mmol/g) Metal pH 

Maximum 
adsorption 
capacity 
(mmol/g) 

Reference 

Silica gel 1.29 Cu(II) 1 0.006 [110] 

Chitosan ≈ 1.3 Pb(II) 2 1.8 [112] 
Ni(II) 2 2.0 [113] 

Polyallylamine - Ni(II) 2 1.4 [113] 

Melamine-
formaldehyde 0.93 

Co(II) 

5 

0.29* 

[131] Cu(II) 0.23* 
Zn(II) 0.23* 
Cd(II) 0.16* 

Melamine - Ni(II) - 0.66 [132] Cu(II) 0.63 
*Competitive conditions, total adsorption capacity: 0.91 mmol/g 

 

The structures of aqueous metal DTPA-chelates are more complex than those of EDTA leading 

to difficult determination of the structures of immobilized DTPA-chelates. Octahedral chelate 

formation was suggested for Cu(II) and Co(II) based on the color change of melamine-

formaldehyde-DTPA chelating resin after treatment with solutions containing corresponding 

metal ions [131]. In a recent study, density functional theory calculations indicated the octahedral 
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structure of Ni(II) and Cu(II) chelates on DTPA-functionalized melamine with coordination of 

metal center to three carboxyl and three amine groups [132]. 

Generally, comparison of Tables 5, 6, and 7 shows that higher adsorption capacities are 

obtained for the adsorbents with smaller ligands. This can be attributed to the steric hindrance of 

bigger ligands decreasing the surface coverage [112]. 

 

1.3 Applications of functionalized adsorbents  
 
Functionalization of adsorbents with different organic groups may change the adsorbent 

properties into the desirable direction. Functional group addition may increase the adsorption 

capacity, make adsorbent more selective, or increase the stability of the adsorbent. In the case of 

resins functionalized with chelating agents, the main applications are the removal of heavy metals 

from contaminated waters, separation of different metals, or preconcentration of metal ions prior 

to their analysis. 

 

1.3.1 Removal of metals from different solution matrices 

In principle, most of the synthesized adsorbents are first tested in pure solutions containing only 

one target metal. Real waters to be treated, however, contain various metals as well as salts, 

acids, and different organic species. Therefore, the adsorption performance of novel adsorbents 

should also be tested in different solution matrices. 

 The benefits of APCA-functionalized adsorbents are their selectivity toward heavy metals 

due to their high affinity surface groups. Therefore, they can show high adsorption efficiencies in 

the presence of various interfering species. Wood sawdust and sugarcane bagasse modified with 

EDTA were able to remove 89-92% of Zn(II) from real electroplating wastewater [122]. Three 

different commercial IDA-bearing chelating resins were used to remove Ni(II) from the acid 

leached fly ash samples [133]. In this study, however, precipitation of Al(III) and Fe(III) was 

conducted before a successful Ni(II) adsorption (adsorption capacity 1.3 mmol/g). IDA-

functionalized glycidyl methacrylate effectively adsorbed Cr(III), Cu(II), Cd(II), and Pb(II) in the 

presence of high content of Ca(II) and Mg(II) as well as NTA as aqueous organic species [134]. 

Furthermore, in a recent study IDA-functionalized Purolite S-920 resin was used to remove 



 50 

metals complexed by 1-hydroxyethylene-1,1-diphosphonic acid (HEDP) from industrial effluents 

[135].  

One of the most important organic compounds found in water matrices is EDTA. EDTA 

containing wastewaters are problematic since the metals chelated by it do not effectively adsorb 

on the adsorption resins and also EDTA enhances the transportation of metals from disposal sites 

in soils. Ion-exchange has been presented as the most promising solution for the metal removal in 

the presence of EDTA [136]. Most of the studies are based on anion-exchange, however, when 

the whole metal EDTA chelate is bound on the adsorbent surface [136,137]. Due to the possible 

leaching of metal EDTA chelates a better way would be the use of strong cation-exchangers that 

are able to capture metal ion from its aqueous chelate. Only a few cation-exchangers, however, 

have been applied for this purposes and evidence of the actual separation of metal and EDTA 

have not been reported [138,139]. From APCA-functionalized adsorbents material with surface 

group that forms more stable chelates with metals than EDTA would be preferred. Based on the 

stability constants of aqueous species (Table 4), DTPA-functionalized adsorbents could provide 

the solution, but none of the materials presented in Table 7 have not been tested for this 

application. 

 

1.3.2 Separation of metals by chelating adsorbents 

The reuse of metals collected from wastewater requires their separation from each other. 

Conventional separation methods for metals are precipitation and liquid phase extraction. 

Compared to those, however, solid-phase extraction using chelating resins offers several 

advantages such as high recovery and enrichment factors, low consumption of organic solvents, 

and repeated uses [140]. 

Particularly at low pH range metal ions are separated by many of the APCA-

functionalized adsorbents [110,113]. Different commercial IDA-functionalized resins were found 

to be selective sorbents for Ni(II) and Co(II) in the simulated pressure acid leach liquor 

containing Al(III), Fe(III), Zn(II), Mn(II), Mg(II), and Cu(II) [141]. Using EDTA- and DTPA-

functionalized chitosans, Co(II) (0.2 mM) could be separated from the solution containing 93 

mM of Al(III) and Ni(II) from the solution containing the same amount of Ni(II) and Co(II) (1.7 

mM) [113]. The separation of Co(II) from Ni(II)  is important for example in hydrometallurgy 
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[142]. In addition, the separation of Ni(II) from the excess of Al(III) by modified chitosans [111] 

and from Fe(II), Co(II), and Zn(II) by EDTA-functionalized silica-poly(allylamine) composite 

material [115] has been reported. Shiraishi et al. [110] showed the separation of Cu(II), Ni(II), 

VO2+, Zn(II), Co(II), and Mn(II) using EDTA-silica gel. 

 

1.3.3 Preconcentration of trace amounts of metals using chelating adsorbents 

Determination of trace amounts of metals from environmental samples is highly important. The 

analysis equipments such as the inductively coupled plasma mass spectrometry (ICP-MS), 

however, are very sensitive for matrix effects and high concentrations of salts, for example, 

considerably decrease their detection limits. Preconcentrating metals by chelating resins is the 

most promising technique to obtain reliable and repeatable results in metal analysis. 

Prior to ICP-MS analysis, commercial IDA-functionalized Muromac A-1 chelating resin 

was successfully used to preconcentrate 15 rare earth elements from seawater [143]. For similar 

equipment, over 85% recovery of most of the trace metals (10 different) from three kinds of 

seawater samples was obtained using Chelex 100 (also IDA-functionalized) packed minicolumn 

as a preconcentration unit [144]. The benefit of the APCA-functionalized chelating adsorbents is 

that they can selectively bind trace amounts of heavy metals in the presence of high amounts of 

salts. For NTA Superflow resin almost 100% recovery was obtained for Cu(II) and Fe(III) at pH 

range 2-6 from 100 µm metal solutions. For Co(II), Ni(II), Zn(II), and Cd(II), however, pH above 

5 was required for their total recovery [103]. 
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2 OBJECTIVES AND STRUCTURE OF THE WORK 

 

Study of heavy metal adsorption by EDTA/DTPA-functionalized adsorbents 
The first aim of this work was to study general adsorption properties of EDTA/DTPA-

functionalized silica gel and chitosan materials from pure metal solutions in different 

experimental conditions (Papers I-III). The effect of pH, contact time, and metal concentration as 

well as regenerability of the spent adsorbents was investigated. Moreover, one of the objectives 

was to suggest reaction mechanisms describing the adsorption processes. 

Modeling of adsorption isotherms and kinetics 
The aim of the modeling part was to find the isotherm and kinetic equations that could describe 

the obtained experimental data. Furthermore, it was important to verify the applicability of the 

model by comparing the properties of adsorbents with the theories behind the models.  Besides 

work presented in Papers I-V, some additional modeling was conducted to compare all the 

isotherm models presented in sections 1.1.5 and 1.1.6 as well as investigate the effect of error 

function. Linear and non-linear regression was also compared. Paper IV in this work is almost 

purely theoretical and presents the fitting results of one- and two-component isotherms to very 

extensive experimental data range. 

Application study of EDTA/DTPA-functionalized adsorbents 
In application testing the main interest was to test DTPA-functionalized silica gel and chitosan in 

capturing Co(II) from its aqueous EDTA-chelate (Paper V). In the same study the effect of 

various solution matrices was investigated. Separation of metals was studied in two-component 

(Papers II and IV) and multimetal systems (Paper III). Finally, some previously unpublished 

data about the applicability of EDTA- and DTPA-silica gel as preconcentrating adsorbents is 

presented. 
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3 MATERIALS AND METHODS 
 

3.1 Synthesis of EDTA/DTPA-functionalized adsorbents 
 
Syntheses of EDTA/DTPA-functionalized adsorbents are described in detail in Papers I, II, and 

III. Briefly, silica gel (particle sizes 5-20, 40-63, and 63-200 µm) was at first modified with 

amino groups by silanization method after which the surface bound amino groups were let to 

react with EDTA or DTPA anhydride in a mixed ethanol and acetic acid solution (Figure 5a and 

Paper I). Chitosan was reacted with EDTA or DTPA anhydride in methanol containing 10% of 

acetic acid (Figure 5b and Paper II). Finally chitosan-silica hybrid materials (Chi:TEOS 2:60, 

2:30, and 2:15, Figure 6) were prepared by the sol gel method following a similar EDTA-

functionalization as in the case of chitosan (Paper III). 
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Figure 6. A possible structure of the chitosan-silica hybrid materials. 
 

3.2 Characterization of functionalized adsorbents 
 
Elemental analysis was conducted for determining the surface coverage of EDTA and DTPA 

(Papers I and II). A specific surface area and total pore volume of the adsorbents were 

determined with Autosorb-1-C surface area and pore size analyzer (Quantachrome, the UK). 

Zetasizer Nano Series model ZEN 3600 (Malvern, the UK) was employed to measure isoelectric 

points. The surface morphology was examined using a Hitachi S-4100 scanning electron 

microscope (SEM). Fourier transform infrared spectroscopy (FTIR) type Nicolet Nexus 8700 

(USA) was used to identify the surface groups of the synthesized adsorbents. 

 

3.3 Adsorption and desorption experiments  
 

Adsorption and desorption experiments are described in detail in Papers I-V. Briefly, solution 

containing metal ions was mixed with adsorbent (dose: 2 g/L) for a designed time after which the 

solid was separated from the solution. The equilibrium adsorption capacity (qe, mmol/g) was 

calculated as follows: 

 

( )V
m

CCq ei
e

−
=  (45) 
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where Ci and Ce are the initial and the equilibrium concentrations (mmol/L), while m and V are 

the weight of the adsorbent (g) and the volume of the solution (L). The distribution ratio (Kd, 

mL/g), which describes the distribution of adsorbate between the solution and the adsorbent at 

equilibrium, was calculated using the following equation. 

 

e

e
d 1000

C
q

L
mLK ×=  (46) 

 

In desorption experiments conducted by batch mode, 1 or 2 M HNO3 was used to remove metal 

ions from the adsorbent surface after which the adsorbent was reused (see Papers I, II, and V). 

 

3.4 Analysis of solutions 
 
The metal concentrations in the solutions were determined using an inductively coupled plasma 

optical atomic emission spectrometry (ICP-OES) model iCAP 6300 (Thermo Electron 

Corporation, USA). The used wavelengths for different metals were: Co(II): 228.616 nm, Ni(II): 

231.605 nm, Cd(II): 226.502 nm, and Pb(II): 220.353 nm. The specifiation of Co(II)EDTA and 

EDTA was determined by capillary electrophoresis (CE) measurements (Beckman Coulter, 

USA). The detailed description of CE analysis is presented in Paper V. 

 

3.5 Preconcentration experiments 
 
Preconcentration experiments were conducted by pumping (flow rate: 0.5 mL/min) 500 mL of 

the solution containing 1 µg/L of metals through columns filled with EDTA- or DTPA-silica gel 

(bed volume: 3.5 cm3). After rinsing with 50 mL of water, metals were desorbed from the 

adsorbent surfaces using ca. 5 mL of 2 M HNO3 with a flow rate of 1 mL/min. ICP analysis was 

performed from the concentrated sample. Experiments were conducted from the multimetal 

solutions using both pure water and 3% NaCl as matrix. 
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3.6 Modeling of adsorption kinetics and isotherms 
 
Modeling of adsorption kinetics was conducted using Origin software version 8.0 (Microcal 

Software, Inc.). Both linear and non-linear regression was applied. Modeling of adsorption 

isotherms was done by non-linear regression using Origin software (Papers I-III and V)) or self-

made program (Papers II and IV). Both of the methods used the Levenberg-Marquardt algorithm 

for optimizing. The first method was based on the minimizing of ERRSQ error function and the 

second one minimizing of both ERRSQ and MPSD error functions. 
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4 RESULTS AND DISCUSSION 
 

4.1 Characterization of EDTA/DTPA-functionalized adsorbents 
 

Important characteristics of adsorption materials are their specific surface areas and surface 

morphologies. Silica gel is a mesoporous material with high surface area. After surface 

modification surface area and total pore volume of silica gel decreased due to the pore blocking 

by functional groups. Furthermore, modification with larger molecules enhanced the pore 

blocking (Figure 3 and Table 3 in Paper I). The low surface areas of functionalized chitosans 

indicated their non-porous structure (Section 3.1 in Paper II). Surface properties of EDTA-

functionalized chitosan-silica hybrid materials resembled those of modified silica gels except 

they had lower surface areas and higher pore volumes and pore diameters. The surface area 

increased with the increasing silicon content, but the parameters related to the pore properties did 

not follow this trend. Comparison of the unmodified and modified hybrid materials (Table 1 in 

Paper III) showed the expected decrease of the surface area comparable to the case of silica gel 

(Table 3 in Paper I). This could not be attributed to the pore blocking, however, due to the 

increase in pore volume and size after modification. Hence, the changes of surface areas were 

most likely due to the loss of some silicon during the synthesis. Table 8 compares the surface 

properties of the studied EDTA/DTPA-functionalized adsorbents. 

 

Table 8. Properties of EDTA/DTPA-functionalized adsorbents  

Adsorbent Particle 
size (µm) 

Specific 
surface 

area 

(m2/g)b 

Total pore 
volume 
(cm3/g)b 

Average 
pore 

diameter 
(Å)b 

Si content 
(%)b 

Surface coverage 
of EDTA/DTPA 

(mmol/g)b 

EDTA-silica gel 40-63 384 0.48 49 - 0.32 
DTPA-silica gel 40-63 328 0.41 49 - 0.23 
EDTA-chitosan 100-200a 0.71 0.0018 610 - 1.40 
DTPA-chitosan 100-200a 0.36 0.0007 552 - 0.96 
EDTA-Chi:TEOS 2:60 5-50a 226 0.69 122 73.4 - 
EDTA-Chi:TEOS 2:30 5-50a 209 0.90 158 70.0 - 
EDTA-Chi:TEOS 2:15 5-50a 169 0.55 131 54.6 - 
aApproximated from SEM-images 
bData collected from Papers I-III. 
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SEM-images presented in Figure 7 show the differences between the surface morphology of 

studied adsorbents. As Table 8 demostrates, modified silica gel and hybrid materials had 

mesoporous surface morphology compared to modified chitosans, which had quite a smooth 

surface.  Comparison of hybrid materials with different ratios of chitosan and silica (Figure 1 in 

Paper III) showed that material with the highest chitosan content had more grain coalescence 

than others, which was attributed to the crosslinking between chitosan groups close to each other 

[114]. 

 

 
Figure 7. SEM-images for EDTA-functionalized adsorbents. 

 

Surface coverages of EDTA and DTPA of modified adsorbents were determined by elemental 

analysis (Table 8 and Papers I and II). EDTA-chitosan obtained the highest coverage, which can 

be attributed to the highest amount of primary amino groups on its surface. For hybrid materials 

neither the elemental analysis nor calculating the coverages from the silicon content gave 

reasonable results (values well below 0.1 mmol/g were obtained). This might be attributed to the 

release of some silicon during the EDTA-functionalization step, when comparison of modified 

and unmodified materials gave incorrect results. However, it is evident from Tables 6 and 7 that 

many of the papers do not present the surface coverages of EDTA or DTPA functionalized 

adsorbents. Thus, it is possible that other authors have also confronted some difficulties in 

determining these. 

(a) EDTA-silica gel (b) EDTA-chitosan (c)  EDTA-chi:TEOS 2:30 

(d) EDTA-silica gel (e) EDTA-chitosan (f) EDTA-chi:TEOS 2:30 
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 A useful tool for analyzing the type of functional groups on the adsorbent surface is 

FTIR-spectroscopy. The FTIR-spectra of modified silica gel and chitosan are presented in Figure 

8 and those of hybrid materials in Figure S1 in Paper III. Table 9 summarizes the identified 

absorption bands [107,127]. 

 
 

 
 
 
 
 
 
 

 
 
 
 
Figure 8. FTIR-spectra for EDTA/DTPA-functionalized (a) silica gel and (b) chitosan. 
 

 
Table 9. Identification of the absorption bands of EDTA/DTPA-functionalized adsorbents. 

 EDTA-
silica gel 

DTPA-
silica gel 

EDTA-
chitosan 

DTPA-
chitosan 

EDTA-
Chi:TEOS 

2:60 

EDTA-
Chi:TEOS 

2:30 

EDTA-
Chi:TEOS 

2:15 
OC–N, amide III 1319 1321 1309 1311 1315 1311 1319 
―COO- 1398 1398 1377 1379 1389 1389 1387 
C=O in ―COOH 1441 1440 1418 1423 1433 1433 1433 
Vibrations of N–
H bond, amide II 
band, ―COO- 

1543 1554 1549 1551 1560 1543 1549 

C=O bond in 
amide group 
(amide I band) 

1635 1632 1628 1622 1634 1635 1632 

C=O in ―COOH 1724 1728 1726 1730 1730 1734 1734 
 

The presence of bands related to amide bond and carboxyl groups confirmed the functionalization 

of silica gel and chitosan materials with EDTA or DTPA. Furthermore, comparison of the spectra 

of unmodified and EDTA/DTPA-functionalized chitosans (Figure 8b) clearly showed that the 

band between 3000 and 3400 cm-1, assigned to the stretching of OH-groups and overlapping 

stretching of NH2-groups, significantly decreased after EDTA/DTPA-immobilization. This 
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suggests a high functionalization degree of primary amino groups also observed earlier by Inoue 

et al. [112] and Nagib et al. [111]. According to Figure 8b some of the NH2-groups, however, 

remained on the chitosan surface after chelate binding, which is discussed later on. Moreover, it 

should be noted that the bands related to the NH2- and OH-groups were not as intense for 

aminopropyl-functionalized silica gel (Figure 8a) or chitosan-silica hybrid materials (Figure S1 in 

Paper III). 

 Furthermore, FTIR spectra after metal binding was measured and chelation mechanism 

confirmed from the change of bands at 1309-1319 cm-1, 1543-1554 cm-1, and 1622-1635 cm-1 

(Figures 9 and 10) [107]. The bands at 1418-1441 cm-1 and 1724-1734 cm-1, however, did not 

disappear completely after metal binding indicating that some free –COOH–groups remained on 

the surface. The results are in agreement with the formation of quinquedentate [94,122] and 

octahedral [95,132] structures of metal EDTA and DTPA surface chelates. 

 

 

 

 
 
 
 
 
 
 
 

 
 
Figure 9. Effect of Co(II) and Ni(II) adsorption on FTIR-spectra of (a) EDTA-chitosan and (b) 
DTPA-chitosan (unpublished data). 
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Figure 10. Effect of metal adsorption on FTIR-spectra of (a) EDTA-silica gel (b) DTPA-silica 
gel, and (c) EDTA-Chi:TEOS 2:15 (unpublished data). 
 

 
4.2 Adsorption of heavy metals by EDTA/DTPA-functionalized adsorbents 
 
4.2.1 Effect of pH 

Acidity of the solution affects the solubility (ionization) of the metal ions and concentration of 

the counter ions of the surface groups (in this case H+) [119]. These significantly influence the 

adsorption process and therefore pH should be optimized to ensure the best adsorption efficiency. 

Figure 11 shows the effects of pH on the adsorption of Co(II) by EDTA-functionalized 

adsorbents. It can be seen that adsorption efficiency increased with the increasing pH for all the 

adsorbents. The similar trend was observed for almost all the EDTA/DTPA-functionalized 
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materials presented in Tables 6 and 7. The limiting behavior at low pH can be attributed to the 

competition between protons and metal ions for the available adsorption sites [115]. Zeta-

potential measurements showed that the surface charge of the EDTA/DTPA-functionalized silica 

gels increased as the pH decreased (Figure 2 in Paper I) suggesting repulsive forces between 

surface and metal cations in acidic media.  
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Figure 11. Effect of pH on adsorption of Co(II) by EDTA-functionalized adsorbents. 
Experiments repeated using the initial Co(II) concentration of 1.3 mM. Dose: 2 g/L. 
 

Comparison between different materials suggests that higher chitosan content increased the 

adsorption efficiency of the material at low pH (see also Figure 3b in Paper III). For example, at 

pH 2 81% of maximum capacity was obtained for EDTA-silica gel, 87% for EDTA-Chi:TEOS 

2:15, and 95% for EDTA-chitosan. It is possible that the chitosan matrix, which is more 

electronegative (electronegativity of carbon: 2.5) than the silica gel matrix (electronegativity of 

silicon: 1.7) increased the acidity of the EDTA carboxyl groups making them more available for 

metal adsorption at low pH range. Moreover, the chelating ability of immobilized EDTA-groups 

at a low pH has also been observed elsewhere and assigned to the inductive effects that decrease 

pKa values of EDTA carboxyl groups [122]. 

 In Paper II (Figure 2b), it was observed that EDTA/DTPA-functionalized chitosans 

showed a clear adsorption maximum for Co(II) at pH range from 2 to 2.5 at low metal 

concentrations (17 µM). This was attributed to the crosslinking effect between carboxyl groups of 
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chelating agents and the surface. At higher concentrations fast metal binding occurred before 

crosslinking and adsorption capacity remained similar after pH 2. On the other hand, a similar 

effect was not seen in modified silica gels possibly due to their rigid structure as well as a lower 

amount of primary amino groups preventing corsslinking (see FTIR spectra in Figure 8). 

 The type of the target metal significantly influenced the pH curves (Papers I-III). Ni(II) 

started to adsorb at a lower pH range than Co(II) and at pH as low as 1 around 90% Ni(II) 

removal was obtained for EDTA-chitosan from a 100 mg/L solution (Figure 2 in Paper II). This 

indicates that EDTA/DTPA-functionalized adsorbents could be used to separate Ni(II) from 

Co(II) at a low pH, which could be applied in hydrometallurgy, for example [142]. The Cd(II) 

adsorption had a pH behavior similar to Co(II) and Pb(II) to Ni(II) (Figure 3a in Paper III). 

Better adsorption efficiencies of Ni(II) and Pb(II) over Co(II) and Cd(II) can be explained by the 

higher stabilities of their EDTA- and DTPA-chelates forming at low pH (see Table 4 and 

Appendix I). 

 

4.2.2 Effect of contact time 

Figure 12 shows the effect of contact time on the adsorption of Co(II) by EDTA/DTPA-

functionalized adsorbents. At the initial adsorption stage, the adsorbent surface contained a lot of 

available active sites for metal binding and fast adsorption took place. After this adsorption 

slowed down due to the decrease of concentration of metals in solutions phase as well as a 

possible location of active sites in the positions that were not easily available (for example inside 

the pores). 

For all the EDTA-functionalized adsorbents a contact time of 6 h was sufficient to attain 

equilibrium at high metal concentrations (1.3 mM). More differences were seen at lower metal 

concentrations (Figure 12b), for which EDTA-chitosan showed the fastest adsorption. This can 

be attributed to the highest surface coverage of EDTA on the chitosan surface creating active 

sites that were easily available for metal binding. In the case of EDTA-Chi-TEOS 2:60 and 

EDTA-silica gel the smaller size of the former (see Table 8 and Figure 7) led to faster adsorption, 

which was also evident for the modified silica gels of different particle sizes (Figure 7 in Paper 

I). 



 64 

0 400 800 1200 1600
0.0

0.2

0.4

0.6

0.8

q t (m
m

ol
/g

)

 EDTA-silica gel
          (40-63 µm)

 EDTA-Chi:TEOS 2:60
 EDTA-Chi:TEOS 2:30
 EDTA-Chi:TEOS 2:15
 EDTA-chitosan

t (min)

 

 
q t (m

m
ol

/g
)

t (min)

(a)

0 400 800 1200 1600

0.00

0.04

0.08

0.12

0.16

 

 

(b)  EDTA-silica gel
          (40-63 µm)

 DTPA-silica gel
          (40-63 µm)

 EDTA-Chi:TEOS 2:60
 EDTA-chitosan
 DTPA-chitosan 

 

 
Figure 12. Effect of contact time on adsorption of Co(II) by EDTA/DTPA-functionalized 
adsorbents. Results collected from Papers I-III and V. Dose: 2 g/L, pH: 2 for modified chitosans 
and pH: 3 for other adsorbents, Co(II) concentration: (a) 1.3 mM and (b) 0.3 mM. 
 
For modified silica gels, the effect of contact time was not significant when EDTA- and DTPA-

functionalized materials were compared (Figure 12b). Differences between EDTA- and DTPA-

chitosan were clear (Figure 12b, Figure 4 in Paper II), however, and slower adsorption on DTPA-

chitosan was attributed to the crosslinking caused by bulky DTPA-groups [111] and lower 

surface coverage of DTPA. 
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4.2.3 Effect of initial metal concentration 

Adsorption isotherms were measured by varying only the initial metal concentrations. 

Comparisons of different EDTA-functionalized materials are shown in Figure 13. The highest 

adsorption capacity was obtained for EDTA-chitosan, which was expected due to its highest 

ligand loading. Furthermore, the adsorption capacity for hybrid adsorbents increased as the 

chitosan content increased. The adsorption efficiencies of EDTA-silica gel and EDTA-Chi:TEOS 

2:60 were, however, similar. 
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Figure 13. Effect of initial metal concentration on the adsorption of Co(II) by EDTA-
functionalized adsorbents. Dose: 2 g/L, pH: 2 for EDTA-chitosan and pH: 3 for other adsorbents. 
Results collected from Papers I-III 
 

Table 10 further summarizes the adsorption efficiencies. It is interesting to note that even if the 

modified chitosans showed the highest adsorption efficiency at high concentrations they gave 

lower efficiency at concentrations below 0.17 mM (10 mg/L). A similar effect was seen in the pH 

experiments (see section 4.2.1) and can be attributed to the enhanced interactions of carboxylic 

groups and chitosan surface at low metal concentrations (crosslinking effect). 
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Table 10. Comparison of adsorption efficiencies of EDTA/DTPA-functionalized adsorbents. 
   Co(II) conc. 0.17 mM Co(II) conc. 0.85 mM Co(II) conc. 1.7 mM 

Adsorbent pH qm (mmol/g)a % of Co(II)  
adsorbed 

% of Co(II)  
adsorbed 

% of Co(II)  
adsorbed 

EDTA-silica gel 3 0.34 97.4 58.7 35.5 
DTPA-silica gel 3 0.27 99.0 62.7 31.6 
EDTA-chitosan 2 1.07 98.0 96.6 93.8b 

DTPA-chitosan 2 0.83 95.5 93.3 85.9 
EDTA-Chi:TEOS 
2:60 3 0.25 98.6 64.3 30.2 

EDTA-Chi:TEOS 
2:30 3 0.42 98.2 83.9 55.6 

EDTA-Chi:TEOS 
2:15 3 0.63 98.4 93.5 67.7 
aData collected from Papers I, II, and III 
b99.2% at pH 3 
 

Comparison of Table 10 to Tables 6 and 7 shows that our EDTA- and DTPA-silica gels had 

considerably higher adsorption efficiencies than those obtained by Shiraishi et al. [110] despite 

their equal or higher coverage of functional groups. This discrepancy can be explained at least 

partly by the different experimental conditions. Shiraishi et al. used only 1 hour equilibrium time 

and pH 1 where they also observed the highest adsorption performance. This was not the case in 

this study and therefore, it is possible that the materials prepared by Shiraishi et al. differed from 

those synthesized in our work. 

 EDTA- and DTPA-chitosan were also synthesized earlier by Inoue et al. [113]. They 

obtained somewhat higher adsorption capacities compared to this work, which was attributed to 

the differences between the starting materials (Paper II). The adsorption performances of EDTA-

chitosan silica hybrid adsorbents were comparable to many of those presented in Table 6. 

Especially, EDTA-Chi:TEOS 2:15 clearly showed a higher adsorption capacity compared to 

conventionally functionalized silica gel. This novel hybrid adsorbent, having a rigid structure (see 

section 4.3 and Figure S2 in Paper III), seemed to combine the beneficial properties of both silica 

gel and chitosan.  

 

4.2.4 Adsorption mechanism 

Papers I and II present the suggested adsorption mechanisms for EDTA-silica gel and -chitosan. 

Furthermore, FTIR-measurements confirmed that metals were bound on the surface by chelation 



 67 

(Figures 9 and 10). In the case of EDTA- and DTPA-functionalized silica gels (pH 3), the release 

of protons during the adsorption was approximately one to every adsorbed metal ion, which for 

Co(II) adsorption can be explained by the following reaction equation: 

 

SiO2-NH-HEDTA2- + Co2+ ↔ SiO2-NH-Co(II)EDTA- + H+ (47) 

 

The above mechanism is also supported by the zeta-potential measurements, which showed that 

the surface carried a negative charge after metal binding (Figure 2 in Paper I). For modified 

chitosans the solution pH was not significantly affected by metal adsorption. The mechanism 

derived from the speciation calculations, however, showed that some protons should have 

appeared in the solution due to the adsorption (see Section 3.3 in Paper II). This discrepancy was 

explained by the binding of released protons by free amino groups on the chitosan surface [145]. 

 In contrast to these results, EDTA-functionalized chitosan-silica hybrid materials showed 

a release of two protons for every adsorbed metal ion at a pH range from 3 to 5. Therefore, the 

following reaction is suggested: 

 

SiO2-NH-H2EDTA- + Co2+ ↔ SiO2-NH-Co(II)EDTA- + 2H+ (48) 

 

Unlike for modified chitosans, released protons were not able to bind on the surface, because the 

hybrid chitosan-silica network (Figure 6) did not contain any free amino groups after EDTA-

immobilization (see Figure S1 in Paper III and ref. [146]). On the whole, however, the surface 

reactions are better considered as chelation rather than ion-exchange due to the uncertainty of the 

true amount of protons released for every metal ion absorbed. In addition, for example at neutral 

conditions, all the carboxyl groups of the immobilized chelating agents should be in their ionic 

form when ion-exchange is not longer possible. 

Finally, it is important to note that speciation calculations based on the aqueous species 

may not be directly applicable for the surface bound chelates [5]. Therefore, the mechanisms 

presented in this work are only suggestions based on the best available information. 
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4.3 Stability and regenerability of the EDTA/DTPA-functionalized adsorbents 
 
Stability of the different adsorbents was investigated by regeneration experiments (Papers I, II 

and V) and by analyzing the silicon leaching after the adsorption experiments (Papers I and III). 

Regeneration performed by 1 or 2 M HNO3 did not significantly change the adsorption efficiency 

of EDTA/DTPA-functionalized silica gels or chitosans (Table 10 in Paper I and Table 1 in Paper 

II), indicating a very high stability. Moreover, the leaching of silicon from EDTA/DTPA-silica 

gels was significantly lower than that from the intermediate synthetic product APTES-silica gel 

(Figure 5 in Paper I), which was attributed to the stabilization of the materials by the surface 

bound chelating agents. The silicon leaching from EDTA-Chi:TEOS 2:60 was slightly higher 

than from EDTA-silica gel (Figure 2 in Paper III). Considerably lower leaching observed for 

EDTA-Chi:TEOS 2:30 and 2:15, however, confirmed their stability. Finally, comparison of the 

swelling of studied adsorbents showed increasing rigidity of the hybrid materials over the 

modified chitosan (see Figure S2 in Paper III), which can be attributed to the networking 

between silica and chitosan moieties (see Figure 6 and ref. [146]). 

 
4.4 Modeling adsorption kinetics 
 
4.4.1 Pseudo-second-order model 

As presented in section 1.1.8 the PS2 model suggests that the adsorption rate is governed by the 

surface reaction. In papers I and II we applied linear fittings of both PS1 and PS2 models and 

found that the PS2 model sufficiently described the adsorption kinetics of modified silica gels 

and chitosans. In papers III and V non-linear regression was used instead. For comparison, both 

linear and non-linear fittings of PS2 model were conducted for Co(II) adsorption by all the 

studied adsorbents and results are shown in Table 11. For clarity, Table 11 shows results only for 

one initial concentration of Co(II) for each of the adsorbent and the results obtained for the other 

studied metals (Papers I-III) and Co(II)EDTA complex (Paper V) are not presented. 
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Table 11. Comparison of linear and non-linear regression of PS2 model for Co(II) adsorption by 
EDTA/DTPA-functionalized adsorbents. Dose: 2 g/L, pH: 2 for functionalized chitosans and pH: 
3 for the other adsorbents. Uncertainty of the parameters obtained by Origin. Total differential 
used for linear equations. 

aLinear data taken from Papers I and II, non-linear data recalculated 
bNon-linear data taken from Paper III, linear data recalculated 
 

Both linear and non-linear fittings provided similar qe values, which were also close to those 

obtained experimentally. In most cases, however, non-linear fitting provided rate constants 

around two times higher than linear fitting. In addition, the correlation coefficients were lower for 

non-linear fitting, indicating that the PS2 model might not be the best one for describing kinetic 

data. The differences between linear and non-linear fitting results may arise from the appearance 

of variable t on the both sides of Eq. (42). Despite that, calculated PS2 rate constants correlated 

well with the observations achieved in section 4.2.2 predicting the highest rate constants for the 

smaller particles and the highest ligand loading owing EDTA-chitosan. On the other hand, low 

adsorption kinetics for DTPA-chitosan can be attributed to its crosslinked structure. 

In Paper V, the PS2 model was also applied to Co(II)EDTA adsorption by DTPA-silica 

gel and –chitosan at different temperatures. The first interesting observation was that we obtained 

  linear non-linear 

Adsorbent C0 
(mmol/L) 

qe,exp 
(mmol/g) 

qe 
(mmol/g) 

k2 
(g/mmol min) R2 qe 

(mmol/g) 
k2 

(g/mmol min) R2 

EDTA-silica gel 
5-20a 1.31 0.25 0.25 ± 0.01 0.36 ± 0.09 1.000 0.27 ± 0.01 1.03 ± 0.11 0.992 

EDTA-silica gel 
40-63a 1.31 0.26 0.27 ± 0.01 0.06 ± 0.02 0.999 0.25 ± 0.01 0.11 ± 0.02 0.957 

EDTA-silica gel 
63-200a 1.31 0.24 0.24 ± 0.01 0.05 ± 0.02 0.999 0.22 ± 0.01 0.09 ± 0.02 0.960 

DTPA-silica gel 
5-20a 1.31 0.24 0.24 ± 0.01 0.54 ± 0.24 1.000 0.24 ± 0.01 1.27 ± 0.12 0.997 

DTPA-silica gel 
40-63a 1.31 0.27 0.27 ± 0.01 0.06 ± 0.03 0.998 0.24 ± 0.01 0.15 ± 0.03 0.958 

DTPA-silica gel 
63-200a 1.31 0.26 0.26 ± 0.01 0.06 ± 0.02 1.000 0.24 ± 0.01 0.11 ± 0.02 0.955 

EDTA-chitosana 1.64 0.70 0.70 ± 0.01 0.27 ± 0.08 1.000 0.71 ± 0.01 0.16 ± 0.02  0.993 
DTPA-chitosana 1.64 0.71 0.72 ± 0.01 0.03 ± 0.01 1.000 0.70 ± 0.02 0.03 ± 0.01 0.989 
EDTA-Chi:TEOS 
2:60b 1.21 0.22 0.22 ± 0.01 0.17 ± 0.04 1.000 0.21 ± 0.01 0.26 ± 0.05 0.963 

EDTA-Chi:TEOS 
2:30b 1.15 0.41 0.41 ± 0.01 0.10 ± 0.02 1.000 0.38 ± 0.01 0.22 ± 0.04 0.964 

EDTA-Chi:TEOS 
2:15b 1.15 0.44 0.44 ± 0.01 0.11 ± 0.03 0.999 0.42 ± 0.01 0.22 ± 0.03 0.976 
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greatly improved non-linear fitting results for chelated Co(II) than for free Co(II) in the case of 

DTPA-silica gel (Figure 3a and Table 2 in Paper V), which was attributed to the direct chemical 

reaction of Co(II)EDTA with the outermost DTPA surface groups. Free Co(II) was able to 

diffuse inside the mesoporous structure of modified silica gel, however, which worsened the PS2 

fitting. A clear increase of the PS2 rate constants with increasing temperature also supported the 

PS2 model applicability for Co(II)EDTA adsorption [64]. 

 

4.4.2 Intraparticle diffusion model 

Intraparticle diffusion model (Eq. 44) was used in this study since most of the studied adsorbents 

had a mesoporous structure. Results for modified chitosan and hybrid materials can be found in 

Papers II, III, and V. For comparison, diffusion rate constants were determined for the modified 

silica gels as well and are compared to the other studied adsorbents in Table 12. As in Table 11, 

only results for one initial Co(II) concentration for each of the adsorbent are shown. 

 

Table 12. Diffusion rate constants obtained from intraparticle diffusion plots for Co(II) 
adsorption by EDTA/DTPA-functionalized adsorbents. Dose: 2 g/L, pH: 2 for functionalized 
chitosans and pH: 3 for the other adsorbents. Uncertainty of the parameters obtained by Origin. 

Adsorbent C0 
(mmol/ L) 

kdif,1 
(mmol/g min1/2) 

kdif,2 
(mmol/g min1/2) 

kdif,3 
(mmol/g min1/2) 

kdif,4 
(mmol/g min1/2) 

EDTA-silica gel 
5-20a 1.31 0.056 ± nd 0.0054 ± 0.0016 0.0012 ± 0.0001 0.00014 ± 0.00004 

EDTA-silica gel 
40-63a 1.31 0.022 ± 0.002 0.0077 ± 0.0006 0.0019 ± 0.0001 0.00001 ± 0.00001 
EDTA-silica gel 
63-200 a 

1.31 0.018 ± 0.001 0.0052 ± 0.0001 0.0020 ± 0.0001 0.00070 ± 0.00010 
DTPA-silica gel 
5-20 a 

1.31 0.057 ± nd 0.0176 ± 0.0008 0.0027 ± 0.0002  0.00015 ± 0.00006 
DTPA-silica gel 
40-63 a 

1.31 0.023 ± 0.003 0.0059 ± 0.0005 0.0018 ± 0.0002 0.00081 ± 0.00045 
DTPA-silica gel 
63-200 a 

1.31 0.023 ± 0.001 0.0071 ± 0.0002 0.0023 ± 0.0001 0.00040 ± 0.00014 

EDTA-chitosanb 1.64 0.118 ± nd 0.0583 ± 0.0010 0.0003 ± 0.0001  
DTPA-chitosanb 1.64 0.054 ± 0.010 0.0188 ± 0.0018 0.0025 ± 0.0006  
EDTA-Chi:TEOS 
2:60b 

1.21 0.044 ± nd 0.0104 ± 0.0013 0.0039 ± 0.0004 0.00047 ± 0.00018 
EDTA-Chi:TEOS 
2:30b 

1.15 0.060 ±0.001 0.0113 ± 0.0039 0.0048 ± 0.0008 0.00076 ± 0.00001 
EDTA-Chi:TEOS 
2:15b 

1.15 0.071 ± nd 0.0247 ± 0.0029 0.0050 ± 0.0005 0.00003 ± 0.00001 
aCalculated for comparison bTaken from Papers II and III, nd = not determined, line drawn from the origin to the 
first experimental point. 
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In Table 12, the first diffusion constant (kdif,1) can be attributed to the boundary layer or external 

film diffusion and the remaining constants to the diffusion in macro/meso/micro pores [80]. The 

kdif,1 visibly increased with decreasing particle size in modified silica gels, which can be 

attributed to the smaller diffusion layer thickness of smaller particles [147]. Furthermore, a linear 

relationship was seen between the concentration and kdif,1 (see Papers II, III, and V), which is 

consistent with the concept of surface “film diffusion” [148]. For hybrid materials, the fastest 

external film diffusion occured for the material with the highest ligand loading. In addition, the 

higher amount of active sites seemed to accerelate pore diffusion. Comparison of diffusion rate 

constants of modified silica gels and hybrid materials suggests that faster diffusion inside the 

pores was accomplished for materials with larger pore sizes (see Table 8). 

In Paper II, we assigned different regions of intraparticle diffusion plots obtained for 

EDTA- and DTPA-chitosan to diffusion in meso- and micropores. The SEM-images obtained 

later, however, showed the non-porous structure of modified chitosans (Figure 7e) and 

measurements of surface properties a possible presence of macropores (Table 8). Therefore, the 

diffusion constant kdif,2 in this case should instead be assigned to the diffusion of metals in 

macropores or in regions, where active sites were harder to reach by metal ions due to the 

crosslinking between surface groups (see sections 4.2.1, 4.2.2). 

Besides these observations, significance of pore diffusion was seen in the adsorption of 

Co(II)EDTA chelates by DTPA-functionalized silica gel and chitosan (Paper V). These results 

indicated that the large Co(II)EDTA molecules could not diffuse inside the mesopores of DTPA-

silica gel as in the case of free Co(II) ions. For DTPA-chitosan, however, intraparticle diffusion 

plots showed different linear regions indicating diffusion also in the interior parts (macropores, 

crosslinked sections) of the adsorbent. 

 

4.5 Modeling adsorption isotherms 
 
4.5.1 One-component systems 

In Papers I-V the studied isotherm models were Langmuir, Freundlich, Sips, Redlich-Peterson, 

and BiLangmuir. To further compare different models we also tested other isotherm equations 
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presented in section 1.1.5. Furthermore, to study the effect of linearization, four different linear 

forms of Langmuir model (Table 3) were applied. Modeling results for Co(II) adsorption by 

EDTA- and DTPA-silica gels are shown in Figures 14 and 15 and Tables 13 and 14. 
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Figure 14. Fitting results of different isotherms for Co(II) adsorption by EDTA-silica gel 40-63 
µm. Dose: 2 g/L, pH: 3, Co(II) concentration: 0.017-5.1 mM. Most of the isotherms simulated for 
comparison (see Table 13). 
 
Figure 14 shows that many of the isotherm models appeared to fit to the experimental data well. 

Clear deviations were seen in the Langmuir,  Freundlich, Temkin, and Dubinin-Radushkevich 

models. The poor fittings of the Langmuir and Freundlich models were also seen in Papers I and 

II. By comparing the predicted qm values and magnitudes of selected error functions, the best 

fitting model appeared to be the BiLangmuir model. It was also observed that the Sips and 

general adsorption models gave overlapping curves. This is because the general adsorption 
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isotherm can be rearranged to the Sips equation [29]. Furthermore, it was noticed that Fritz-

Schlunder model was poorly fitted at high concentrations (Figure 14b) even though the equations 

with a higher amount of parameters are generally better fitted. In this case a higher amount of 

adjustable parameters seemed to increase weighting towards low concentration range (small ME, 

see Tables 13 and 14). From linearized Langmuir models, the fourth form seemed to offer the 

closest approximation to the non-linear regression. The best linear plot was obtained using the 

first form, however, and the curve drawn based on the estimated parameters gave the best 

apparent fit to the experimental data amongst all of the other forms of Langmuir model (Figure 

15). El-Khaiary also presented similar observations [61]. 

The differences between linearized Langmuir models are due to the different weighting of 

the data points [61]. For example, the second linear model did not give any reasonable results, 

because the lowest qe values (ie. high 1/qe) had extreme weights resulting in highly biased 

estimation. In the first and fourth form the x- and y-axis were no longer independent, 

strengthening the correlation. The fourth model with qe/Ce as the y-axis gave higher values and 

thus higher weighting at low concentrations, however, while the first model with Ce/qe as the y-

axis gave higher values and weighting at high concentrations. The latter led to a better apparent 

fit of the model. Moreover, it seems that the non-linear regression of the Langmuir model was 

also weighted towards low qe values (Figure 15).  
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Table 13. Fitting results of different isotherms for Co(II) adsorption by EDTA-silica gel 40-63 
µm. qm,exp = 0.30 mmol/g. Uncertainty of the parameters obtained by Origin. Total differential 
used for linear equations. 
Equilibrium model qm (mmol/g) K (L/mmol) n  χ2 R2 ME (%) 
Langmuir 0.29 ± 0.01 41.98 ± 8.19   0.0035 0.949 18.93 

Langmuir-lin1 0.31 ± 0.01 14.90 ± 2.25   0.0219 0.999a/ 
0.900b 16.02 

Langmuir-lin2 1.00 ± 0.29 5.42 ± 102.72   0.2894 0.720a/ 
- b 156.17 

Langmuir-lin3 0.27 ± 0.01 66.18 ± 11.30   0.0034 0.637a/ 
0.929b 24.42 

Langmuir-lin4 0.29 ± 0.09 43.44 ± 7.41   0.0032 0.637a/ 
0.947b 19.73 

Freundlich  0.0007 ± 
0.0005d 5.43 ± 0.55  0.0066 0.910 62.37 

Sips 0.33 ± 0.01 5.46 ± 1.63 0.57 ± 0.06  0.0026 0.981 29.59 
Redlich-Petersonc 0.28 ± 0.01 82.22 ± 13.87 0.91 ± 0.01  0.0016 0.994 21.80 
General adsorption 0.33 ± 0.01 0.18 ± 0.05e 0.57 ± 0.06  0.0026 0.981 29.60 
 qm (mmol/g) aT (mmol/L) nT     
Toth 0.35 ± 0.02 9.95 ± 1.51 0.44 ± 0.06  0.0022 0.984 26.58 
 qm (mmol/g) BDR (mmol2/J2)      
Dubinin–
Radushkevich 0.29 ± 0.01 0.0089 ± 0.0007   0.0025 0.967 24.53 

 AT (L/mmol) BT (J/mmol)      
Temkin 1439 ± 306 0.038 ± 0.001   0.0021 0.980 25.56 

 qm 
(mmol/g) 

KFS 
(L/mmol) nFS mFS    

Fritz-Schlunder 0.27 ± 0.01 436.51 ± 501.21 1.30 ± 0.21 1.19 ± 0.22 0.0014 0.987 17.22 

 qm1  
(mmol/g) 

KBiL1 
 (L/mmol) 

qm2 
(mmol/g) 

KBiL2 
(L/mmol)    

BiLangmuirc 0.19 ± 0.02 110.67 ± 22.92 0.13 ± 0.01 1.88 ± 0.75 0.0015 0.996 20.83 
aR2 value of linear fitting. bR2 value calculated after non-linear fitting using parameters obtained from linear fitting. 
cData from Paper IV, other results simulated for comparison.  
dUnit: (mmol/g)/(L/mmol)nF  eUnit: mmol/L 
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Table 14. Fitting results of different isotherms for Co(II) adsorption by DTPA-silica gel 40-63 
µm. qm,exp = 0.28 mmol/g. Uncertainty of the parameters obtained by Origin. Total differential 
used for linear equations. 
Equilibrium model qm (mmol/g) K (L/mmol) n  χ2 R2 ME (%) 
Langmuir 0.28 ± 0.01 57.93 ± 8.84   0.0021 0.963 12.53 

Langmuir-1a 0.30 ± 0.01 17.31 ± 3.22   0.0223 0.999a/ 
0.906b 15.23 

Langmuir-2a 0.57 ± 0.76 15.99 ± 22.77   0.1007 0.868a/ 
-b 78.29 

Langmuir-3a 0.27 ± 0.01 77.70 ± 10.18   0.0019 0.744a/ 
0.955b 15.04 

Langmuir-4a 0.28 ± 0.07 57.48 ± 8.04   0.0021 0.725a/ 
0.959b 13.17 

Freundlich  0.00039 ± 
0.00033d 5.83 ± 0.62  0.0067 0.903 57.47 

Sips 0.31 ± 0.01 7.71 ± 1.85 0.60 ± 0.05  0.0016 0.989 20.39 
Redlich-Petersonc 0.27 ± 0.01 97.93 ± 11.68 0.92 ± 0.01  0.0009 0.997 12.01 
General adsorption 0.31 ± 0.01 0.13 ± 0.03e 0.60 ± 0.05  0.0016 0.989 20.39 
 qm (mmol/g) aT (mmol/L) nT     
Toth 0.32 ± 0.01 12.58 ± 1.55 0.47 ± 0.05  0.0012 0.992 17.16 
 qm (mmol/g) BDR (mmol2/J2)        
Dubinin–
Radushkevich 0.28 ± 0.01 0.049 ± 0.003   0.0014 0.982 17.34 

 AT (L/mmol) BT (J/mmol)      
Temkin 2324 ± 522 0.035 ± 0.001   0.0015 0.981 18.68 

 qm 
(mmol/g) 

KFS 
(L/mmol) nFS mFS    

Fritz-Schlunder 0.27 93.29 0.99 0.92 0.0002 0.993 12.20 

 qm1  
(mmol/g) 

KBiL1  
(L/mmol) 

qm2 
 (mmol/g) 

KBiL2  
(L/mmol)    

BiLangmuirc 0.19 ± 0.01 137.37 ± 23.39 0.12 ± 0.01 2.78 ± 0.91 0.0008 0.998 11.69 
aR2 value of linear fitting. bR2 value calculated after non-linear fitting using parameters obtained from linear fitting. 
cData from Paper IV, other results simulated for comparison. 
dUnit: (mmol/g)/(L/mmol)nF  eUnit: mmol/L 
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Figure 15. Fitting results of the linear and non-linear Langmuir models for Co(II) adsorption by 
EDTA-silica gel 40-63 µm. Dose: 2 g/L, pH: 3, Co(II) concentration: 0.017-5.1 mM 
(Unpublished data simulated for comparison). 
 

Even if the BiLangmuir model gave the best approximation for the experimental isotherm curves, 

the applicability of the equation should be verified. As presented in section 1.1.5 the BiLangmuir 

model assumes that the adsorbent surface has two different active sites with different affinities. In 

Paper I, the high affinity sites were assigned to the EDTA- or DTPA-groups and low affinity 

sites to primary amino groups of APTES-functionalities. This was justified by comparing the 

amount of determined surface coverages of chelating agents and the total amount of metals 

adsorbed. In Paper V, however, the model fits to the equilibrium curves measured at a higher pH 

(pH 4) indicated that the amount of high energy active sites was much lower than the amount of 

low energy active sites. Based on this, the interpretations presented in Paper I were reconsidered 

and the low and high energy active sites assigned to the different speciations of EDTA and DTPA 

surface groups (see Papers IV and V). The latter was supported by speciation calculations, which 

gave similar relations for the two most abundant speciations compared to the relations of qm1 and 

qm2 values obtained from the BiLangmuir model (Papers IV and V). Furthermore, the surface 

coverages calculated based on the elemental analysis did not necessarily give the most reliable 

results, which was seen in the case of the hybrid materials (see section 4.1). Therefore, the 

experimental verification presented in Paper I can be questioned. Lastly, it should be noted that 

speciation calculations that are considered for aqueous species are not directly applicable for 
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immobilized chelates. Therefore, as with the acidity of the carboxyl groups [122], stability 

constants of surface bound chelates can also differ from those of aqueous chelates causing 

different speciation distributions. 

 For modified chitosans, the Sips model gave the best fitting results for both Co(II) and 

Ni(II) (Papers II and V). This suggested a heterogeneous adsorption and can be assigned to the 

crosslinking effect as well as some amount of functionalities (other than chelating groups) such 

as -NH2 and -OH on the adsorbent surface (see FTIR-spectra in Figure 8). The isotherm curves 

were slightly S-shaped, which can be attributed to the lower affinity of surface groups towards 

metal ions at low concentrations. A crosslinking effect (see sections 4.2.1, 4.2.2), which was 

enhanced at low concentrations and inhibited due to the fast metal chelation at high 

concentrations, might have played an important role in the adsorption phenomena on  modified 

chitosans. 

 We observed that fitting results for hybrid materials were more related to the type of 

metal than the type of material (Paper III). Adsorption isotherms of Co(II) and Cd(II) were better 

fitted by the BiLangmuir model and those of Ni(II) and Pb(II) by the Sips model (except Ni(II) 

adsorption on Chi:TEOS 2:60). The latter suggested a more heterogeneous adsorption for Ni(II) 

and Pb(II) compared to the two other metals. This was supported by the Ni(II) adsorption on 

modified chitosans observations, which showed higher heterogeneity for Ni(II) adsorption 

compared to that of Co(II) (Table 4 in Paper II). At pH 2, Ni(II)EDTA prefers the speciation with 

one negatively charged carboxyl group (Appendix IA). Paper II suggested that this group 

participated in the binding of another Ni(II) ion thus increasing a system heterogeneity. At pH 3, 

however, all the studied metals form EDTA-chelates with negatively charged carboxyl groups 

(Appendix IA). In this case, a lower heterogeneity for Co(II) and Cd(II) adsorption can be 

assigned to a lower affinity of carboxylates and amino-bearing groups towards these cations than 

towards Ni(II) and Pb(II) [92]. Lastly, it should be noted that a similar heterogeneity as above 

was not seen for EDTA- and DTPA-silica gels most likely due to their rigid structure and lower 

surface coverage of functional groups. 
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Effect of error function 
The effect of error functions was discussed in section 1.1.7. Most of the modeling in this work 

was conducted by minimizing ERRSQ error function, because it is programmed in the Origin 

software. For the comparison, however, simple simulations with the Excel Solver were used to 

test all error functions presented in Table 2. 

 Figure 16 shows that the BiLangmuir fits using error functions other than MPSD and 

ARE were rather similar. ERRSQ and R2 gave exactly the same results followed by EABS and χ2 

(Table 15). The poor fittings obtained with MPSD and ARE arises from their weighting towards 

low concentrations. Therefore, ME values shown in Table 15 are low for these functions. Similar 

results are presented in Table 4 in Paper II and Tables 3 and 4 in Paper IV. Tables 3 and 4 in 

Paper IV also show that the MPSD error function predicted that both of the actives sites on 

functionalized silica gels were similar thus turning the BiLangmuir model into a simple one-

component Langmuir isotherm. In conclusion, the use of ERRSQ error function throughout this 

study seems to be a proper choice. 
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Figure 16. Effect of the error function on the BiLangmuir fits for Co(II) adsorption by EDTA-
silica gel 40-63 µm. Dose: 2 g/L, pH: 3, Co(II) concentration: 0.017-5.1 mM (Unpublished data 
simulated for comparison). 
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Table 15. Effect of the error function on the BiLangmuir model parameters for Co(II) adsorption 
by EDTA/DTPA-silica gel 40-63 µm (Unpublished data simulated for comparison). 

Equilibrium model qm1 (mmol/g) KBiL1 
(L/mmol) qm2 (mmol/g) KBiL2 

(L/mmol) χ2 R2 ME (%) 

EDTA-silica gel 
ERRSQ 0.19 110.55 0.13 1.89 0.0015 0.992 20.88 
HYBRID 0.23 52.21 0.10 0.90 0.0029 0.980 16.17 
MPSD 0.28 20.62 0.07 0.15 0.0155 0.930 15.02 
ARE 0.01 55.67 0.30 10.62 0.0349 0.883 15.02 
EABS 0.20 100.00 0.13 1.56 0.0015 0.991 19.71 
R2 0.19 110.55 0.13 1.89 0.0015 0.992 20.88 
χ2 0.21 93.82 0.12 1.43 0.0015 0.991 19.43 

DTPA-silica gel 
ERRSQ 0.19 136.85 0.12 2.78 0.0008 0.996 11.76 
HYBRID 0.22 83.27 0.09 1.36 0.0010 0.992 10.36 
MPSD 0.28 39.55 0.00 21.21 0.0049 0.959 12.10 
ARE 0.24 68.27 0.08 0.78 0.0014 0.988 10.18 
EABS 0.22 100.00 0.09 1.54 0.0008 0.994 10.62 
R2 0.19 136.85 0.12 2.78 0.0008 0.996 11.76 
χ2 0.20 117.13 0.11 2.15 0.0007 0.995 11.12 
 

Effect of data range 

In Paper IV, it was observed that the error between simulated and experimental data was highest 

at low concentrations. Therefore, simulations for the BiLangmuir model were conducted by 

omitting the first equilibrium point (Table 16), which considerably improved the MPSD and ARE 

fittings. Other error functions were less affected by the change of the data range, although ME 

values in these cases also decreased significantly. 
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Table 16. Effect of the error function on the BiLangmuir model parameters for Co(II) adsorption 
by EDTA/DTPA-silica gel 40-63 µm. First equilibrium point omitted from simulations 
(Unpublished data simulated for comparison). 

Equilibrium model qm1 (mmol/g) KBiL1 
(L/mmol) qm2 (mmol/g) KBiL2 

(L/mmol) χ2 R2 ME (%) 

EDTA-silica gel 
ERRSQ 0.18 138.58 0.14 2.16 0.0002 0.996 2.98 
HYBRID 0.19 117.86 0.13 1.78 0.0002 0.995 2.90 
MPSD 0.21 101.10 0.12 1.35 0.0003 0.994 3.03 
ARE 0.19 122.23 0.13 1.88 0.0002 0.995 2.80 
EABS 0.20 100.00 0.13 1.56 0.0004 0.993 2.98 
R2 0.18 138.58 0.14 2.16 0.0002 0.996 2.98 
χ2 0.19 122.93 0.13 1.84 0.0002 0.995 2.88 

DTPA-silica gel 
ERRSQ 0.18 159.10 0.12 3.20 0.0001 0.996 1.92 
HYBRID 0.18 152.49 0.12 3.01 0.0001 0.996 1.86 
MPSD 0.19 146.04 0.12 2.75 0.0001 0.996 1.81 
ARE 0.20 131.64 0.11 2.45 0.0001 0.995 1.67 
EABS 0.22 100.00 0.09 1.54 0.0003 0.993 2.77 
R2 0.18 159.10 0.12 3.20 0.0001 0.996 1.92 
χ2 0.19 152.13 0.12 3.02 0.0001 0.996 1.85 
 
 

It is also interesting to compare the BiLangmuir model fittings of Papers I and IV, due to the 

higher amount of experimental points measured in the latter. Around a 10 to 15% differences was 

seen in the predicted qm1/2 values, while the differences between KBiL1/2 values ranged from 25 to 

50%. Therefore, as Cernik et al. proposed earlier [53], small changes in the experimental points 

may noticeably influence the fitting results. It should be noted, however, that the used data range 

did not change the type of the best fitted model or the relations of simulated qm1/2 and KBiL1/2 

values and therefore fitting results in Papers I and IV rather support each other. 

 

Effect of initial guess values 

Effect of initial guess values was investigated in Paper IV. The initial guesses for the three-

parameter Redlich-Peterson model did not affect the simulation results (see section 4.1 in Paper 

IV). The four-parameter BiLangmuir model, however, gave a worse fit when the initial guesses 

of qm1/2 were not set close to those obtained experimentally (Figure 3 and Tables 3 and 4 in Paper 

IV). Therefore, it can be concluded that the higher amount of estimated parameters makes the 

isotherm model more sensitive to the initial guesses and use of experimentally obtained qm values 

gives a proper initialization for the simulations.  
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4.5.2 Two-component systems 

Two-component experimental data was obtained using solutions containing different ratios of 

Co(II) and Ni(II) (Papers II and IV). It was observed that both modified silica gels and chitosans 

had significantly higher affinities towards Ni(II) than Co(II), which was attributed to the higher 

stability constants of Ni(II) chelates (see section 3.5.3 in Paper II and Figure 4 in Paper IV). 

Extended forms of Sips (Paper II), Redlich-Peterson (Paper IV), and BiLangmuir model (Paper 

IV) were applied, but for comparison Figures 17 and 18 and Tables 17 and 18 also show the 

results obtained for the different extended Langmuir models (Eq. 27-32). In addition, all the 

simulations were performed by omitting the one-component data (not done in Paper IV) because 

all the parameters were assumed to be affected by another component in the solution. Therefore, 

also none of the parameters were fixed. 
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Figure 17. Two-component model fits for Co(II) and Ni(II) adsorption by EDTA-silica gel 40-63 
µm. Dose: 2 g/L, pH: 3, Co(II):Ni(II) ratio (a) 3:1 and (b) 1:3. (Unpublished data simulated for 
comparison). 
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Figure 18. Two-component model fits for Co(II) and Ni(II) adsorption by DTPA-silica gel 40-63 
µm.  Dose: 2 g/L, pH: 3, Co(II):Ni(II) ratio (a) 3:1 and (b) 1:3. (Unpublished data simulated for 
comparison). 
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Table 17. Two-component model parameters for Co(II) and Ni(II) adsorption by EDTA-silica gel 
40-63 µm (Unpublished data simulated for comparison). Uncertainty of the parameters obtained 
by Origin. 

 qm1 K  L1,1 qm2 K  L1,2   χ2 R2 ME 
(%) 

Langmuir type1 0.31 
±.0.01 

10.31  
± 0.94 

0.31 
±.0.01 

89.39 
 ± 7.00   0.0144 0.970 36.3 

 qm1 K  L2,1  qm2  K  L2,1 K  L2,3  χ2 R2 ME 
(%) 

Langmuir type2 0.31 
±.0.01 

10.76 
 ± 0.96 

0.31 
 ± 0.01 

91.54  
± 7.13 

1.35 
 ± 1.40  0.0144 0.970 38.6 

 qm1  K  L3,1  qm2  K  L3,2  K  L3,3  K  L3,4  χ2 R2 ME 
(%) 

Langmuir type3 0.23 
±.0.01 

52.82 
 ± 5.29 

0.38 
±.0.01 

61.75 
 ± 5.17 

0.31 
 ± 0.21 

5.55 
 ± 0.64 0.0087 0.960 38.99 

 qm1  K  S1  qm2  K  S2  nS1 nS2 χ2 R2 ME 
(%) 

Sips 0.32 
±.0.01 

14.54 
 ± 1.80 

0.32 
±.0.01 

68.79 
 ± 5.02 

0.65 
 ± 0.02 

0.90 
 ± 0.03 0.0037 0.980 37.44 

 qm1  K  RP1  qm2  K  RP2  nRP1 nRP2 χ2 R2 ME 
(%) 

Redlich-Peterson 0.35 
±.0.03 

11.69  
± 2.16 

0.22 
±.0.01 

165.34 
 ± 23.98 

1.01 
 ± 0.03 

0.93 
±.0.01 0.0132 0.973 40.34 

 qm1,1  K  BiL1,1  qm1,2  K  BiL1,2  qm2,1  K  BiL2,1  qm2,2  KBiL2,2  χ2 R2 ME 
(%) 

BiLangmuir 0.25 
±.0.01 

64.16 
 ± 13.14 

0.01 
±.0.02 

0.52 
 ± 0.19 

0.11 
±.0.01 

412.48  
± 90.49 

0.22 
±.0.01 

15.28 
 ± 1.87  0.0048 0.981 37.10 

qm (mmol/g), K (L/mmol) 
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Table 18. Two-component model parameters for Co(II) and Ni(II) adsorption by DTPA-silica gel 
40-63 µm (Unpublished data simulated for comparison). Uncertainty of the parameters obtained 
by Origin. 

 qm1 K  L1,1 qm2 K  L1,2   χ2 R2 ME 
(%) 

Langmuir type1 0.31 
 ± 0.01 

11.00 
 ± 1.25 

0.29 
 ± 0.01 

73.26 
 ± 6.92   0.0144 0.969 35.63 

 qm1  K  L2,1  qm2  K  L2,1  K  L2,3   χ2 R2 ME 
(%) 

Langmuir type2 0.30 
 ± 0.01 

10.56 
 ± 1.31 

0.31 
 ± 0.05 

90.91 
 ± 7.18 

1.67 
 ± 1.35  0.0142 0.970 36.41 

 qm1  K  L3,1  qm2  K  L3,2  K  L3,3  K  L3,4  χ2 R2 ME 
(%) 

Langmuir type3 0.25 
 ± 0.01 

39.59  
± 5.30 

0.35 
 ± 0.01 

46.19 
 ± 5.18 

0.25 
 ± 0.13 

4.18 
 ± 0.37 0.0064 0.968 30.83 

 qm1  K  S1  qm2  K  S2  nS1 nS2 χ2 R2 ME 
(%) 

Sips 0.34 
 ± 0.01 

14.07 
 ± 2.31 

0.30 
 ± 0.01 

51.72 
 ± 4.42 

0.61 
 ± 0.02 

0.88 
 ± 0.02 0.0026 0.984 29.66 

 qm1 K  RP1  qm2  K  RP2  nRP1 nRP2 χ2 R2 ME 
(%) 

Redlich-Peterson 0.41 
 ± 0.05 

10.23 
 ± 1.96 

0.20  
± 0.02 

127.46 
 ± 22.89 

1.08  
± 0.05 

0.93 
 ± 0.02 0.0135 0.972 38.87 

 qm1,1  K  BiL1,1 qm1,2  K  BiL1,2  qm2,1  K  BiL2,1  qm2,2  KBiL2,2  χ2 R2 ME 
(%) 

BiLangmuir 0.25 
 ± 0.01 

87.33  
± 19.30 

0.00 
 ± 0.01 

0.88  
± 0.29 

0.08 
 ± 0.01 

399.25 
 ± 90.67 

0.22  
± 0.01 

16.41 
 ± 2.29 0.0037 0.983 31.58 

qm (mmol/g), K (L/mmol) 
 

Figures 17 and 18 show that the extended Redlich-Peterson and BiLangmuir models gave the 

best apparent fits for the experimental two-component data (see Paper IV). Based on the 

statistical analysis, all the models gave rather similar results (Tables 17 and 18). Langmuir types 

1 and 2, Sips, and Redlich-Peterson models predicted higher or similar maximum adsorption 

capacity for Co(II) compared to that of Ni(II), however, which was not observed experimentally. 

Furthermore, the poor fit of the Langmuir model to the one-component data indicates that the 

assumption of similar active sites being related to all the extended Langmuir models is not valid 

in this case. 

 The applicability of the extended BiLangmuir model was further supported by modeling 

results obtained for one-component systems and KBiLi,j values suggesting considerably higher 

binding affinities for Ni(II) than for Co(II). The only discrepancy was that the extended 

BiLangmuir model predicted lower adsorption capacity for the higher affinity binding groups for 
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Ni(II) adsorption. The overall complexity of the system might have caused this. Furthermore, for 

such a wide experimental data range used in modeling, large ME values were expectable. This 

may be due to the high errors obtained for the lowest concentrations (see for example Figure 6 in 

Paper IV). In addition, the uncertainties related to the affinity parameters (K) were significant. 

 In Paper IV we also studied the effect of the amount of fixed parameters in the two-

component modeling. For both extended Redlich-Peterson and BiLangmuir models the best 

approximation was obtained when all the parameters were estimated (see Tables 5 and 6 in Paper 

IV). Obviously, the higher amount of adjustable parameters gave more flexibility in the 

simulations [149]. Moreover, it is evident from Figures 17 and 18 that competing conditions 

affected clearly the adsorption capacities of the studied metal ions. 

 Less equilibrium points were measured in the two-component adsorption on EDTA- and 

DTPA-functionalized chitosan (Paper II). The obtained data, however, was well fitted with the 

extended Sips model also supported by the one-component modeling results. Interestingly, a clear 

synergistic behavior was observed for modified chitosans i.e. adsorption capacity of Ni(II) was 

higher in the two-component systems than in one-component system. This can be explained by 

the positive synergy of chelation and electrostatic interactions that may have taken place with the 

surface groups [63]. Despite the complexity of the two-component systems and modeling result 

interpretations, the results presented in this section emphasize the importance of comparison of 

the one- and two-component modeling results. 

 
4.6 Application testing of EDTA/DTPA-functionalized adsorbents 
 
4.6.1 Capture of Co(II) from its aqueous EDTA chelate 

Based on the higher stability constant of metal DTPA-chelates, DTPA-functionalized silica gel 

and chitosan were tested for Co(II) capture from its aqueous EDTA chelate (Paper V). The 

adsorption efficiencies obtained for DTPA-silica gel and –chitosan ranged from 93 to 96% for 

solutions where all the Co(II) ions were chelated by EDTA. Moreover, CE measurements 

(Figures 6 and 7 in Paper V) showed that the amount of released EDTA correlated well with the 

amount of adsorbed Co(II) suggesting that Co(II)EDTA chelates were actually disintegrated 

during the adsorption process. The results were highly promising since Co(II) specific adsorbent 
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CoTreat developed for the removal of radioactive 60Co loses its adsorption capability in the 

presence of EDTA [150]. 

 
4.6.2 Adsorption of Co(II) from different solution matrices 

In Paper V, we also studied how Co(II) removal was affected by different solution matrices. The 

matrix compositions were selected based on applications for the treatment of wastewaters 

originating from the operation of nuclear power plants (Table 1 in Paper V). Results showed that 

DTPA-chitosan was a better adsorbent than DTPA-silica gel in various solution compositions 

even though DTPA-silica gel showed higher adsorption efficiency in pure metal solutions (at low 

Co(II) concentrations). For example, over 90% Co(II) removal was observed for the DTPA-

chitosan in simulated decontamination solutions containing iron, nitric acid, and EDTA as well as 

in the presence of excess of oxalate, iron, and calcium (Table 1 and Figure 2 in Paper V). 

 

4.6.3 Adsorption tests from multi-metal solutions 

Besides the two-component experiments for modified silica gels and chitosans showing the 

separation of Ni(II) and Co(II), adsorption properties of the modified hybrid materials were tested 

in the solutions containing Co(II), Ni(II), Cd(II), and Pb(II) (Figures 7 and S4 and Table 6 in 

Paper III). Adsorption efficiency followed the order: Pb(II)>Ni(II)>Cd(II)≈Co(II) for EDTA-

Chi:TEOS 2:60 and 2:30 and Pb(II)≈Ni(II)>Cd(II)≈Co(II) for EDTA-Chi:TEOS 2:15. Otherwise, 

excluding the Pb(II) and Ni(II) order, observed selectivity could be explained by the stability 

constants of metal EDTA chelates (Table 4). It was suggested that the properties of surface bound 

EDTA differed from its dissolved form [5] and, for example, the lowest hydration number of 

Pb(II) [130] enhanced the Pb(II) surface chelation. 

 

4.6.4 Preconcentration studies 

Preconcentration is one of the important chelating adsorbents applications. Especially, a reliable 

metal analysis from seawater samples requires preconcentration to increase the sensitivity of the 

method and separate the analyte from the complex matrix solution [103]. Based on the promising 

regeneration results preconcentration of trace amount of metals was tested using columns filled 
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with EDTA- or DTPA-silica gel. Table 19 shows the measured concentrations after 

preconcentration as well as determination limits of ICP-OES for each of the studied metals. 

 
 
Table 19. Preconcentration studies using EDTA/DTPA-functionalized silica gel (Unpublished 
data). 

 Determination limit in 
water (µg/L) 

Real concentration 
(µg/L) 

Determined after 
preconcentration using 
EDTA-silica gel (µg/L) 

Determined after 
preconcentration using DTPA-

silica gel (µg/L) 
Mixed metal solution in water 
Co(II) 5.2 1.0 1.0 1.2 
Ni(II) 2.5 1.0 1.0 1.1 
Cd(II) 1.9 1.0 1.4 1.3 
Pb(II) 12.4 1.0 1.0 1.0 
Mixed metal solution in 3% NaCl 

 Determination limit  in 
3% NaCl (µg/L) 

Real concentration 
(µg/L) 

Determined after 
preconcentration using 
EDTA-silica gel (µg/L) 

Determined after 
preconcentration using DTPA-

silica gel (µg/L) 
Co(II) 10.2 1.0 1.0 1.1 
Ni(II) 7.5 1.0 1.0 1.0 
Cd(II) 3.2 1.0 1.7 1.6 
Pb(II) 21.8 1.0 1.0 1.0 
 
 

Table 19 shows that the determination limits of ICP-OES cannot give reliable results for metal 

concentrations of 1.0 µg/L and the presence of NaCl further increases the determination limits. 

After preconcentration all metals, except Cd(II), could be determined with high accuracy. 

Especially the determination limit of Pb(II) was not very good even in pure water, emphasizing 

the importance of preconcentration. 

 For commercial IDA-chelating resin Chelex-100, 96.3, 95.2, 89.0, and 89.3% recoveries 

were obtained for Co(II), Ni(II), Cd(II), and Pb(II) from 1.0 µg/L solutions in salty matrix using 

ICP-MS [144]. Table 19 shows that for EDTA- and DTPA-silica gels recoveries were 100% in 

most cases, indicating their potential as preconcentrating chelating resins. 
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5 CONCLUSIONS AND FURTHER RESEARCH 

 
Adsorption materials functionalized with chelating agents can be considered as effective, 

selective, and regenerable adsorbents for heavy metals. Depending on the supporting material, the 

adsorption properties of chelating adsorbents may vary significantly. In this study silica gel, 

chitosan, and chitosan silica hybrid materials were used as supports for EDTA- and DTPA-

functionalities. The supporting material affected the surface coverage of the chelating agents and 

therefore the adsorption capacity of metals on the synthesized adsorbents. The influence of the 

pH and initial concentration of metal ions was, however, also different for adsorbents with 

different composition. For example, for modified chitosans, crosslinking played a significant role 

when a metal concentration was low and the pH was higher than 2.5. EDTA-functionalized 

chitosan-silica hybrid materials combined the beneficial properties of silica gel (rigidity) and 

chitosan (high surface coverage). Overall, the studied adsorbents showed very good stability by 

either lasting several regeneration cycles or releasing insignificant amount of silicon during the 

adsorption experiments. 

 Adsorption mechanisms were suggested based on the speciation calculations and the 

amount of protons released during the adsorption. Overall, the chelation mechanism was 

proposed as dominant, which was further supported by the FTIR-analysis of metal loaded 

adsorbents. 

 Both surface coverage and porosity of the chelating adsorbent affected the adsorption 

kinetics. Therefore, applied kinetic models were the pseudo-second-order model and intraparticle 

diffusion model. In pure metal solutions pore diffusion was significant for adsorbents with 

mesoporous structures and intraparticle model plots revealed several diffusion steps affecting the 

adsorption process. Surface reaction i.e. chelation was, however, important for non-

porous/macroporous chitosans and for the adsorption of Co(II) chelated by EDTA on mesoporous 

DTPA-silica gel because the large molecules were not able to diffuse inside the pores of the 

adsorbent. Furthermore, the adsorption rate increased with increasing surface coverage and 

decreasing particle size. 
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Modeling of adsorption isotherms is important because it can give information about the 

adsorbent surface properties and the adsorption mechanism. Modeling is one of the central steps 

in process design. In this study, various isotherm models were tested to find the best fitting 

equations. 

 Error analysis, comparison of experimental and simulated maximum adsorption 

capacities, as well as comparison of the properties of adsorbents on isotherm theories were 

performed to ensure establishment of an optimal isotherm model. The BiLangmuir model 

suggesting two different active sites on the adsorbent surface was found to be best fitted for 

modified silica gels. Some uncertainties existed in the type of functionalities of active sites, 

however, and finally the best suggestion was that these were different speciations of EDTA- or 

DTPA-groups. Sips model fittings and slightly S-shaped isotherms indicated a heterogeneous 

adsorption on modified chitosans. This was attributed to the possible crosslinking effects and 

some amount of amino and hydroxyl groups, besides chelating agents on the surfaces of modified 

chitosans. Interestingly, EDTA-functionalized hybrid materials showed isotherm dependency on 

the type of metal rather than material type. More heterogeneous adsorption of Ni(II) and Pb(II) 

over Co(II) and Cd(II) was attributed to their higher affinities towards surface groups enabling 

different kinds of binding mechanisms. Overall, the modeling of isotherms revealed the 

dependency of the fitting results on the error function, initial guess values, and experimental data 

range. 

 Two-component modeling applied to simultaneous adsorption of Co(II) and Ni(II) 

suggested the fitting of the extended BiLangmuir model for modified silica gels and the extended 

Sips isotherm for modified chitosans. Both results were supported by the one-component 

modeling results. The higher amount of adjustable parameters allowed the best fitting results due 

to the increased flexibility of the equation.  Basically, it was suggested that all the parameters 

were affected by the competing conditions and therefore differed from the one-component-based 

parameters. A lot of deviations between simulated and experimental data were seen at low 

concentrations. 

 In application testing, DTPA-silica gel and -chitosan were found as effective adsorbents 

for Co(II) in the presence of EDTA. Especially, DTPA-chitosan worked very well in various 

solution matrices containing different acids and salts as well as iron. Experiments in multi-metal 
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systems showed separation of Ni(II) from Co(II) and Ni(II) and Pb(II) from Co(II) and Cd(II). In 

addition, preconcentration studies suggested that EDTA/DTPA-silica gels could be used to 

preconcentrate trace amount of metals from salty waters.  

By keeping eye on the future studies, the adsorption properties of EDTA/DTPA-

functionalized materials should be further studied in various solution matrices such as real 

wastewater samples. This would be important prior to scaling up the process. In the industrial 

scale, the applications of novel adsorbents could, for example, be in hydrometallurgy and mining 

industry. 

Also, the capture of Co(II) from its aqueous EDTA chelate is a potential application 

worth further investigation using newly developed adsorbents with strong cation exchange 

properties. Besides Co(II)EDTA, the capture of other metal ions such as Ni(II), Cd(II), Pb(II), 

Cu(II), and Zn(II) from their EDTA-chelates should be studied. 

As was seen in the literature survey and the experimental work of this study the substrate 

to be functionalized significantly influences the properties of the adsorbent. Therefore, it would 

be important to test different substrates for EDTA- and DTPA-functionalities. Moreover, the two 

most interesting and topical groups of substrates would be low-cost materials, such as cellulose, 

and nanomaterials, such as carbon nanotubes. Besides changing the substrate, different chelating 

agents should also be tested. Attractive chelating agents with high metal binding affinities are, for 

example, amino polyphosphonates. 

Finally, use of EDTA- and DTPA-functionalized adsorbents in preconcentration of 

various trace and rare elements from different solution matrices is important. Similar procedures 

could be further applied, for example, for the recovery of valuable metals. 
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a b s t r a c t

In this study, the removal of Co(II) and Ni(II) ions from contaminated water was investigated using silica
gel materials functionalized with both ethylenediaminetetraacetic acid (EDTA) and diethylenetriamine-
pentaacetic acid (DTPA). The modified adsorbents were characterized using elemental analysis, surface
area and pore size analysis, and zeta potential analysis. The adsorption and regeneration studies were
conducted in batch mode. The optimum conditions for the removal of both metals at an initial con-
centration of 10 mg/L were 2 g/L of dose, pH 3, 50 rpm of agitation speed and 4 h of contact time. The
removal of Co(II) and Ni(II) by EDTA- and/or DTPA-modified silica gels was substantially higher than
that by their unmodified form. The maximum Co(II) and Ni(II) uptakes by the EDTA-modified silica gel
were 20.0 and 21.6 mg/g, comparable to their adsorption capacities by DTPA-modified silica gel (Co(II):
16.1 mg/g; Ni(II): 16.7 mg/g). At the same concentration of 10 mg/L, the removal of both metals by the
modified adsorbents ranged from 96% to 99%. The two-site Langmuir model was representative to sim-
ulate adsorption isotherms. The kinetics of Co(II) and Ni(II) adsorption by modified silica gels followed
pseudo-second-order.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals such as Co(II) and Ni(II) are commonly found
in contaminated water from storage battery, catalyst and nuclear
industries [1,2]. These metals are toxic, not biodegradable, and often
accumulate in food chain. If ingested beyond the permitted level,
their toxicities cause health disorders such as allergy or damage
internal organs [3–6]. Therefore, their removal from contaminated
water is required prior to discharge.

At concentrations higher than 100 mg/L, the removal of heavy
metals can be accomplished by chemical precipitation. This conven-
tional method, however, is ineffective and produces a huge amount
of toxic sludge [4]. At lower concentrations, the removal of metals
is better achieved by adsorption. This technology may be able to
generate treated effluents that contain an acceptable effluent limit
of target metals. Due to state-of-the-art of adsorption technology,
the development of new adsorbents has intensified in recent years.

Recently, organic polymers chemically modified with func-
tional groups such as amine, carboxylic and phosphate have been
employed to facilitate metal removal from an aquatic environment
[7]. In spite of having a high amount of active sites for metal bind-
ing, their drawbacks include swelling, slow kinetics, irreversible

∗ Corresponding author. Tel.: +358 15 355 3707; fax: +358 15 355 6363.
E-mail address: Eveliina.repo@uku.fi (E. Repo).

adsorption of target compounds and loss of mechanical stability
[8,9]. To overcome these problems, inorganic materials may be
employed to provide viable solutions.

One of the potential inorganic materials that could be used in
water treatment is silica gel. This material can be chemically mod-
ified with different functional groups by a silanization method to
improve its removal performance. In addition, other advantages of
silica gel are local availability, high surface area of about 600 m2/g
and high thermal resistance [8,9].

Preliminary studies reported that functionalized silica gels could
effectively remove trace elements such as Cu, Zn, Fe, Cd, Pb, and Mn
from contaminated water [8,9]. However, all of the silica-bound lig-
ands could not reverse the metal binding and the regeneration of
spent adsorbent became complicated [10,11]. To address this prob-
lem, in the present study, silica gel was functionalized with metal
chelating agents such as ethylenediaminetetraacetic acid (EDTA)
and diethylenetriaminepentaacetic acid (DTPA) prior to their use
as adsorbents. The chelating agents were anticipated to have the
ability to form stable structures with target metals and reverse the
metal binding after being treated chemically.

The aim of this study was to investigate the performance of sil-
ica gel modified with EDTA and DTPA for the removal of Co(II) and
Ni(II) from contaminated water. Effects of pertinent factors such
as pH and contact time on the metal removal by the adsorbents
were studied. The Langmuir, Freundlich and two-site Langmuir
models were employed to simulate their adsorption isotherms. The

0304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2009.06.111
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Table 1
Physical properties of unmodified silica gel.

Properties Silica gel

Diameter (�m) 5–20 40–63 63–200
Pore volume (g/cm3) 0.84 0.90 0.84
Surface area (m2/g) 540 580 540

adsorption mechanisms of metal removal by the adsorbents are also
presented.

2. Materials and methods

2.1. Materials

As-received silica gel type LiChroPrep®, supplied by Merck (Fin-
land), was provided in powder form. Its physical properties are
presented in Table 1. All chemicals used in this study were of ana-
lytical grade and supplied by the same company. Stock solutions
of 1000 mg/L were periodically prepared by dissolving appropri-
ate amounts of Co(II) and Ni(II) nitrate salts in double deionized
water. Working solutions ranging from 1 to 400 mg/L of Co(II) or
Ni(II) were prepared from the stock solutions. Adjustment of pH
was undertaken using 0.1 M NaOH and 0.1 M HNO3.

2.2. Methods

2.2.1. Chemical modification of silica gels
Silica gel was refluxed with 6 M HCl for 3 h. After washing, the gel

was dried in an oven at 200 ◦C for 24 h. To form functional groups
on its surface, about 15 mL of aminopropyl-triethoxysilane (APTES)
and 50 g of silica gel were added into 300 mL of toluene and mag-
netically stirred at 200 rpm for 16 h. After filtration, the resulting
aminopropyl silica gel (APSG) was washed with 150 mL toluene and
150 mL acetone and then dried in an oven 105 ◦C for 4 h. The surface-
bound amino groups were then reacted with 25 g of EDTA anhydride
in 188 mL of a mixed ethanol and acetic acid (1:1) solution at 76 ◦C
for 16 h (Fig. 1) [12,13].

Functionalization of the gel with DTPA was undertaken by
reacting 17.5 g DTPA anhydride with 6.5 g APSG in 136 mL of
mixed ethanol/acetic acid. After complete reaction, the yellowish
product was filtrated and washed with 4 M NH4OH, 1:1 mix-
ture of ethanol/acetic acid, water and methanol [14]. Finally the
modified silica gels (EDSG and DTSG) were dried in an oven at
105 ◦C for 6 h. The same method was also performed to func-
tionalize silica gels with different particle sizes. The formation
of functional groups on their surface was studied using a FTIR-
spectroscopy type Nicolet Nexus 8700 (USA). The presence of peaks
at wavelength ranging from 1630 to 1400 cm−1 on EDSG and DTSG
indicated the formation of carboxylic groups on the surface of the
adsorbents.

2.2.2. Characterization of the modified silica gels
For elemental analysis, the Kjeldahl and sulfuric acid–dichro-

mate methods were employed according to the Standard Methods
to determine the amount of nitrogen and organic carbon respec-
tively in the modified silica gels [15]. The results were used to
determine the surface coverage of APTES, EDTA, and DTPA on
the adsorbents. Autosorb-1-C surface area and pore size analyzer
(Quantachrome, The UK) were used to determine the surface prop-
erties of the adsorbents before and after modification. Zetasizer
Nano Series model ZEN 3600 (Malvern, the UK) was employed to
measure their isoelectric points before and after metal adsorption.
The zeta potential measurements were performed in 0.1 M NaCl.

2.2.3. Batch adsorption studies
Batch experiments were conducted at ambient temperature

using the optimum conditions of all pertinent factors such as
dose, pH, agitation speed, and contact time. Subsequent adsorp-
tion experiments were carried out with only optimized parameters.
Agitation of the system under investigation was carried out on a
rotary shaker type ST5 (CAT M.Zipperer GmbH, Staufen, Germany).
At the designated time, the adsorbent was separated from aqueous
solution using 0.45 �m polypropylene syringe filter.

Adsorption isotherm tests were carried out at ambient temper-
ature in a mixture of 0.02 g of an adsorbent and 0.01 L of solution
containing Co2+ and/or Ni2+ with varying concentration from 1 to
400 mg/L.

2.2.4. Chemical analysis
After dilution with 2% HNO3, the samples were analyzed by an

inductively coupled plasma optical atomic emission spectrometry
(ICP-OES) model iCAP 6300 (Thermo Electron Corporation, USA).
Changes in the metal concentrations due to adsorption were ana-
lyzed at wavelengths of 228.616 nm (for Co2+) and 231.605 nm (for
Ni2+). The minimum detectable concentrations of both Co(II) and
Ni(II) ions by this equipment were 0.4 and 0.8 �g/L respectively.
The quantity of the adsorbed metal per unit mass of modified silica
gel (mg/g) was calculated as follows:

qe = Ci − Ce

M
V (1)

where Ci and Ce are the initial and the equilibrium concentrations
(mg/L), while M and V represent the weight of the adsorbent (g)
and the volume of the solution (L) respectively.

2.2.5. Regeneration studies
After treatment, the exhausted adsorbent containing the

adsorbed metal was collected for regeneration. Initially the adsor-
bent was loaded by the metal ions by mixing around 0.5 g of EDSG or
DTSG with 0.02 L of 250 mg/L Co(II) or Ni(II) solution. After attain-
ing an equilibrium, the spent adsorbent was separated from the
solution using centrifuge. Metal ions were eluted by mixing the
adsorbent with 0.01 L of 2 M HNO3. Treated effluents were collected
and chemically analyzed for metal determination. The regeneration

Fig. 1. Synthesis route of EDSG [13].
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Table 2
Elemental analysis and calculated surface coverage of EDTA and DTPA.

Adsorbents (mmol/g) Particle size (�m) C (mmol/g) N (mmol/g) EDTA/DTPA

Unmodified silica gel 63–200 0.16 <0.05 –

EDSG 5–20 7.7 1.6 0.25
40–63 7.6 1.7 0.32
63–200 8.3 2.0 0.22

DTSG 5–20 7.7 1.7 0.19
40–63 7.5 1.7 0.23
63–200 8.3 1.9 0.15

efficiency (%RE) of the adsorbent was calculated using Eq. (2):

%RE = qr

q0
× 100 (2)

where q0 and qr are the adsorption capacities of the adsorbents
before and after regeneration respectively.

2.2.6. Statistical analysis
All the experiments were conducted in duplicate under identical

conditions. The coefficient of variation was mostly less than 1%.
If the variation of metal removal by the adsorbent exceeded 5%,
an identical run would be undertaken and closer data points were
used. To determine the margin of error, a confidence interval (CI)
of 95% was calculated for each set of the samples by using SPSS
17.00 Windows version and the obtained data were analyzed using
t-test and/or ANOVA test. Differences were considered statistically
significant when p ≤ 0.05 for the analysis of variance (ANOVA) or
t-tests.

3. Results and discussion

3.1. Characterization of the modified silica gels

To identify changes after surface modification, the modified
adsorbents were thoroughly characterized using elemental anal-
ysis, surface area and pore size analysis, as well as zeta potential
measurements. The values of EDTA and DTPA loadings were calcu-
lated by subtracting the amount of nitrogen and carbon obtained
for APSG from the ones obtained for EDSG or DTSG. The data pre-
sented in Table 2 are the average values calculated from the amount
of carbon and nitrogen in modified silica gels. The average values
for EDTA and DTPA surface coverages were 0.26 and 0.18 mmol/g
respectively. There was no significant correlation between the par-
ticle size and surface coverage of the adsorbents. This could be
attributed to similar surface areas of raw silica gel used (Table 1).

Substantially higher ligand loadings (0.58–0.74 mmol/g) were
obtained for silica polyamino composites modified by EDTA [14]. In
addition, ligand loadings of 5.9 and 1.3 mmol/g were obtained for
the EDTA- and DTPA-modified chitosan [16,17]. The higher surface
coverages of these materials compared to those of modified silica

gels obtained in this study were due to the higher amount of amino
groups available for binding EDTA and/or DTPA. The amounts of
amino groups in silica polyamino composites and chitosan were 4
and 5.9 mmol/g respectively, while the amount of APTES groups
on the surface of silica gel was 1.5 mmol/g. In addition, not all
the surface-bound amino groups completely reacted with EDTA or
DTPA in spite of the excess of the anhydrides used in the synthesis.
This could be attributed to the steric hindrances caused by bulky
organic groups such as DTPA [16].

The isoelectric point determined by zeta potential measure-
ments for both EDSG and DTSG was found to be at pH 4, while
it ranged between pH 1 and 2 for unmodified silica gels (Fig. 2).
The difference of silica gel in the modified and unmodified forms
was observed at an acidic pH range, where the surface charge of
modified material was more positive than that of unmodified form.
In addition, the surface charge of the modified silica gels changed
from positive to negative as a function of pH. This could be due to
the release of protons from the surface. Changes in the values of iso-
electric point observed after metal binding indicated the stability
of the surface-bound metal chelate.

The results of the surface properties of EDSG and DTSG mea-
sured are presented in Table 3. The table shows that the specific
surface area and the total pore volume of the particles of 5–20 �m
were slightly larger than those of 40–63 and 63–200 �m particles.
The specific surface area and the total pore volume decreased after
the formation of organic groups on the surface (Table 1). This could
be attributed to the reduced pore sizes and pore blocking of the
modified adsorbents. The pore size distribution was affected by
the size of the attached organic group and the size of the parti-
cle (Fig. 3). After surface modification, the amount of smaller pores
increased, while that of larger pores decreased due to the formation
of functional groups inside the pores.

3.2. Pertinent factors affecting on the removal of heavy metals by
modified silica gels

3.2.1. Effects of pH
To maximize the removal of heavy metals by the adsorbents,

knowledge of an optimum pH is important. pH affects not only the
surface charge of adsorbent, but also the degree of ionization and

Fig. 2. Zeta potentials as a function of pH in 0.1 M NaCl.
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Table 3
Surface properties of modified silica gels.

Adsorbents Particle size (�m) Specific surface area (m2/g) Total pore volume (cm3/g)

EDSG 5–20 386 0.47
40–63 384 0.48
63–200 297 0.33

DTSG 5–20 367 0.45
40–63 328 0.41
63–200 309 0.34

Fig. 3. Pore size distribution. (a) Effects of the functional group for 63–200 �m particles; (b) Effects of the particle size for DTSG.

speciation of adsorbate during reaction. To study the effects of H+

concentrations on metal removal, the solution pH was varied from
1 to 7. The effects of pH on the adsorption of Co(II) and Ni(II) by the
modified silica gels are presented in Fig. 4.

It is apparent from the figure that the extent of Co(II) and Ni(II)
removal was dependent on pH. The maximum metal adsorption
was attained at pH ranging from 2 to 3, close to the isoelectric point
of the EDSG and DTSG. This could be attributed to the decrease in
the positive surface charge, thus lowering electrostatic repulsions
between the surface of the adsorbent and metal ions [18]. While
at pH ranging from 4 to 7, the metal uptake was limited by the
ligand loading and the stability of the surface-bound chelate [14]. To
maximize metal removal, subsequent adsorption tests were carried
out at pH 3.0 as the optimum pH.

When pH was varied from 1 to 7, it was noticed that the leaching
of the functional groups from the surface of the materials increased
at a higher pH. This effect was studied by measuring the Si concen-
tration in the solution before and after experiments (Fig. 5). The
amount of Si released from the surface was around 0.4% and 0.6%
for EDSG and DTSG respectively. For comparison, Fig. 5 shows that
almost tenfold amount of Si released in the solution from APSG

Fig. 4. Removal of Ni(II) and Co(II) as a function of pH.

at the same conditions. The leaching of the grafted APTES groups
from the silica gel surfaces was attributed to the nucleophilic attack
of the end amino group to the Si–O–Si bond, thus breaking down
the bond [19]. Thus, it is suggested that the EDTA and DTPA groups
protected the surface of silica gels from leaching.

3.2.2. Effects of functional group
Fig. 4 presents that unmodified silica gel had a substantially

lower metal removal (1.4 mg/g) than modified silica gels (15.9 mg/g)
at the same initial Co(II) concentration of 80 mg/L. This suggests
that the chelating groups played predominant roles in improving
the metal adsorption by the modified adsorbents. Fig. 6a illustrates
the equilibrium state of Co(II) and Ni(II) adsorption on 63–200 �m
of EDSG and DTSG particles.

The differences in the adsorption capacities of EDSG and DTSG
were due to the amount of ligands attached on the surface as well
as the stability of the surface-bound metal chelates, as reflected by
their stability constants (K). During equilibrium, the DTPA formed
more stable chelates with both metals [log K = 19.15 for Co(II);
log K = 20.17 for Ni(II)] than the EDTA did [log K = 16.26 for Co(II);
log K = 18.52 for Ni(II)] [20]. Thus, the surface-bound DTPA chelates

Fig. 5. Leaching of silicon into solution as a function of pH.
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Fig. 6. Equilibrium data of metal adsorption on EDSG and DTSG. (a) Effects of the
functional group; (b) Effects of the particle size for Co(II) adsorption on EDSG.

were anticipated to be more stable than the corresponding EDTA
chelates, while Ni(II) chelates were more stable than Co(II) ones.

The optimum uptake of Co(II) by the EDSG was slightly higher
(qm = 20.0 mg/g) than that by the DTSG (qm = 16.1 mg/g), while the
maximum adsorption capacities of Ni(II) by the EDSG and the
DTSG were 21.6 and 16.7 mg/g respectively. The uptake of the met-
als by EDSG was higher because of its higher surface coverage
(Table 2). The EDSG employed in this study also demonstrated a
higher adsorption capacity for Ni(II) compared to the corresponding
material (6.3 mg/g) used in another study undertaken by Shiraishi
et al. [13]. The adsorption capacities of EDTA-functionalized silica
polyamine composites were 26 mg/g for Co(II) and 32 mg/g for Ni(II)
[14], substantially lower than those obtained by EDTA- and DTPA-
modified chitosan for Ni(II), which was about 120 mg/g [16,17].
Better adsorption performances of previous materials compared
to those of EDSG and DTSG in this study are likely due to their
higher amount of available functional groups for metal binding (see
Section 3.1).

It should also be noticed that at a lower concentration of 10 mg/L,
EDSG and DTSG bound Co(II) more effectively than Ni(II) regard-
less of their stability constants. In this case, the immobilization of
chelating agents might have contributed to their binding properties.

3.2.3. Effects of particle size
To study the effects of particle size on metal removal, silica

gel particles with different sizes were functionalized with EDTA
and/or DTPA ligands. The equilibrium curves for Co(II) adsorption
on the EDSG are depicted in Fig. 6b. It was observed that the max-
imum adsorption capacities of 40–63 and 63–200 �m particles
were slightly higher than that of 5–20 �m particles. Similar results

Fig. 7. Effects of contact time on Co(II) adsorption by EDSG.

were obtained for the DTSG. Normally, smaller particles have higher
adsorption performance than larger ones due to their higher sur-
face area. By increasing the particle surface area, it is possible to
increase the adsorption rate of the metals. However, in this study,
particle size did not significantly affect the extent of metal removal
by the modified adsorbents, as they had similar surface area and
coverage for metal adsorption, as suggested by the BET surface area
measurement (Table 3).

3.2.4. Effects of contact time
The removal of Co(II) and Ni(II) by the adsorbents was also stud-

ied as a function of contact time. The contact time was varied from
10 to 4320 min. Fig. 7 shows that the removal rate of Co(II) by the
EDSG was rapid in the first 120 min, then gradually decreased, until
the metal adsorption attained an equilibrium. This indicated the
ease of the target metal in diffusing through the pores of adsor-
bents at the initial stage of adsorption. Within 4 h of contact time,
about 91% of maximum Co(II) removal by the 5–20 �m particles of
EDSG was attained. This stemmed from the fact that a large num-
ber of vacant active surface sites were still available for adsorption
during the initial stage and that after a lapse of time, the remaining
vacant surface sites were occupied by the adsorbed metal. This sug-
gests that the nature of the adsorbent and its available adsorption
sites affected the time required to attain equilibrium. Considering
that there was no significant increase of metal removal beyond 4 h,
this contact time was sufficient to attain equilibrium conditions, as
reflected by the data in Fig. 7. However, due to the minor increase
in the adsorption capacity after 24 h, a contact time of 50 h was
selected for all the equilibrium tests.

3.3. Removal of Co(II) and Ni(II) at different concentrations

The technical applicability of the adsorbents depends on their
performance at varying metal concentrations. Table 4 shows the
removal efficiency of Co(II) and Ni(II) at varying doses of the EDSG
and the DTSG at different metal concentrations. When an opti-
mum dose was employed, the modified silica gels were effective
to remove target metals at both low and high concentrations with
their removal efficiency over 96%. This finding suggests that the
tested adsorbents were relatively promising for water treatment
applications.

3.4. Adsorption mechanism of heavy metal by the adsorbent

Since the surface of silica gel contains functional groups such
as carboxylic, hydroxyl, amine, and carbonyl, it was assumed that
the physico-chemical interactions that might have occurred during
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Table 4
Adsorption performance of unmodified and modified silica gels at different concentrations at pH 3.0.

Type of adsorbent Co(II) Ni(II)

Initial metal
concentration (mg/L)

Dose (g/L) Metal removal (%) Initial metal
concentration (mg/L)

Dose (g/L) Metal removal (%)

Unmodified silica gel 1 2 9.2 – – –
80 2 3.0 – – –

EDSG 1 2 98.2 1 2 97.0
10 2 97.4 10 2 97.2
80 2 43.5 80 2 46.1

250 25 96.3 250 25 99.5

DTSG 1 2 99.1 1 2 96.5
10 2 99.0 10 2 96.7
80 2 40.3 80 2 39.4

250 25 98.6 250 25 99.4

metal removal by the adsorbent could be expressed as follows:

Mn+ + n(–SiOHY) � (–SiOY)nM ↑ + nH+ (3)

where (–SiOHY) represents the surface functional group of modi-
fied silica gels with EDTA symbolized by Y and n is the coefficient of
the reaction component, depending on the oxidation state of metal
ions, while Mn+ and H+ are the heavy metal (Ni2+ or Co2+) and the
hydrogen ions respectively.

On the basis of thermodynamic data [21], EDTA has various
species distribution represented by HnEDTAn−4, where n ranges
from 0 to 5. The calculation of the EDTA species distribution
using the MINEQL software [22,23] showed that negatively charged
H2EDTA2− (85%) and HEDTA3− (15%) are the predominant species
at pH 3, where most of the experiments were undertaken. Based on
the experimental data, it is proposed that the metal removal by the
modified silica gels could be presented as follows:

[SiO–H–HiEDTA]i−2
(aq)+M2+

(aq) � [SiO–M–HiEDTA]i−1↑(s)+H+
(aq)

(4)

where [SiO–H–HiEDTA]i−2 represents the EDTA-modified silica gel
and i is the number of hydrogen ions complexed with EDTA ranging
from 0 to 3, while M2+ is the divalent metal cation.

Eq. (4) suggests that the metal adsorption on the surface of
the adsorbent was attributed to columbic forces between the pos-
itive charge of the heavy metal and the negative surface charge
of the adsorbent. Based on the attractive electrostatics interaction
between the electron-donating nature of the oxygen-containing
functional groups on the surface of the adsorbent (Lewis base) and
the electron-accepting nature of the heavy metal ions (Lewis acid),
the ion exchange mechanism of Ni(II) or Co(II) might also have con-
tributed to the metal removal by the EDTA-modified silica gel. At an
acidic pH range, the functional groups of the modified adsorbents
are protonated, thus facilitating ion exchange to take place.

In this regard, an Ni(II) or Co(II) ion might attach itself to three
adjacent hydroxyl, carboxylic, and amine groups of the adsorbent,
which might have donated the lone pairs of delocalized p-electrons
to the surface to the metal ion to form surface oxide compounds
[SiO–M–HiEDTA]i−1. Nowack and Sigg [24] reported that the struc-
tures of the Co(II) and Ni(II) EDTA chelates in the aqueous phase
are quinquedentate, where three carboxylic groups are involved in
metal binding and that one of the coordination sites is occupied by
a water molecule.

Eq. (4) also indicates that as solution pH increased to 6.0 or
the concentration of H+ decreased (to 10−6 M), the adsorption
reaction shifted from left to right, which resulted in the pro-
duction of more oxygenated metal complex [SiO–M–HiEDTA]i−1

on the surface of the adsorbent or a higher metal removal. Dur-
ing equilibrium, it was found that pH decreased after metal
adsorption. This suggests that the adsorbent was hydrophilic. The
amount of protons released into the solution corresponded to
the amount of EDTA/DTPA groups on the surface (Table 5). This
finding was confirmed by zeta potential measurements, which
showed changes in the isoelectric points after metal loading
(Fig. 2).

3.5. Adsorption kinetics

To investigate the adsorption kinetics of heavy metals onto the
adsorbents, two kinetic models (pseudo-first-order and pseudo-
second-order) were employed to simulate the experimental data.
The pseudo-first-order kinetic model is commonly used to predict
adsorption kinetics. This assumes that the rate of change of solute
uptake with time is directly proportional to difference in saturation
concentration.

To distinguish a kinetic equation based on the adsorption capac-
ity of an adsorbent, the equation for the pseudo-first-order kinetics

Table 5
Correlation between proton release during adsorption and the amount of EDTA or DTPA groups obtained experimentally and from modeling.

Adsorbent Particle size (�m) Metal Ratio of protons released
and metals adsorbed

Ratio of surface coverage of EDTA
or DTPA and metals adsorbeda

qm2/qm from two-site
Langmuir modelb

EDSG 5–20 Co 1.32 0.83 0.68
40–63 Co 0.76 0.94 0.59
63–200 Co 0.78 0.66 0.51
63–200 Ni 0.89 0.67 0.58

DTSG 5–20 Co 0.89 0.75 0.74
40–63 Co 0.86 0.84 0.55
63–200 Co 0.58 0.60 0.66
63–200 Ni 0.5 0.51 0.59

a The amount of metals adsorbed represents the total amount of functional groups on the surface.
b qm2 is the amount of EDTA or DTPA and qm the total amount of functional groups.
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Fig. 8. Adsorption kinetics of Co(II) on EDSG.

is presented as follows [25]:

dq

dt
= k1(qe − q) (5)

By integrating this particular equation at the boundary conditions
q = 0 at t = 0 and q = qt at t = t, this can be transformed into a loga-
rithmic function as follows:

log(qe − qt) = log qe − k1t

2.303
(6)

where qt and qe are the adsorption capacity at time t (mg/g)
and at equilibrium respectively, while k1 represents the pseudo-
first-order rate constant (min−1). The plot of log(qe − qt) versus
t is depicted in Fig. 8a, while other parameters are presented in
Tables 6 and 7.

Fig. 8a and Tables 6 and 7 show that the pseudo-first-order
model was not applicable for the adsorption of Co(II) and Ni(II) by
all the adsorbents, as indicated by their lower correlation coeffi-
cients than those of pseudo-second-order kinetics. Yang et al. [25]
also reported their similar findings. Generally, pseudo-first-order
do not fit well with the whole range of contact time and is applicable
only for the initial stage of adsorption [26].

The kinetic data of metal adsorption by the adsorbents were then
simulated by pseudo-second-order. The equation of this model is
presented as follows:

dq

dt
= k2(qe − q)2 (7)

An integration of Eq. (7) at the boundary conditions, q = 0 at t = 0
and q = qt at t = t, would give:

t

qt
= 1

k2q2
e

+ t

qe
(8)

where k2 is the rate constant of the pseudo-second-order
(g/mg min), while qe represents the amount of metal adsorbed
(mg/g) at equilibrium.

By plotting (t/qt) versus t (Fig. 8b), the rate constants k2 and
correlation coefficients can be calculated. Fig. 8b and Tables 6 and 7
show that the pseudo-second-order kinetic model correlated better
with the experimental data than the pseudo-first-order did. Hence,
it was more representative than the latter to simulate the adsorp-
tion of Co(II) and Ni(II) onto all types of the tested adsorbents.
Furthermore, the obtained rate constants (k2) were the highest for
the smallest particles. This could be due to the larger amount of
particles involved in the adsorption, thus enabling the metal ions
to be adsorbed more quickly.

3.6. Adsorption isotherm

In addition to adsorption kinetics, isotherm studies were under-
taken to simulate the metal uptake by adsorbents. Adsorption
isotherm defines the relationship between the amount of adsor-
bate adsorbed per unit mass of adsorbent (equilibrium adsorption
capacity, qe) at constant temperature and adsorbate’s concentration
at equilibrium conditions (Ce). The Langmuir and the Freundlich
isotherms are the most frequently used models to represent the
equilibrium data of adsorption from aqueous solution.

Table 6
Kinetic parameters for Co(II) and Ni(II) adsorption on EDSG.

Particle size Type of metal C0 (mg/L) qe,exp (mg/g) Pseudo-first-order Pseudo-second-order

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (g mg/min) R2

40–63 Co 20 8.765 4.838 0.00115 0.807 8.865 0.00113 0.999
40–63 Co 80 15.435 6.027 0.00092 0.798 15.723 0.00105 0.999

5–20 Co 80 14.600 1.760 0.00138 0.655 14.620 0.00603 1.000
63–200 Co 80 14.223 6.971 0.00092 0.827 14.265 0.00084 0.999
40–63 Ni 20 9.203 4.526 0.00115 0.703 9.285 0.00138 0.999
40–63 Ni 80 18.463 9.570 0.00138 0.851 18.657 0.00071 0.999

Table 7
Kinetic parameters for Co(II) and Ni(II) adsorption on DTSG.

Particle size Type of metal C0 (mg/L) qe,exp (mg/g) Pseudo-first-order Pseudo-second-order

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (g mg/min) R2

40–63 Co 20 9.093 4.907 0.00115 0.930 9.174 0.00112 0.999
40–63 Co 80 15.844 6.126 0.00069 0.706 15.625 0.00103 0.998

5–20 Co 80 14.077 1.132 0.00138 0.647 14.085 0.00960 1.000
63–200 Co 80 15.322 6.497 0.00115 0.647 15.385 0.00104 1.000
40–63 Ni 20 9.167 5.335 0.00092 0.937 9.242 0.00093 0.998
40–63 Ni 80 16.199 7.328 0.00115 0.899 16.181 0.00103 0.999
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3.6.1. Langmuir isotherm
The Langmuir isotherm assumes that adsorption occurs at

specific homogeneous sites within the adsorbent without any inter-
action between the adsorbed substances [27]. The non-linear form
of the Langmuir isotherm can be expressed as follows:

qe = qmKLCe

1 + KLCe
(9)

where qe and Ce are the adsorption capacity (mg/g) and the equi-
librium concentration of the adsorbate (mg/L) respectively, while
qm and KL represent the maximum adsorption capacity of adsor-
bents (mg/g) and the energy of the adsorption (L/mg). The plot of
the Langmuir isotherm is illustrated in Fig. 9, while the Langmuir
constants are presented in Tables 8 and 9. In spite of having correla-
tion coefficients higher than 0.95, Fig. 9 shows that the equilibrium
data did not fit well with the Langmuir isotherm. Moreover, this
model did not correspond to the experimentally obtained values of
qm,exp. This suggests that homogeneous adsorption might not have
occured at the surface of the silica gel.

3.6.2. Freundlich isotherm
The Freundlich model assumes a heterogeneous adsorption sur-

face with sites that have different energies of adsorption [27]. Its
non-linear form can be represented as follows:

qe = KFC1/nF
e (10)

where KF and nF are the Freundlich adsorption isotherm constants.
Fig. 9 illustrates the Freundlich plot of the Co(II) adsorption, while
the Freundlich constants are presented in Tables 8 and 9. The ‘n’ val-
ues are higher than 1, indicating that the adsorption was favorable.
Thus, the adsorption of Co(II) and Ni(II) by all types of adsorbents

Fig. 9. Adsorption isotherms of Co(II) on EDSG.

represents a favorable uptake. However, the Freundlich model was
not representative enough to simulate the equilibrium data, as
reflected by the low correlation coefficients (Tables 8 and 9).

3.6.3. Two-site Langmuir isotherm
For further modeling study, the two-site Langmuir model, which

assumes that the surface contains two different active sites with dif-
ferent affinities toward target compounds, was also employed [28].
The model presented in Eq. (11) was plotted against the equilibrium
data.

qe = qm1KL1Ce

1 + KL1Ce
+ qm2KL2Ce

1 + KL2Ce
(11)

Table 8
Isotherm constants of EDSG for Co(II) and Ni(II).

Model Particle size (�m) Type of metal qm,exp (mg/g) qm (mg/g) KL (L/mg) n R2

Langmuir 5–20 Co 17.80 16.206 0.755 0.959
40–63 Co 20.09 17.550 0.504 0.948
63–200 Co 20.05 18.483 0.209 0.952
63–200 Ni 19.62 18.516 0.383 0.968

Freundlich 5–20 Co 17.80 110419 5.859 0.920
40–63 Co 20.09 30213 5.264 0.936
63–200 Co 20.05 13997 4.978 0.935
63–200 Ni 19.62 29874 5.195 0.892

Model Particle size (�m) Metal qm,exp (mg/g) qm1 (mg/g) KL1 (L/mg) qm2 (mg/g) KL2 (L/mg) R2

Two-site Langmuir 5–20 Co 17.80 5.951 0.0198 12.501 1.395 0.998
40–63 Co 20.09 8.935 0.0114 12.684 1.481 0.998
63–200 Co 20.05 10.364 0.0234 10.636 1.222 0.998
63–200 Ni 19.62 8.615 0.0394 11.747 1.209 0.996

Table 9
Isotherm constants of DTSG for Co(II) and Ni(II).

Model Particle size (�m) Type of metal qm,exp (mg/g) qm (mg/g) KL (L/mg) n R2

Langmuir 5–20 Co 14.99 14.233 3.351 0.968
40–63 Co 16.03 15.340 0.621 0.954
63–200 Co 15.16 14.662 1.336 0.976
63–200 Ni 16.97 16.112 0.750 0.980

Freundlich 5–20 Co 14.99 10874378 7.716 0.847
40–63 Co 16.03 7.344 6.268 0.887
63–200 Co 15.16 2360844 7.134 0.827
63–200 Ni 16.97 179497 6.075 0.871

Model Particle size (�m) Metal qm,exp (mg/g) qm1 (mg/g) KL1 (L/mg) qm2 (mg/g) KL2 (L/mg) R2

Two-site Langmuir 5–20 Co 14.99 3.991 0.113 11.109 5.443 0.998
40–63 Co 16.03 7.784 0.0562 9.364 3.176 0.999
63–200 Co 15.16 5.326 0.113 10.167 3.401 0.996
63–200 Ni 16.97 6.815 0.0958 9.931 2.306 0.997
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Table 10
Regeneration of EDSG and DTSG for Co(II) and Ni(II) by 2 M HNO3.

No. Types of Adsorbent Adsorption capacity of Co Regeneration
efficiency (%)

Adsorption capacity of Ni Regeneration
efficiency (%)Before regeneration

(mg/g)
After regeneration
(mg/g)

Before regeneration
(mg/g)

After regeneration
(mg/g)

1 EDSG 9.47 9.37 98.92 9.96 9.95 99.91
3 EDSG 9.47 9.37 98.88 9.96 9.95 99.91
6 EDSG 9.47 9.37 98.87 9.96 9.95 99.92
1 DTSG 9.70 9.51 98.00 9.94 9.93 99.90
3 DTSG 9.70 9.47 97.59 9.94 9.94 99.96
6 DTSG 9.70 9.56 97.41 9.94 9.94 99.99

Fig. 9 and Tables 8 and 9 show that the two-site Langmuir model
was applicable to the measured equilibrium data with a correlation
coefficient of 0.99. This suggests that the active sites having a low
affinity toward metal ions were APTES groups and that those with
high affinity were EDTA and/or DTPA groups. The obtained K values
supported this finding, considering that for both EDSG and DTSG,
the other K (related to APTES groups) was smaller than the others
(related to EDTA and DTPA). Furthermore, the values of qm2 (qm2 is
the adsorption capacity related to EDTA and DTPA) well correlated
to the experimentally obtained coverage of EDTA or DTPA groups
(Table 5). This confirms the applicability of the two-site Langmuir
model for the removal of Co(II) and Ni(II) by the modified silica
gels.

3.7. Regeneration of spent adsorbents

To reuse the spent adsorbents, after they had become completely
saturated, metal desorption from the surface of modified silica gels
was conducted using 2 M HNO3 solution. Encouraging results pre-
sented in Table 10 were obtained for different adsorbents at the
same conditions (metals concentration: 250 mg/L; dose of adsor-
bent: 25 g/L; volume of regenerant: 0.01 L). The table indicates that
HNO3 could effectively regenerate all the adsorbents with regener-
ation efficiencies ranging from 98% to 100%. After the first cycle of
regeneration, the adsorption capacities of the adsorbents for Co(II)
and Ni(II) decreased to less than 1%. These results are relatively
promising, as the spent adsorbents could be regenerated for sub-
sequent use, thus improving their cost-effectiveness and reducing
operational cost in water treatment applications.

4. Conclusions

It is evident that the EDTA- and/or the DTPA-modified silica
gels were effective for Co(II) and Ni(II) removal from contaminated
water. The maximum metal uptake by the EDSG was slightly higher
(qm = 20.0 mg/g for Co(II) and qm = 21.6 mg/g for Ni(II)) than that by
the DTSG (qm = 16.1 mg/g for Co(II) and qm = 16.7 mg/g for Ni(II)). At
a lower concentration of 10 mg/L, the removal of Co(II) and Ni(II) by
the modified silica gels ranged from 95% to 98%. The stability of the
EDSG and the DTSG was relatively better than silica gel modified by
the APTES groups. Moreover, modified silica gels could be regener-
ated for subsequent use with regeneration efficiencies ranging from
98% to 100%. The two-site Langmuir model was representative to
simulate the adsorption isotherms, suggesting the presence of two
different functional groups on the surface of modified silica gels.
The kinetics of Co(II) and Ni(II) adsorption by the modified silica
gels followed pseudo-second-order model.
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a b s t r a c t

The aim of the present study was to investigate the adsorption properties of surface modified chitosans
in the aqueous solutions containing Co(II) and/or Ni(II) ions. For this purpose, the ligands of ethylene-
diaminetetraacetic acid (EDTA) or diethylenetriaminepentaacetic acid (DTPA) were immobilized onto
polymer matrices of chitosan. Adsorption of Co(II) and Ni(II) by prepared adsorbents was investigated in
batch techniques. The effects of pH, functional group, contact time, and the concentration of metals were
studied. Metal uptake by EDTA-chitosan was 63.0 mg g−1 for Co(II) and 71.0 mg g−1 for Ni(II) and by DTPA-
chitosan 49.1 mg g−1 for Co(II) and 53.1 mg g−1 for Ni(II). The adsorption efficiency of studied adsorbents
ranged from 93.6% to 99.5% from 100 mg L−1 Co(II) and/or Ni(II) solution, when the adsorbent dose was
2 g L−1 and solution pH 2.1. The kinetics of Co(II) and Ni(II) on both of the modified chitosans followed the
pseudo-second-order model but the adsorption rate was also influenced by intraparticle diffusion. The
equilibrium data was best described by the Sips isotherm and its extended form was also well fitted to
the two-component data obtained for systems containing different ratios of Co(II) and Ni(II). Neverthe-
less, the obtained modeling results indicated relatively homogenous system for Co(II) and heterogeneous
system for Ni(II) adsorption.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The increasing level of toxic metals such as Co(II) and Ni(II) that
are discharged into the environment as industrial wastes, represent
a serious threat to human health, living resources, and ecological
systems [1]. Co(II) is present in the wastewater of nuclear power
plants and many other industries such as mining, metallurgical,
electroplating, paints, pigments, and electro-engineering [2]. Ni(II)
is widely used in silver refineries, electroplating, zinc base casting,
and storage battery industries [3].

Various technologies have been applied to remove Co(II) and
Ni(II) from waste streams. These include chemical precipitation
[4], chemical oxidation/reduction [5], and electrochemical treat-
ment [6]. However, all of the above methods have disadvantages
making them less technically appealing in wastewater treatment.
Precipitation is ineffective and produces a lot of sludge, chemical
reduction/oxidation requires extra chemicals and electrochemical
treatment has high operating costs [7,8].

∗ Corresponding author. Tel.: +358 15 355 3707; fax: +358 15 355 6363.
E-mail address: eveliina.repo@uef.fi (E. Repo).

1 Tel.: +358 15 355 3707; fax: +358 15 355 6363.

One of the most effective methods for the removal of Co(II)
and Ni(II) from wastewater streams is adsorption. Activated car-
bon has been the most popular material in wastewater treatment
for heavy metal removal. However, the high cost of this material
makes its application less economically attractive in industrial scale
[9]. Cation-exchange resins used for Co(II) and Ni(II) removal can
produce treated effluents that contain metals less than the required
discharge limits [10]. However, commercial resins remain expen-
sive materials [7]. To reduce the operational costs, the search for
alternative adsorbents has intensified in recent years. For exam-
ple, natural bentonite [2], orange peel [11], chitosan [12–15], and
anaerobic granular sludges [16,17] have been tested for heavy
metal removal. However, these materials have usually low adsorp-
tion capacities in as-received forms. To improve their performance,
non-conventional materials such as chitosan needs to be modified
chemically.

Due to the reactivity of amine groups and stable chelation,
chitosan can be functionalized to improve its adsorption proper-
ties [15]. Chemical modification of chitosan with chelating agents
such as ethylenediaminetetraacetic acid (EDTA) and diethylene-
triaminepentaacetic acid (DTPA), which form very strong chelates
with metal ions [18,19] may produce adsorbents with excellent
metal binding properties. The environmental fate of these chelating
agents has received attention, but, when immobilized, EDTA and

1385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2010.04.030
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Fig. 1. Synthesis of EDTA-chitosan.

DTPA are not expected to be environmentally critical compounds
[20]. Inoue et al. studied quite extensively adsorption of metals such
as Cd, Fe, Cu, Ni, Co, and Zn by EDTA- and DTPA-chitosans [21,22].
However, their work lacked of simulation modeling of adsorption
kinetics and isotherms of the adsorbents as well as adsorption
mechanism and regeneration studies. Therefore, the aim of this
study was to investigate the adsorption properties of these promis-
ing materials in more detail.

In the previous study, we investigated the applicability of EDTA-
and/or DTPA-modified silica gels to remove Co(II) and Ni(II) from
contaminated water at optimized conditions [23]. In this work,
EDTA- and DTPA-chitosans were used to adsorb Co(II) and Ni(II)
from aqueous solutions. The effects of variables including the type
of chelating agent, metal concentration, and pH on the adsorption
capacity, selectivity and desorption properties of the modified chi-
tosan were considered. To investigate the mechanism of adsorption
the gathered experimental data was fitted to kinetic and equi-
librium models. Furthermore, equilibrium behavior of modified
chitosans was investigated in Co(II)/Ni(II) two-component systems
and obtained data modeled using binary isotherm selected based
on the modeling results of one-component systems.

2. Methods

2.1. Materials

Chitosan flakes >85% deacetylated supplied by Sigma–Aldrich
had molecular weight ranging from 190,000 to 375,000 g mol−1 and
viscosity of 200–2000 MPa. All other chemicals used in this study
were of analytical grade and supplied by Merck (Finland). Stock
solutions of 1000 mg L−1 were prepared by dissolving appropriate
amounts of Co(II) and Ni(II) nitrate salts in double deionized water.
Working solutions ranging from 1 to 200 mg L−1 of Co(II) or Ni(II)
were prepared by diluting the stock solutions. Adjustment of pH
was carried out using 0.1 M NaOH and 0.1 M HNO3.

2.2. Synthesis of EDTA- and/or DTPA-modified chitosan

To improve its reactivity, chitosan was functionalized with EDTA
and/or DTPA according to Nagib et al. [22] (Fig. 1). About 10 g of
chitosan was dissolved in 200 mL of 10% (v/v) acetic acid and then
diluted five times with methanol. Afterwards, approximately 60 g
of EDTA anhydride synthesized according to Tülü and Geckeler [24]
suspended in methanol was added and the mixture was stirred
vigorously for 24 h in room temperature. After filtration the pre-
cipitation was mixed with ethanol (AA) and subsequently stirred

for another 16 h. Then the precipitation was washed with NaOH
solution (pH 11) to remove unreacted EDTA. Finally, EDTA-modified
chitosan was washed with deionized water, 0.1 M HCl, again deion-
ized water, and ethanol. The final product was dried in an oven at
40 ◦C for 48 h and stored in a desiccator. Using the same method,
the chitosan was functionalized with DTPA.

2.3. Characterization of modified chitosans

The formation of additional functional groups on chitosan sur-
face after modification with EDTA and/or DTPA was studied using a
FTIR-spectroscope type Nicolet Nexus 8700 (USA). Kjeldahl method
was employed to determine the amount of nitrogen in the mod-
ified chitosans [25] and the results were used to determine the
surface coverage of EDTA and DTPA on the adsorbents. The spe-
cific surface area and total pore volume of modified chitosans were
measured with Autosorb-1-C surface area and pore size analyzer
(Quantachrome, the UK).

2.4. Batch adsorption tests

Applicability of modified chitosans for Co(II) and Ni(II) removal
was studied using batch experiments in a reaction mixture of
0.01 g of adsorbent and 0.005 L of metal solution containing Co2+

and/or Ni2 at concentrations ranging from 1 to 200 mg L−1. To study
adsorption equilibrium in binary systems, solutions containing
Co(II) and Ni(II) at ratios of 1:1, 2:1, and 1:2, where total concen-
tration of metals varied from 1 to 500 mg L−1, were used. The effect
of pH was studied at metal concentration of 100 mg L−1 in the pH
range of 1–7. Alkalic solutions were not used to avoid the hydroxide
formation (Visual MINTEQ ver. 2.53). The effect of contact time was
studied at metal concentrations of 20 and 100 mg L−1. Agitation was
undertaken using a rotary shaker type ST5 (CAT M.Zipperer GmbH,
Staufen, Germany). At designated contact time, the adsorbent was
separated from the solution using 0.45 �m polypropylene syringe
filter. After dilution with 2% HNO3, the metal concentrations in the
filtrates were analyzed by an inductively coupled plasma optical
atomic emission spectrometry (ICP-OES) model iCAP 6300 (Thermo
Electron Corporation, USA). Co(II) was analyzed at a wavelength of
228.616 nm, while Ni(II) was detected at 231.605 nm. The detection
limits for Co(II) and Ni(II) were 0.4 and 0.8 �g L−1, respectively. The
adsorption capacities (mg g−1) of modified chitosans were calcu-
lated as follows:

qe = Ci − Ce

M
V (1)
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Fig. 2. Effects of pH on adsorption of Co(II) and Ni(II) by unmodified and modified chitosans.

where Ci and Ce are the initial and the equilibrium concentrations,
respectively (mg L−1), while M (g) and V (L) represent the weight of
the adsorbent and the volume of the solution, respectively.

2.5. Regeneration studies

To evaluate their reusability, regeneration of the spent adsor-
bents were performed in acidic conditions. At first adsorbents were
loaded by metal ions by mixing around 0.08 g of the adsorbent with
0.02 L of 100 mg L−1 Co(II) or Ni(II) solution. Regeneration studies
were performed using higher dose to make separation procedure
easier. After attaining equilibrium, the spent adsorbent was sepa-
rated from the solution by centrifuge. Metal ions were eluted using
2 M HNO3. The regeneration efficiency (%RE) of the adsorbent was
calculated using Eq. (2):

% RE = qr

q0
× 100 (2)

where q0 and qr are the adsorption capacities of the adsorbents
(mg g−1) before and after regeneration, respectively.

2.6. Statistical analysis

All the experiments were conducted in duplicate under iden-
tical conditions. The coefficient of variation was mostly less than
1%. If the variation of the metal removal by the adsorbent exceeded
5%, an identical run was undertaken and the closer data point used.
To determine the margin of error, a confidence interval of 95% was
calculated for each set of the samples using Origin software version
8.0 (Microcal Software, Inc.). The obtained data were then ana-
lyzed using t-test and/or ANOVA test. Differences were considered
statistically significant when p ≤ 0.05 for the analysis of variance
(ANOVA) or t-tests.

3. Results and discussion

3.1. Characterization of modified chitosans

The presence of additional functional groups on the surface of
modified chitosans was studied using FTIR spectroscopy. Absorp-
tion peaks of the carbonyl groups of amides and carboxylic groups
were observed at 1629 and 1729 cm−1, respectively [22]. Surface
coverage of EDTA and DTPA was calculated based on the differ-
ence between the amount of nitrogen in unmodified (42.1 g kg−1)
and modified chitosans (81.2 and 82.6 g kg−1) obtained from ele-
mental analysis. Coverages were 1.4 and 0.96 mmol g−1 for EDTA-
and DTPA-modified chitosan, respectively. These values are con-
siderable lower than those presented by Nagib et al. [22] (around

5.9 and 1.3 mmol g−1 for EDTA- and DTPA-functionalized chitosan).
This is probably due to the different type of chitosan used in syn-
thesis. However, the surface concentrations obtained in this study
were well correlated to the amount of metals adsorbed (see Section
3.2.2), which supports the results of elemental analysis.

The specific surface area and the total pore volume of the EDTA-
chitosan were 0.71 ± 0.09 m2 g−1 and 1.76 ± 0.09 × 10−3 cm3 g−1,
respectively. For DTPA-chitosan substantially lower values were
obtained (0.36 ± 0.06 m2 g−1 and 0.74 ± 0.05 × 10−3 cm3 g−1).
These results suggested that DTPA formed crosslinks between the
amino groups of chitosan moieties more effectively than EDTA thus
reducing the surface area and the total pore volume of modified
adsorbent. Furthermore, the specific surface area and the total
pore volume of the unmodified chitosan were 5.9 ± 0.1 m2 g−1 and
11.8 ± 0.1 × 10−3 cm3 g−1, respectively, indicating that the surface
modification reduced significantly the area and pore sizes.

3.2. Pertinent factors affecting on the removal of Co(II) and Ni(II)
by modified chitosans

3.2.1. Effects of pH
In adsorption, pH affects protonation of surface groups and spe-

ciation of metal ions in the solution. Therefore, optimal pH needs
to be determined to maximize the removal of target metals. Fig. 2a
shows the adsorption performance of chitosan materials as a func-
tion of pH. At high initial concentration metal removal increased
only when pH changed from 1 to 2.5 reaching an asymptotic value
(Fig. 2a) and at low initial concentration it reached a maximum at
pH around 2.1 for Co(II) and at 1.1 for Ni(II) (Fig. 2b). pH 2.1 was
selected for further experiments because the adsorption at pH as
low as 1.1 was not effective at high initial concentration.

It is worthwhile to consider more carefully the effect of pH at
low metal concentrations because in 1 mg L−1 metal solution a quite
significant decrease of adsorption efficiency as a function of pH was
observed for DTPA-chitosan (Fig. 2b). This could be due to the speci-
ation of DTPA. Calculations with MINEQL software (Visual MINTEQ
ver. 2.53) show that the dominant forms of DTPA at pH 3 to pH 5 are
H3DTPA−2 and H2DTPA−3. Negatively charged carboxyl groups may
interact with positively charged surface amino groups and there-
fore crosslink with surface before bind metal ions that are found
a relatively small amount in the solution. At higher metal concen-
trations chelation of metals is fast and crosslinking do not occur
in the same extent as at lower metal concentrations (Fig. 2a). For
EDTA-chitosan crosslinking is less effective most likely due to the
fact that EDTA molecule is shorter. Therefore, a drop of adsorption
efficiency as a function of pH at low metal concentrations is not
significant in the case of EDTA-chitosan.
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Fig. 3. Adsorption isotherms for Co(II) and Ni(II) adsorption by modified chitosans.

Finally, Fig. 2a shows that the removal of Ni(II) occurred at lower
pH than adsorption of Co(II), which is in agreement with the ear-
lier studies [23,26]. These results indicated that at low pH region
EDTA- and DTPA-functionalized chitosans could be used for specific
adsorption of Ni(II) in the presence of Co(II) (Section 3.5.3).

3.2.2. Effects of functional group
Fig. 2 shows that chemical modification of chitosan improved

remarkably its adsorption performance. The removal of Co(II) by
unmodified chitosan at 100 mg L−1 of initial concentration was only
5%, while EDTA- and DTPA-modified chitosan could almost com-
pletely remove the metal at the same operational conditions. As
presented in Fig. 3, the maximum adsorption capacities of Co(II)
and Ni(II) by EDTA-chitosan were 63.0 and 71.0 mg g−1 and by
DTPA-chitosan 49.1 and 53.1 mg g−1, respectively. Using the surface
coverages of EDTA and DTPA, it was calculated that 72–86% of EDTA
surface groups and 89–94% of DTPA surface groups were occupied
by metal ions. The reason for unoccupied surface groups is most
likely the crosslinking effect making some of the functionalities
unable for metal binding.

In 100 mg L−1 metal solution the adsorption efficiency of EDTA-
modified chitosan (dose: 2 g L−1) was 99.2% for Co(II) and 99.5% for
Ni(II). The same dose of DTPA-chitosan removed 96.7% of Co(II) and
93.6% of Ni(II) at the similar operational conditions. A higher metal
removal by EDTA-chitosan could be attributed to a crosslinked
structure of DTPA-chitosan (Inoue et al. [21], Section 3.1) and lower
surface coverage of DTPA compared to EDTA. In addition, the higher
maximum adsorption capacity of Ni(II) compared to that of Co(II)
by both adsorbents was probably due to the higher stability con-
stants of Ni(II) chelates (log K = 18.52 for EDTA and log K = 20.17 for

Fig. 4. Effect of contact time on Co(II) and Ni(II) adsorption by modified chitosans.

DTPA) compared to the corresponding Co(II) chelates (log K = 16.26
for EDTA and log K = 19.15 for DTPA) [27].

In another study, Nagib et al. [22] obtained twice higher adsorp-
tion capacities for Ni(II) for both EDTA- and DTPA-functionalized
chitosans. This may be due to the fact that chitosan raw materials
used were different. However, the modified chitosans in this study
demonstrated substantially higher adsorption capacities than sim-
ilarly functionalized silica gels [23] or silica polyaminocomposites
[28]. More importantly, EDTA- and DTPA-functionalized chitosans
were effective adsorbents at pH ranging from 2 to 3 suggesting
that they could be used in the treatment of acidic wastewater for
example from electroplating industry [11].

3.2.3. Effects of contact time
The effects of contact time on the removal of Co(II) and Ni(II)

by EDTA- and DTPA-modified chitosan are depicted in Fig. 4. Ini-
tially the metal uptake was fast due to the many vacant adsorption
sites. For EDTA-chitosan, all the active sites were occupied by tar-
get metals within 4 h after which the adsorption rate gradually
decreased and became constant at equilibrium. However, Fig. 4
shows that DTPA-chitosan needed 12 h to attain equilibrium con-
ditions where the concentration of adsorbate in the bulk solution
was in dynamic balance with that at the interface. It is possi-
ble that some of the adsorption sites of DTPA-chitosan were not
as easily obtained as others due to the crosslinking (see Section
3.1). This was also seen from the slower kinetics of metal adsorp-
tion by DTPA-chitosan compared to that of EDTA-chitosan (Section
3.5.1). Due to the differences between EDTA- and DTPA-chitosans
and the small increase of the adsorption capacity after 12 h of

Table 1
Regeneration of EDTA- and DTPA-chitosan for Co(II) and Ni(II) by 2 M HNO3.

Type of adsorbent No. of cycles Adsorption capacity of Co(II) Regeneration
efficiency (%)

Adsorption capacity of Ni(II) Regeneration
efficiency (%)

Before
regeneration
(mg g−1)

After
regeneration
(mg g−1)

Before
regeneration
(mg g−1)

After
regeneration
(mg g−1)

EDTA-chitosan

1 22.96 22.66 98.73 24.35 24.34 99.99
3 22.96 22.70 98.91 24.35 24.17 99.23
6 22.96 22.83 99.46 24.35 24.34 99.96

10 22.96 22.73 99.01 24.35 24.33 99.94

DTPA-chitosan

1 22.71 22.18 97.64 24.16 24.07 99.59
3 22.71 22.49 99.02 24.16 24.10 99.73
6 22.71 22.59 99.48 24.16 24.16 99.96

10 22.71 22.63 99.64 24.16 24.07 99.60
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Fig. 5. Kinetic modeling of Co(II) adsorption by modified chitosans. pH: 2.1, dose:
2 g L−1, and agitation speed: 50 rpm.

mixing, contact time of 24 h was selected for all the equilibrium
tests.

3.3. Adsorption mechanism

On the basis of thermodynamic data [29], EDTA is represented
by various species of general formula HnEDTAn−4 where n ranges
from 0 to 5. The calculation using the MINEQL software showed
that negatively charged H3EDTA− (41%) and uncharged H4EDTA
(35%) were the predominant species at pH 2.1, where most of the
experiments were conducted. Based on this, it is proposed that the
metal removal by the modified chitosans could be presented as

follows [23]:

RHiEDTAi−3 + M2+ � M(RHEDTA) + (i − 1)H+ (3)

where R represents the chitosan and i is the number of hydrogen
ions complexed with EDTA ranging from 2 to 3, while M2+ is a metal
ion.

According to the above mechanism at least one proton should
be released into the solution upon metal binding. However, exper-
imentally observed amount of released protons was only half of
expected against every adsorbed metal ion. This indicated that
some of the protons were also bound to the surface and following
protonation mechanism of free amino groups was suggested:

RNH2 + H+ � RNH3
+ (4)

A protonation constant (log Kp) of above reaction is 6.3 [30] indi-
cating that all of the free amino groups were protonated at pH 2.1.
This explains the observation that the pH did not decrease during
the adsorption as much it was expected based on the reaction (3).

From the above and characterization of the modified chitosans,
it was found that the chitosan surface contained some free amino
groups after synthesis. Therefore, a part of the metal ions could bind
on the surface also via amino groups. Earlier it has been presented
that two OH groups and one amino group of chitosan are grabbed by
metal ion and rest of the coordination sites are occupied by water
molecules [30]:

RNH2 + M2+ � M(RNH2)2+ (5)

However, the metal binding by surface amino groups was prob-
ably highly inhibited at pH 2.1 due to the competition of protons
(Eq. (4)) as could be seen in the case of unmodified chitosan (Fig. 2
[26]). Therefore, it is suggested that the metal binding occurred
mainly via surface chelation by EDTA and DTPA groups. This was
also supported by the similar amount of metals adsorbed vs. the
amount of chelating surface groups.

3.4. Regeneration studies

Regeneration of the spent adsorbent is necessary to restore its
original adsorption capacity and it enables valuable metals to be
recovered from wastewater streams for reuse. In this study, Co(II)
and Ni(II) were desorbed from EDTA- and DTPA-chitosans using
2 M HNO3. Table 1 suggests that the regeneration efficiency of both
adsorbents was almost complete for both metals. These results indi-
cate the suitability of HNO3 as the regenerant for both adsorbents.
It should also be noticed that unmodified chitosan is not stable in
2 M HNO3 [13,14]. Therefore, it seems that the modification of chi-
tosan with EDTA and/or DTPA stabilized chitosan to resist acidic
regenerant.

3.5. Simulative modeling of adsorption data

3.5.1. Modeling of adsorption kinetics
Modeling of adsorption kinetics was conducted by using the

pseudo-first-order and pseudo-second-order models. These orig-
inally empirical models have been used extensively to describe the
sorption kinetics. Recently, also theoretical backgrounds for these
models have been studied by Azizian [31] using the classical Theory
of Activated Adsorption/Desorption and Rudzinski and Plazinski
[32,33] using the Statistical Rate Theory. The pseudo-first-order
model is expressed as [34]:

log(qe − qt) = log(qe) − k1

2.303
t (6)
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Table 2
Pseudo-first-order, pseudo-second-order, and intraparticle diffusion model parameters for Co(II) and Ni(II) adsorption by modified chitosans.

EDTA-chitosan DTPA-chitosan

Metal C0 (mg L−1) qe,exp (mg g−1) qe (mg g−1) k1 (min−1) R2 qe,exp (mg g−1) qe (mg g−1) k1 (min−1) R2

Pseudo-first-order

Co(II)
20 9.12 0.61 0.0041 0.787 8.89 2.10 0.0714 0.893

100 41.25 3.25 0.00346 0.703 41.73 14.49 0.00115 0.733

Ni(II)
20 9.48 0.69 0.00253 0.607 7.77 2.83 0.00276 0.847

100 45.59 7.59 0.00230 0.631 42.23 19.91 0.00115 0.887

EDTA-chitosan DTPA-chitosan

Metal C0 (mg L−1) qe,exp (mg g−1) qe (mg g−1) k2 (g mg−1 min−1) R2 qe,exp (mg g−1) qe (mg g−1) k2 (g mg−1 min−1) R2

Pseudo-second-order

Co(II)
20 9.12 9.12 0.0338 1.000 8.89 8.90 0.0125 0.999

100 41.25 41.32 0.00459 1.000 41.73 42.37 0.00044 0.999

Ni(II)
20 9.48 9.49 0.02539 1.000 7.77 7.83 0.00390 0.999

100 45.59 45.66 0.00171 1.000 42.23 42.37 0.00036 0.998

EDTA-chitosan DTPA-chitosan

Metal C0 (mg L−1) kid,1 (mg g−1 min−1/2) kid,2 (mg g−1 min−1/2) kid,3 (mg g−1 min−1/2) kid,1 (mg g−1 min−1/2) kid,2 (mg g−1 min−1/2) kid,3 (mg g−1 min−1/2)

Intraparticle diffusion model

Co(II)
20 2.043 0.751 0.0059 1.594 0.433 0.035

100 6.933 3.438 0.019 3.196 1.105 0.147

Ni(II)
20 1.723 1.390 0.0048 0.828 0.196 0.023

100 5.626 4.494 0.058 3.309 1.008 0.198

The pseudo-second-order rate equation is:

t

qt
= 1

k2q2
e

+ 1
qe

t (7)

where qt and qe (mg/g) are the adsorption capacity at time t and at
equilibrium, respectively, while k1 (min−1) and k2 (g mg−1 min−1)
are the pseudo-first-order and pseudo-second-order rate con-
stants. Fig. 5a and Table 2 indicate that pseudo-first-order model
was not representative to describe the experimental data. This
could be due to the fact that pseudo-first-order model is gener-
ally applicable only at initial stage of adsorption [34,35]. However,
according to Table 2, it is evident that the pseudo-second-order
model (Eq. (7)) gave the best fit to the experimental data since qe,exp

and qe,model were very close to each other. Thus, the main process
resistance could be related to the kinetics of the sorption pro-
cess [34]. Furthermore, according to the Azizian’s theory [31], the
sorption fits better to the pseudo-second-order model than to the
first-order model when the initial concentration of the adsorbate
is not excessively high, which was also the case in this study. The
values of the pseudo-second-order rate constants showed faster
adsorption kinetics for EDTA-chitosan compared to DTPA-chitosan.

The above theory considers kinetics governed by the rates of
the surface reactions. Furthermore, to investigate if film or pore
diffusion was the controlling step in the adsorption, a model of
intraparticle diffusion was tested as follows:

q = kidt1/2 + C (8)

where kid (mg g−1 min−1/2) is the rate constant of intraparticle dif-
fusion and C (mg g−1) represents the thickness of the boundary
layer. More than one linear portion in the plot of adsorption capac-
ity vs. square root of time (Fig. 5c) indicated that the adsorption
of metals by modified chitosans occurred via several steps. The
first portion with steep slope represented external surface adsorp-
tion or instantaneous adsorption stage. The second portion was the
gradual adsorption stage (diffusion in mesopores), where the intra-
particle diffusion was rate-controlled. In the third portion (diffusion
in micropores) the intraparticle diffusion started to slow down due
to the low metal concentration in solution [36].

The values of intraparticle diffusion rate constants: kid,1, kid,2
and kid,3 are given in Table 2. The first two rate constants were
higher for EDTA-chitosan than for DTPA-chitosan indicating the
faster adsorption processes for EDTA-chitosan both from the bulk
phase to the exterior surface of adsorbent and inside the meso-
pores. The last rate constants were close to zero for EDTA-chitosan
supposing the attained equilibrium state. For DTPA-chitosan no
plateau was seen indicating the diffusion processes in micropores,
which also seemed to be the rate controlling step [36]. Further-
more, Table 2 shows that the rate constant increased as a function
of the initial concentration of metal in all three portions. This can
be explained by the fact that the intraparticle diffusion model was
developed based on the Fick’s Law, which states that a rise in the
concentration gradient increases the diffusion rate.

Based on the kinetic modeling it was suggested that both intra-
particle diffusion and metal binding by the surface ligands affected
the metal adsorption by the two adsorbents. Pore diffusion was not
the only step that controlled the removal of the metals at the initial
stage of the adsorption. This indicated that the external resistance
to mass transfer was significant at the early stage of adsorption [37].

3.5.2. Modeling adsorption isotherms for one-component systems
Adsorption isotherms represent the adsorption capacity of the

adsorbent as a function of adsorbate concentration in the solution
at equilibrium conditions. Langmuir, Freundlich, and their combi-
nation Sips model were chosen for equilibrium calculations since
they are commonly used in description of liquid–solid systems [38].
Modeling calculations were conducted using Origin software ver-
sion 8.0 (Microcal Software, Inc.) by means of a nonlinear regression
method based on the Levenberg–Marquardt algorithm. Isotherm
parameters were determined by minimizing the Sum of the Squares
of the Errors (ERRSQ) function across the concentration range stud-
ied:

p∑
i=1

(qe,exp − qe,calc)2 (9)

The Langmuir model assumes a monolayer adsorption on a
homogenous surface where the binding sites have the same adsorp-
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Table 3
Isotherm parameters and error analysis for modeling one-component systems by using the Langmuir and Freundlich models.

Model Material Type of metal qm,exp (mg g−1) qm (mg g−1) KL/F (L mg−1) n Chi2 R2

Langmuir
EDTA-chitosan

Co(II) 63.0 65.466 0.316 2.443 0.996
Ni(II) 71.0 77.073 1.066 46.444 0.941

DTPA-chitosan
Co(II) 49.1 52.866 0.222 0.447 0.999
Ni(II) 53.1 64.139 0.116 37.027 0.924

Freundlich
EDTA-chitosan

Co(II) 63.0 9610.562 3.105 30.7223 0.947
Ni(II) 71.0 1029074 3.930 219.166 0.720

DTPA-chitosan
Co(II) 49.1 4878.553 3.180 32.997 0.911
Ni(II) 53.1 668.906 2.617 93.637 0.808

tion affinity and no interactions between adsorbates are considered
[38,39]:

qe = qmKLCe

1 + KLCe
(10)

where qe (mg g−1) and Ce (mg L−1) are the adsorption capacity and
the equilibrium concentration of the adsorbate, respectively, qm

(mg g−1) is the maximum adsorption capacity of adsorbents, while
KL (L mg−1) represents the energy of the adsorption. Fig. 3 shows
that the Langmuir model correlated quite well with the experi-
mental data for Co(II) adsorption but not that for Ni(II). For both
adsorbents, the Langmuir model gave a better estimate of the max-
imum adsorption capacity for Co(II) (Table 3) without considerably
affecting the quality of the fit.

The Freundlich model predicts the adsorption on a hetero-
geneous surface without saturation of adsorbent binding sites
[38,39]:

qe = KFC1/nF
e (11)

where KF (mg g−1) is a unit capacity coefficient and nF is the Fre-
undlich parameter related to the degree of system heterogeneity.
The parameter nF is usually greater than unity, and the larger it is,
the more heterogeneous is the system [40]. The Freundlich model
showed a poor fit to the experimental data with lower R2 and the
higher Chi2 values (Table 3) in comparison to the Langmuir model.
It can be seen from Fig. 3 that the data obtained experimentally
formed L type adsorption isotherms providing a concave curve
and tending to approach a constant value with increasing metal
ion concentration [41]. The Freundlich model, unlike the Langmuir
expression, does not show a maximum saturation as the aque-
ous concentration approaches infinity. Therefore, the equilibrium
adsorption data for Co(II) and Ni(II) ion adsorption on modified chi-
tosans were not represented appropriately by the Freundlich model
in the concentration range studied.

The Sips model is a hybrid of the Langmuir and the Freundlich
isotherms [39]:

qe = qm(KSCe)nS

1 + (KSCe)nS
(12)

where KS (L mg−1) is the Langmuir equilibrium constant and nS is
the Freundlich heterogeneity factor. The Sips isotherm behavior
is the same as that of the Freundlich equation with exception of
possessing a finite saturation limit when the concentration is suf-
ficiently high. This isotherm is usually applicable where both the
Langmuir and the Freundlich models fail [40]. Similar to the pre-
vious isotherm equations, the ERRSQ error function was employed
to evaluate the fit of the Sips model to the experimental equilib-
rium data. Since the choice of error function can affect the derived
parameters, the isotherm parameters for the Sips model were addi-
tionally determined by minimizing the Derivative of Marquardt’s
Percent Standard Deviation (MPSD) error [39]:

p∑
i=1

(
qe,exp − qe,calc

qe,exp

)2

(13)

A detailed error analysis was carried out to compare the calculation
quality for both error functions (ERRSQ and MPSD). The isotherm
parameters obtained, along with the standard deviation (�), mean
error, Chi2 test, and correlation factor (R2) are listed in Table 4.
The comparison of the values obtained indicated that the applica-
tion of different error functions resulted in different values of the
Sips constants as well as the calculation errors. Based on the cor-
relation factor R2 a better approximation was achieved for ERRSQ.
This presumption was partially confirmed by Chi2 test. The esti-
mated qm values were very close to the experimentally obtained
maximum metal uptake, with the exception of Co(II) adsorption on
EDTA-chitosan. For this adsorbent, a slightly higher qm value was
estimated for Co(II) than for Ni(II) (70.59 and 69.90 mg g−1, respec-
tively), as opposite to that observed experimentally. The miniscule
lower value of qm for Ni(II) can result from the approximation
to scattered data [42]. On the other hand, based on the standard
deviation (�) and mean error, it is evident that the fit of the Sips

Table 4
Isotherm parameters and error analysis for modeling one-component systems by using the Sips model.

Parameters Statistical tests
Material Type of metal qm,exp (mg g−1) qm (mg g−1) KS (L mg−1) nS � Mean error Chi2 R2

ERRSQ

EDTA-chitosan
Co(II) 63.0 70.585 0.250 0.825 0.827 10.652 0.545 0.999
Ni(II) 71.0 69.899 1.360 1.985 2.236 7.540 2.821 0.991

DTPA-chitosan
Co(II) 49.1 51.625 0.236 1.08 0.544 3.082 0.122 0.999
Ni(II) 53.1 53.557 0.173 2.701 1.016 17.664 27.194 0.998

MPSD

EDTA-chitosan
Co(II) 63.0 62.985 0.370 0.974 0.067 5.297 1.010 0.993
Ni(II) 71.0 71.520 1.248 1.849 0.101 6.284 3.584 0.987

DTPA-chitosan
Co(II) 49.1 53.008 0.215 1.031 0.038 2.597 0.198 0.999
Ni(II) 53.1 61.360 0.111 1.502 0.234 17.178 13.091 0.931
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equation to the experimental data was better for MPSD. The qm of
adsorbed Ni(II) was larger than that of Co(II) for both EDTA- and
DTPA-chitosans. It corresponded to the adsorption order observed
experimentally: Ni(II)EDTA > Co(II)EDTA > Ni(II)DTPA > Co(II)DTPA.
Nevertheless, for DTPA-chitosan, MPSD function overestimated the
real qm value by 8–15%. All of the preceding remarks indicated that
it was incorrect to select the proper error function by comparison
of calculation errors when the estimated parameters were highly
biased [43].

Further examination of the results represented in Table 4 indi-
cated that the difference between the two error functions was not
significant in the case of the estimation of two other Sips constants
(KS, nS). The KS indicated the higher affinity of Ni(II) and Co(II) for
EDTA-chitosan than for DTPA-chitosan. This is analogous to the
relation obtained by other authors [22]. The heterogeneity factor
(nS) values were close to unity for Co(II) adsorption indicating rela-
tively homogenous systems [38,44]. In such a case, the Sips model
reduced to the Langmuir that represented a similar extent of fit
(Fig. 6a). In the case for Ni(II) adsorption, the Sips equation gave
much better approximation of the experimental data, compared to
both the Langmuir and the Freundlich models (Fig. 6b). The parame-
ter nS was greater than unity for Ni(II) adsorption, indicating system
heterogeneity.

For both EDTA- and DTPA-chitosan, the heterogeneity factor nS
was higher for Ni(II) than for Co(II). It can be attributed to the
structures of the chelates on the surface. The ratio of CoHEDTA−

and CoH2EDTA chelate is 1.7:1 and the ratio of NiHEDTA− and
NiH2EDTA chelate is 10.7:1 (MINEQL) at pH 2.1. The speciation in
the solution phase indicates that when Ni(II) was bound on the
EDTA surface group in 1:1 stoichiometry around 90% of the formed
chelates had one unbound negatively charged carboxyl group. This
group could have interacted with the surface or participated in
binding of another Ni(II) ion. For example, two EDTA groups located
close to each other could have bound altogether three Ni(II) ions
and in turn increased the heterogeneity factor. In relation to DTPA
there is little difference in speciation of Co(II)DTPA and Ni(II)DTPA
chelates at pH 2.1. However, unbound carboxyl groups of metal
DTPA chelates could have participated in binding other Ni(II) ions
rather than Co(II) due to the better overall stability established for
Ni(II) carboxylates compared to Co(II) carboxylates [29]. It can be
concluded that the surfaces of modified chitosans had adsorption
sites that were able to bind Ni(II) but not Co(II) ions.

3.5.3. Modeling adsorption isotherms for two-component systems
From the one-component systems, it was seen that the adsorp-

tion capacity of Ni(II) on both modified chitosans was higher than
that of Co(II). Same characteristics were seen from adsorption tests
in binary systems, where the ratio of initial concentrations of Co(II)
and Ni(II) was kept constant (Co:Ni ratio: 1:1, 1:2 and 2:1). The
maximum adsorption capacity of Ni(II) was two to five times higher
than that of Co(II) in all the studied systems. The selectivity coef-
ficient [45] for Ni(II), which was calculated from the ratio of the
distribution constant (qe,Ni/Ce,Ni) for Ni(II) over the distribution
constant for Co(II) (qe,Co/Ce,Co), varied for EDTA-chitosan from 56
to 102 and for DTPA-chitosan from 37 to 129. Very high values fur-

Fig. 6. Modeling of (a) Co(II) and (b) Ni(II) adsorption behavior of EDTA- and DTPA-
Langmuir, Freundlich, and Sips equation.

ther confirmed that the modified chitosans had better selectivity
and affinity for Ni(II) than for Co(II).

The equilibrium data of two-component systems was modeled
by usage of the extended form of the Sips isotherm [46,47]:

q1 = qm1(KS1Ce1)nS1

1 + (KS1Ce1)nS1 + (KS2Ce2)nS2
(14)

q2 = qm2(KS2Ce2)nS2

1 + (KS1Ce1)nS1 + (KS2Ce2)nS2
(15)

where KS1 and KS2 (L mg−1) are analogous to the Langmuir affinity
constants and nS1 are nS2 are heterogeneity constants. Subscrip-
tions 1 and 2 refer to Co(II) and Ni(II), respectively. The most
desirable approach to model multi-component systems is an
estimation of competitive isotherm solely on the basis of the corre-
sponding one-component isotherms [46]. However, the individual
adsorption constants may not define interactions between com-

Table 5
Isotherm parameters for modeling two-component systems by using the Sips model.

Material Parameters Statistical tests

qm1 (mg g−1) qm2 (mg g−1) KS1 (L mg−1) KS2 (L mg−1) nS1 nS2 � Mean error Chi2 R2

ERRSQ, qm and nS estimated
EDTA-chitosan 59.852 75.012 0.250a 1.360a 0.563 1.582 36.569 74.703 30.392 0.940
DTPA-chitosan 47.983 57.075 0.236a 0.173a 0.605 3.119 23.311 79.896 19.639 0.941

Subscripts 1 and 2 refer Co(II) and Ni(II), respectively.
a Values taken from the one-component systems.
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Fig. 7. Modeling of two-component data of (a) EDTA- and (b) DTPA-chitosan using
the binary Sips equation. Experimental conditions as in Fig. 6.

petitive ions. The maximum adsorption capacity (qm) as well as the
interaction term (nS) depend on the concentrations of the other
components in the mixture [48]. Thus, in this part of modeling study
both parameters were estimated by minimizing the ERRSQ error
function (Eq. (9)). The obtained results are depicted in Table 5 and
Fig. 7.

Fig. 7 shows that the binary Sips model was fitted reason-
able well to the experimental two-component data. Interestingly,
estimated qm values for Ni(II) for both adsorbents were higher
than those obtained for one-component systems (Tables 4 and 5).
This was seen also experimentally (qm,Ni(II) for EDTA-chitosan
75.6 mg g−1 and for DTPA-chitosan 58.9 mg g−1 in 1:1 Co:Ni system)
and indicated that the presence of Co(II) enhanced the adsorption
of Ni(II). Despite of the apparent good fit, statistical tests gave quite
high error values (Table 5). Especially high errors were found for
low qe values. Poorer fitting compared to the one-component sys-
tems could resulted from the KS values applied directly from the
one-component systems. Thus, it was possible that also KS’s were
affected by the presence of competitive ions. On the other hand,
it was reasonable to use the same KS in one- and two-component
systems due to the binding groups on the surface were chelating
agents having a certain stability constant with each of the metal
ions [27]. On the whole, the apparent fit, good R2 values, and rea-
sonable estimated qm values supported the applicability of the Sips
model also in binary systems.

4. Conclusions

EDTA- and DTPA-modified chitosans were found to effectively
adsorb Co(II) and Ni(II) from aqueous solutions. The maximum

metal uptake by the EDTA-chitosan was higher (qm = 63.0 mg g−1

for Co(II) and qm = 71.0 mg g−1 for Ni(II)) than that by the
DTPA-chitosan (qm = 49.1 mg g−1 for Co(II) and qm = 53.1 mg g−1

for Ni(II)). At metal concentration of 100 mg L−1, the removal
of Co(II) and Ni(II) by the modified chitosans ranged from
93.6% to 99.5%. The selectivity sequence of both ions uptake
Ni(II)EDTA/DTPA > Co(II)EDTA/DTPA was in accordance with the
stability constants of the metal chelates of EDTA and DTPA. Lower
metal uptake by DTPA-chitosan was attributed to its crosslinked
structure and lower surface coverage of chelating groups. Adsorp-
tion kinetics followed a pseudo-second-order model for both
modified chitosans, but the rate of the adsorption was also affected
by intraparticle diffusion. Modeling of adsorption equilibrium
required not only the choice of isotherm equation but also the
error function. The quality of the fit was judged by a few statis-
tical tests as well as accurate approximation of the real adsorption
capacity (qm). The Sips isotherm allowed the best approximation
of experimental data. Nevertheless, Ni(II) and Co(II) adsorption
by modified chitosan occurred under different system behavior.
The adsorption studies in two-component systems showed that
the modified chitosans had much better affinity for Ni(II) than
for Co(II) suggesting that Ni(II) could be adsorbed selectively from
the contaminated water in the presence of Co(II). Finally, the two-
component equilibrium data was well described by the binary Sips
model, which supported further the modeling results obtained for
one-component systems.
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a b s t r a c t

Novel adsorbents were synthesized by functionalizing chitosan–silica hybrid materials with (ethylenedi-
aminetetraacetic acid) EDTA ligands. The synthesized adsorbents were found to combine the advantages
of both silica gel (high surface area, porosity, rigid structure) and chitosan (surface functionality). The
Adsorption potential of hybrid materials was investigated using Co(II), Ni(II), Cd(II), and Pb(II) as target
metals by varying experimental conditions such as pH, contact time, and initial metal concentration.
The kinetic results revealed that the pore diffusion process played a key role in adsorption kinetics, which
might be attributed to the porous structure of synthesized adsorbents. The obtained maximum adsorp-
tion capacities of the hybrid materials for the metal ions ranged from 0.25 to 0.63 mmol/g under the stud-
ied experimental conditions. The adsorbent with the highest chitosan content showed the best
adsorption efficiency. Bi-Langmuir and Sips isotherm model fitting to experimental data suggested the
surface heterogeneity of the prepared adsorbents. In multimetal solutions, the hybrid adsorbents showed
the highest affinity toward Pb(II).

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

The presence of elevated concentrations of heavy metals such as
Co(II), Ni(II), Cd(II), and Pb(II) in the environment pose a serious
threat to human health and other living beings due to their nonde-
gradability and toxicity. Two main sources, from where these met-
als enter into waterways, are industrial discharges and particulates
in the atmosphere. Especially, Pb(II) is the most widely distributed
in the environment. The most severe health effects caused by the
toxic metals are brain damage, kidney and liver disorders, and
bone damage [1]. It is, therefore, important to reduce the levels
of toxic metals or completely remove them from wastewaters
before being discharged into the environment.

Adsorption has been proved as one of the most efficient meth-
ods for the removal of heavy metals from aqueous media. The most
widely applied adsorbent is activated carbon, but its high price
makes its use less economical in industrial applications [2]. There-
fore, development of alternative adsorbents has been under an
intensive study in recent decades. Abundantly available and
reasonable low-cost materials such as silica gel and chitosan are

of great interest. However, in many cases, these materials do not
exhibit high adsorption efficiencies for target metals and therefore
their modification has been reported to enhance their adsorption
potential [3,4].

Ethylenediaminetetraacetic acid (EDTA) is known to form stable
chelates with metal ions [5,6]. Therefore, its immobilization on the
different supporting materials for the metal adsorption purposes
has received wide attention. For example silica gel [7], chitosan
[8], polyamine composites [9], polystyrene [10,11], mercerized cel-
lulose and sugarcane bagasse [12], wood sawdust and sugarcane
bagasse [13], rice husk [14], and biomass of baker’s yeast [15] have
been used as supports for EDTA functionalities. In all of these cases,
EDTA—despite its immobilization—was observed to form stable
chelates with metals. However, a comparison of the results shows
that the adsorption efficiency was significantly influenced by the
type of supporting material.

In our previous studies silica gel and chitosan were functional-
ized with EDTA [7,8]. The adsorption capacity of EDTA–chitosan
was three to four times higher for Co(II) and Ni(II) ions than that
of EDTA–silica gel, which was attributed to the significantly lower
surface coverage of functional groups on the silica gel surface.
However, EDTA–chitosan had some drawbacks such as notable
swelling in aqueous media and nonporous structure resulting in
a very low surface area. Due to these reasons, novel materials were
designed to combine the beneficial properties of silica gel and
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chitosan. In this work, chitosan–silica hybrid materials were syn-
thesized following the surface functionalization with EDTA. The
synthesized hybrid adsorbents were characterized and their
adsorption potential was investigated for the removal of Co(II),
Ni(II), Cd(II), and Pb(II) from aqueous solution under varying exper-
imental conditions.

2. Materials and methods

2.1. Synthesis of EDTA-modified adsorbents

Chitosan–silica hybrid materials were synthesized according to
the method described by Rashidova et al. [16] by reacting 2 g of
chitosan with 15, 30, or 60 mL of 98% tetraethylorthosilicate
(TEOS). Chitosan–silica hybrid materials were further functional-
ized with EDTA according to the chitosan functionalization method
[8] by reacting EDTA anhydride with chitosan amino groups in ace-
tic acid methanol solution.

2.2. Characterization of EDTA-modified adsorbents

The amount of silicon in synthesized adsorbents was deter-
mined by dissolving 10 mg of adsorbent in a 1:1:1 mixture of HF,
HNO3, and HCl (all suprapure grade). The silicon content was ana-
lyzed by an inductively coupled plasma optical atomic emission
spectrometer (ICP–OES) Model iCAP 6300 (Thermo Electron Corpo-
ration, USA). The specific surface area and total pore volume of the
adsorbents were determined with Autosorb-1-C surface area and
pore size analyzer (Quantachrome, UK). The surface morphology
was further examined using a Hitachi S-4100 scanning electron
microscope (SEM). Fourier transform infrared spectroscopy (FTIR)
Nicolet Nexus 8700 (USA) was used to identify the surface groups
of the synthesized adsorbents.

2.3. Batch adsorption studies

Batch adsorption experiments were conducted at ambient tem-
perature (22 ± 1 �C). Tubes containing metal solution (concentra-
tion of metals varied from 0.02 to 7 mM) and the adsorbent
(dose: 2 g/L) were agitated for a designed time on a ST5 rotary sha-
ker (CAT M.Zipperer GmbH, Staufen, Germany). After the experi-
ment the adsorbent was separated from aqueous solution using
0.45-lm polypropylene syringe filter and the residual concentra-
tions of metal in the samples were analyzed by ICP–OES. The
adsorption capacities (qe) (mmol/g) of hybrid materials were calcu-
lated as

qe ¼
ðCi � CeÞ

M
V ð1Þ

where Ci and Ce are the initial and the equilibrium concentrations
(mmol/L) of the metal ions, respectively, while M (g) and V (L) rep-
resent the weight of the adsorbent and the volume of the solution
respectively.

3. Results and discussion

3.1. Characterization of EDTA-modified adsorbents

The structure of chitosan–silica hybrid material prepared for
chromatographic sorbent was presented earlier by Rashidova
et al. [16]. It consisted of chitosan–silica network where chitosan
moieties were combined through silica groups via both ionic and
covalent bonds. The structure also contained free amino groups,
which encouraged us to use this material for EDTA binding. The
surface properties of synthesized adsorbents are shown in Table 1.

Specific surface area of the adsorbent increased with the increasing
silicon content. After EDTA modification the surface area of the
adsorbent was found to decrease but the total pore volume and
average pore size increased. It is important to note here that the
changes in surface area could not then be attributed to the pore
blocking due to the chemical modification [7], but rather to the loss
of silica during the EDTA functionalization. Overall, the surface
properties of the prepared adsorbents were rather similar. This
was also supported by the SEM analysis, which showed rather sim-
ilar surface morphologies for different materials (Fig. 1). The adsor-
bent with the highest chitosan content (EDTA-Chi:TEOS 2:15,
45.4%) showed more grain coalescence than others (Fig. 1b), which
can be attributed to the crosslinking between chitosan groups clo-
ser to each other [17].

FTIR analysis was used to identify the type of functional groups
on the adsorbent surface (Supplementary information, Fig. S1).
Similar features were seen for unmodified hybrid materials as
was reported earlier [16], i.e., peaks at 1090–1060 cm�1 related
to Si–O–Si and Si–O–C valent vibrations and at 3400 cm�1 related
to symmetrical valent vibration of free NH2 and OH groups. How-
ever, after EDTA functionalization bands attributed to the asym-
metric and symmetric stretching in carbonyl groups of
carboxylates were observed at 1387 and 1560 cm�1 and stretching
vibrations in carboxyl carbonyl groups at 1734 cm�1 [15]. Further-
more, the intensity of these EDTA-related peaks increased as the
chitosan content increased, indicating an increasing surface cover-
age of EDTA groups.

The swelling of EDTA-modified chitosan–silica hybrid materials
was compared to the swelling of pure EDTA–silica gel and –chitosan
(Supplementary information, Fig. S2). It was observed that there was
no pronounced swelling in the case of hybrid materials, indicating
that silica gel incorporated in the chitosan thereby increased the
rigidity of the structure. Finally, the leaching of silicon at different
pH was measured by ICP–OES (Fig. 2). It was noted that only the
material with the highest silicon content showed higher Si(II) leach-
ing than EDTA–silica gel. However, at pH 5 its leaching was still
below 1% (m/m), indicating the stability of the hybrid adsorbents.

3.2. Adsorption studies

3.2.1. Effect of pH
Adsorption properties of EDTA-modified chitosan–silica hybrid

materials were studied by varying pH, contact time, and metal
ion concentration. It is well known that pH influences significantly
the adsorption processes by affecting both the protonation of the

Table 1
Properties of the chitosan–silica hybrid materials before and after EDTA
functionalization.

Adsorbent Surface
area (m2/g)

Total pore
volume (cm3/g)

Average pore
diameter (Å)

Si
content
(%)

Chi:TEOS
2:60

357.3 0.730 81.8 81.3

Chi:TEOS
2:30

309.7 0.479 61.9 74.4

Chi:TEOS
2:15

268.1 0.407 60.8 59.9

EDTA-
Chi:TEOS
2:60

225.6 0.739 121.9 73.4

EDTA-
Chi:TEOS
2:30

209.3 0.781 157.7 70.0

EDTA-
Chi:TEOS
2:15

168.7 0.552 130.9 54.6
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surface groups and the degree of the ionization of the adsorbates
[12]. The dependency on the pH followed rather similar trend as
obtained earlier for EDTA–silica gel and –chitosan (Fig. 3) [7,8].
Thus, the adsorption efficiency was lowest in acidic media due to
the competition between metal ions and protons for adsorption
sites. Beyond pH 2, an increasing trend was observed. The optimal
pH for all the adsorbents was around 3 (Fig. 3b).

Fig. 3a also shows that Ni(II) and Pb(II) adsorption occurred at
lower pH than Co(II) and Cd(II). This can be attributed to the higher
stabilities of Ni(II) and Pb(II)EDTA chelates, which at low pH take
forms of Me(II)HEDTA� and Me(II)H2EDTA (Me@Ni, Pb) [18].
Moreover, the most chitosan-like material (EDTA-Chi:TEOS 2:15)

was found to be effective adsorbent at pH near 1, which was earlier
observed for pure chitosan modified with EDTA [8]. The metal che-
lating ability of surface-bound EDTA groups at low pH can be
attributed to the inductive effects that decrease the pKa values of
EDTA carboxylic groups [13].

3.2.2. Adsorption kinetics
The effect of contact time on the adsorption of metals by EDTA-

modified hybrid materials is shown in Fig. 4. During short contact
times, adsorption was fast due to the availability of plenty of active
sites on the adsorbent surface. As the active sites were occupied,
adsorption slowed down and finally an equilibrium stage was
reached. The adsorption kinetics, which can be used for predicting
the rate of the adsorption as well as the rate-determining step,

(b) EDTA-Chitosan:TEOS 2:30

(a) EDTA-Chitosan:TEOS 2:60

(c) EDTA-Chitosan:TEOS 2:15

Fig. 1. SEM images of EDTA-modified chitosan–silica hybrid materials.
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Fig. 3. (a) Effect of pH on the adsorption of different metals by EDTA-Chi:TEOS 2:30.
(b) Effect of pH on the adsorption of Co(II) by different EDTA-modified chitosan–
silica hybrid materials.

E. Repo et al. / Journal of Colloid and Interface Science 358 (2011) 261–267 263



were studied using a pseudo-second-order model and intraparticle
diffusion model [8]. The pseudo-second-order model, which as-
sumes that the adsorption process is governed by the surface reac-
tion, has the form

qt ¼
q2

e k2t
1þ qek2t

; ð2Þ

where qt and qe (mmol/g) represent the amount of metals adsorbed
at time t (min) and at equilibrium, respectively, and k2 is the
pseudo-second-order rate constant. This model was well fitted with
the experimental data (R2 values, 0.93–0.99; average mean error,
5.3%; and simulated qe values close to the measured ones; Table 2
and Fig. 4), indicating that the surface chelation reaction might have
been the rate-limiting step. Calculated rate constants followed an
order of EDTA-Chi:TEOS 2:60 > 2:30 > 2:15, indicating that the
increasing surface coverage of EDTA did not increase the rate of
the adsorption. Instead, it seems that the higher silicon content of
the adsorbent made it more rigid, which on its behalf enhanced
the adsorption kinetics. The rate constants obtained for hybrid
materials were also considerably higher when compared to those
of EDTA–silica gel [7], which can be attributed to the smaller parti-
cle size of hybrid materials (Supplementary information, Fig. S3).

Due to the mesoporous structure of the adsorbents, diffusion
was also expected to influence the rate of the adsorption. The effect
of diffusion was studied using the intraparticle diffusion model,

qt ¼ kdt1=2 þ C; ð3Þ

where kd (mmol/g min1/2) is the diffusion rate constant and C
(mmol/g) represents the thickness of the boundary layer. Fig. 5
shows the intraparticle diffusion plots for Pb(II). Several linear por-
tions were observed. The first slopes were attributed to the film dif-

fusion; hence the rate constants calculated from the slopes
increased linearly with the increasing metal concentration (Table
3) [19]. The rates of the film diffusion were clearly higher for
EDTA-Chi:TEOS 2:30 and 2:15 when compared to those of EDTA-
Chi:TEOS 2:60, most likely due to the lower surface coverage of
the latter. The highest film diffusion rates were obtained for Pb(II),
which can be attributed to its smallest hydration number [20]. The
rates of the metal diffusion inside the adsorbent pores (second and
third slopes in Fig. 5) were the fastest for EDTA-Chi:TEOS 2:15,
which might be attributed to the higher amount of active sites in-
side the pores attracting metals and enhancing their diffusion rates.

As a summary of the kinetic studies, even though the pseudo-
second-order model showed a quite good correlation with the
experimental data, the porous structure of the adsorbents and
intraparticle model plots indicated the significance of the pore dif-
fusion. It was also seen that the film diffusion was important
during the initial stage of the adsorption.

3.2.3. Adsorption isotherms
An adsorption isotherm represents the amount of species

adsorbed versus the amount of species left in the solution phase
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Fig. 4. Pseudo-second-order model fits for the adsorption of (a) Co(II) and Ni(II) and
(b) Cd(II) and Pb(II) by EDTA-modified chitosan–silica hybrid materials.

Table 2
Pseudo-second-order kinetics parameters for metal adsorption on EDTA-modified
chitosan–silica hybrid materials, pH 3.

Metal C0

(mmol/L)
qe,exp

(mmol/g)
qe

(mmol/g)
k2

(g mmol/min)
Chi2 �
10�5

R2 Mean
error (%)

EDTA-Chi:TEOS 2:60
Co(II) 0.28 0.13 0.13 0.54 2.2 0.984 3.86

0.81 0.21 0.22 0.24 18.3 0.967 6.43
1.21 0.22 0.21 0.26 14.2 0.963 7.05

Ni(II) 0.33 0.16 0.15 0.47 10.9 0.947 7.73
0.79 0.24 0.22 0.30 27.6 0.934 8.03
1.31 0.26 0.25 0.31 17.0 0.966 5.48

Cd(II) 0.15 0.07 0.07 2.42 0.1 0.998 1.16
0.47 0.21 0.19 0.26 20.9 0.936 8.60
1.23 0.22 0.22 0.28 11.4 0.974 4.81

Pb(II) 0.25 0.12 0.12 0.88 1.4 0.989 2.67
0.32 0.16 0.15 0.55 3.7 0.983 4.31
1.09 0.22 0.22 0.51 12.2 0.970 5.30

EDTA-Chi:TEOS 2:30
Co(II) 1.15 0.41 0.38 0.22 43.6 0.964 5.85
Ni(II) 1.15 0.42 0.39 0.14 28.9 0.977 4.89
Cd(II) 1.23 0.42 0.42 0.27 22.9 0.985 3.06
Pb(II) 1.09 0.43 0.40 0.27 48.7 0.961 5.31

EDTA-Chi:TEOS 2:15
Co(II) 1.15 0.44 0.42 0.22 33.7 0.976 4.40
Ni(II) 1.15 0.51 0.48 0.11 37.8 0.981 4.26
Cd(II) 1.23 0.55 0.54 0.10 39.2 0.986 3.86
Pb(II) 1.09 0.54 0.51 0.18 17.2 0.992 6.30
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Fig. 5. Intraparticle diffusion model plots for Pb(II) adsorption on EDTA-modified
chitosan–silica hybrid materials.
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at equilibrium. The plateau at high solution concentrations gives
the maximum metal uptake (Fig. 6, Table 4). For chitosan–silica hy-
brid materials the uptake increased as the chitosan content in-

creased due to the increasing amount of chelating groups on the
surface. Otherwise, in one-component systems the maximum
adsorption capacities for different metals were rather similar rang-
ing from 0.25 to 0.63 mmol/g (Table 4). For EDTA-Chi:TEOS 2:15
the adsorption percentages from 0.8 mM metal solutions were
93.5% for Co(II), 95.2% for Ni(II), 96.5% for Cd(II), and 99.2% for
Pb(II). In addition, EDTA-Chi:TEOS 2:15 showed twice as high me-
tal uptake compared to that of EDTA–silica gel [7], which confirms
that the synthesis presented here produced better adsorbents com-
pared to the conventional synthesis based on silanization [4].
Moreover, the adsorption capacities obtained for hybrid adsor-
bents were higher than those obtained for PS–EDTA resin [10]
and EDTA-modified silicapolyallylamine composites [9].

According to the observations in previous studies [7,8], bi-
Langmuir and Sips equations were used in modeling of the
isotherm data. The bi-Langmuir model assumes that the surface
contains two different active sites with different affinities toward
target compounds [7]:

qe ¼
qm1KL1Ce

1þ KL1Ce
þ qm2KL2Ce

1þ KL2Ce
: ð4Þ

Here qm1 and qm2 are the maximum adsorption capacities of two
different adsorption sites and KL1 and KL2 are adsorption energies
related to these adsorption sites. The Sips model on its behalf is a
hybrid of the Langmuir and the Freundlich isotherms [8]:

qe ¼
qmðKSCeÞnS

1þ ðKSCeÞnS
: ð5Þ

Here KS (L/mg) is the Langmuir equilibrium constant and nS is com-
parable to the Freundlich heterogeneity factor nF (nS = 1/nF). The
Sips isotherm behavior is the same as that of the Freundlich equa-
tion with the exception of approaching a constant adsorption capac-
ity when the concentration is sufficiently high.

Interestingly, the correlation of the isotherm equation with the
experimental data was influenced more by the type of metal than
the type of the material (Fig. 6 and Tables 4 and 5). The bi-Langmuir
model fitted better for Co(II) and Cd(II) isotherms, indicating the
coexistence of two types of active sites on the surface assigned to
the different speciations of EDTA at pH 3: R-NH-HEDTA2� and
R-NH-H2EDTA� (MINEQL software, ver. 2.53). The Sips model fitted
better to the isotherms of Ni(II) and Pb(II) (except Ni(II) adsorption
on EDTA-Chi:TEOS 2:60) with very high affinity constants, indicat-
ing the high affinity of surface groups toward the target metals. It
should be noted that ns values lower than one obtained for Co(II)
and Cd(II) suggested a heterogeneous adsorption arising from the
solid structural or energetic property (cf. bi-Langmuir model), or
the adsorbate property. The modeling results were comparable with
the results obtained for EDTA–chitosan [8]. However, the parame-
ters related to the surface affinities obtained by model fitting did
not follow the order of stability constants of aqueous metal EDTA
chelates (Ni(II) > Pb(II) > Co(II) > Cd(II) [18]). Therefore, it was sug-
gested that the properties of metals, especially the hydration num-
ber, played an important role in chelation reaction when EDTA
ligands were immobilized.

3.2.4. Adsorption properties of hybrid adsorbents in multimetal
systems

To compare the binding affinities further, adsorption tests were
also conducted in the solutions containing the same amount of
each of the studied metals (Fig. 7, Table 6, and Supplementary
information, Fig. S4). Under competing conditions Pb(II) clearly
showed the highest adsorption affinity in the case of EDTA-Chi:T-
EOS 2:60 and 2:30. For EDTA-Chi:TEOS 2:15 the affinities of Pb(II)
and Ni(II) were rather similar due to the availability of higher ac-
tive sites available on the adsorbent surface. Pb(II) was most likely

Table 3
Intraparticle diffusion model parameters for metal adsorption on EDTA-modified
chitosan–silica hybrid materials, pH 3.

Metal C0

(mmol/
L)

kd,1 (mmol/
g min1/2)

kd,2 (mmol/
g min1/2)

kd,3 (mmol/
g min1/2)

kd,4 (mmol/
g min1/2)

EDTA-Chi:TEOS 2:60
Co(II) 0.28 0.021 0.00613 0.00190 0.00039

0.81 0.038 0.01107 0.00178 0.00053
1.21 0.044 0.01040 0.00393 0.00047

Ni(II) 0.33 0.027 0.00660 0.00203 0.00058
0.79 0.037 0.00855 0.00257 0.00098
1.31 0.043 0.01420 0.00505 0.00087

Cd(II) 0.15 0.016 0.00432 0.00043 0
0.47 0.027 0.00750 0.00178 0.00016
1.23 0.041 0.01493 0.00376 0.00087

Pb(II) 0.25 0.022 0.00526 0.00155 0.00003
0.32 0.025 0.00656 0.00041 0
1.09 0.042 0.00988 0.00282 0

EDTA-Chi:TEOS 2:30
Co(II) 1.15 0.060 0.01130 0.00478 0.00076
Ni(II) 1.15 0.053 0.02130 0.00649 0.00139
Cd(II) 1.23 0.072 0.01097 0.00388 0
Pb(II) 1.09 0.078 0.01460 0.00545 0.00169

EDTA-Chi:TEOS 2:15
Co(II) 1.15 0.071 0.02470 0.00501 0.00003
Ni(II) 1.15 0.059 0.02780 0.00972 0.00335
Cd(II) 1.23 0.064 0.02696 0.00967 0.00134
Pb(II) 1.10 0.084 0.02374 0.00823 0.00220
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Fig. 6. Adsorption isotherms for (a) Co(II) and Ni(II) and (b) Cd(II) and Pb(II) for
EDTA-modified chitosan–silica hybrid materials.
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the easiest ion to capture by the surface EDTA groups due to its
smallest hydration number. This was also supported by the highest
values of affinity constants obtained for Pb(II) in one-component
systems (Table 5). The second highest adsorption efficiency of
Ni(II) in multimetal systems can be attributed to its high stability
constant with EDTA ligand [18]. As a conclusion, measurements
in multimetal systems suggested that Ni(II) and Pb(II) could be
separated from Co(II) and Cd(II) using EDTA-modified chitosan–sil-
ica hybrid materials. Based on the pH effects, separation should be
even more evident at pH lower than 3 (Fig. 3).

4. Summary

Novel adsorbents for heavy metal removal were synthesized by
functionalizing chitosan–silica hybrid materials with EDTA. The
synthesized adsorbents combined successfully the beneficial prop-

erties of silica gel and chitosan. Materials were porous and rigid
like silica gel and had high coverage of functionalities due to the
chitosan groups. Furthermore, the adsorption efficiency of hybrid
materials could easily be affected by changing the silica content
in the synthesis. The novel materials were shown to be effective
adsorbents for Co(II), Ni(II), Cd(II), and Pb(II) with adsorption effi-
ciency varying from 93% to 99% from 0.8 mM single metal solu-
tions. The maximum adsorption capacities ranged from 0.25 to
0.63 mmol/g. The material with the highest chitosan content and
thus the highest surface coverage of EDTA showed the best adsorp-
tion properties. Isotherm fits of bi-Langmuir and Sips models indi-
cated the surface heterogeneity and kinetics modeling suggested
the importance of pore diffusion. Adsorption experiments in mul-

Table 4
Bi-Langmuir parameters for metal adsorption on EDTA-modified chitosan–silica hybrid materials, pH 3.

Material Metal qm,exp (mg g�1) qm1 (mg g�1) K1 (L mg�1) qm2 (mg g�1) K2 (L mg�1) Chi2 � 10�5 R2 Mean error

EDTA-Chi:TEOS 2:60 Co(II) 0.25 0.16 393.31 0.10 18.54 4.12 0.995 5.42
Ni(II) 0.30 0.23 447.14 0.10 1.05 50.85 0.954 18.04
Cd(II) 0.26 0.19 1268.30 0.07 7.02 4.10 0.995 5.07
Pb(II) 0.24 0.22 744.40 0.03 7.26 41.50 0.942 22.62

EDTA-Chi:TEOS 2:30 Co(II) 0.42 0.38 92.54 0.05 2.53 5.26 0.997 3.92
Ni(II) 0.44 0.44 75.98 0.00 0.00 73.1 0.969 14.65
Cd(II) 0.43 0.27 157.99 0.16 20.75 19.1 0.989 5.06
Pb(II) 0.43 0.44 185.38 0.00 0.00 52.0 0.976 9.54

EDTA-Chi:TEOS 2:15 Co(II) 0.63 0.48 82.50 0.19 2.05 52.4 0.989 12.42
Ni(II) 0.61 0.60 61.07 0.02 61.00 143 0.972 17.62
Cd(II) 0.60 0.40 40.78 0.20 632.76 30.3 0.992 3.63
Pb(II) 0.62 0.62 266.62 0.00 0.00 199 0.958 12.75

Table 5
Sips parameters for metal adsorption on EDTA-modified chitosan–silica hybrid materials, pH 3.

Material Metal qm,exp (mg g�1) qm (mg g�1) KS (L mg�1) nS (mg g�1) Chi2 � 10�5 R2 Mean error

EDTA-Chi:TEOS 2:60 Co(II) 0.25 0.26 35.08 0.73 5.96 0.993 10.31
Ni(II) 0.30 0.29 26.10 0.64 76.7 0.931 51.04
Cd(II) 0.26 0.26 23.76 0.55 15.3 0.980 13.90
Pb(II) 0.24 0.23 3479.21 1.23 38.7 0.946 18.51

EDTA-Chi:TEOS 2:30 Co(II) 0.42 0.42 48.65 0.91 9.70 0.995 5.27
Ni(II) 0.44 0.43 1239.58 1.58 7.45 0.997 3.47
Cd(II) 0.43 0.44 35.69 0.83 18.5 0.989 5.20
Pb(II) 0.43 0.43 1714.21 1.39 22.0 0.990 4.93

EDTA-Chi:TEOS 2:15 Co(II) 0.63 0.64 15.31 0.75 88.6 0.982 16.39
Ni(II) 0.61 0.60 145.50 1.18 111 0.978 13.15
Cd(II) 0.60 0.62 23.53 0.71 22.6 0.994 3.73
Pb(II) 0.62 0.61 590.79 1.13 166 0.965 9.26
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Fig. 7. Adsorption of metals from multicomponent systems for EDTA-Chi:TEOS
2:30.

Table 6
Distribution ratios for different metals calculated from the ratio of the distribution
constant (qe,metal1/Ce,metal1) for metal (1) (vertical) over the distribution constant
(qe,metal2/Ce,metal2) for metal (2) (horizontal), pH 3.

Co(II) Ni(II) Cd(II) Pb(II)

EDTA-Chi:TEOS 2:60
Co(II) 1 0.1 0.5 0.04
Ni(II) 7.2 1 3.9 0.3
Cd(II) 1.8 0.3 1 0.07
Pb(II) 27.3 4.0 15.0 1

EDTA-Chi:TEOS 2:30
Co(II) 1 0.04 0.5 0.02
Ni(II) 28 1 15.3 0.6
Cd(II) 1.8 0.07 1 0.04
Pb(II) 50.5 1.8 27.6 1

EDTA-Chi:TEOS 2:15
Co(II) 1 0.04 0.5 0.02
Ni(II) 42.3 1 19.5 0.8
Cd(II) 2.2 0.05 1 0.04
Pb(II) 51.2 1.2 23.6 1

266 E. Repo et al. / Journal of Colloid and Interface Science 358 (2011) 261–267



timetal systems suggested a possible separation of Ni(II) and Pb(II)
from Co(II) and Cd(II). On the whole, the novel EDTA-modified hy-
brid adsorbents showed their potential to be applied in different
water treatment applications for the removal of heavy metals.

Acknowledgments

The authors are grateful to the European Commission (Brussels)
for the Marie Curie Research Fellowship for Transfer of Knowledge
(No. MTKD-CT-2006-042637) and TEKES/EAKR Moniwater project
for financial support. Marcin Ołpiński is acknowledged for his con-
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Figure S1. FTIR-spectra of unmodified and modified chitosan-silica hybrid  12 
materials. 13 
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Figure S2. Swelling of EDTA-modified adsorbents in 3.4 mmol/L Co(II) solution. 20 
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Figure S3. SEM-images of EDTA-modified chitosan-silica hybrid material, EDTA-silica gel, and EDTA-27 
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Figure S4. Adsorption of metals from multi-component systems by EDTA-modified chitosan-silica hybrid 33 
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Abstract 19 

The BiLangmuir and Redlich-Peterson models as well as their extended equations were tested for 20 
the modeling of one- and two-component adsorption equilibrium of Co(II) and Ni(II) ions on EDTA- and 21 
DTPA-modified silica gel. An approach consisting in initialization of parameter values and non-linear 22 
parameter estimation by minimization of two objective functions (MPSD and ERRSQ) was proposed to 23 
assure that equilibrium parameters obtained related to the global minimum. A usage of the experimentally 24 
obtained value of maximum adsorption capacity as an initial guess made an iteration procedure well-posed 25 
and independent of the K i guess values. None of the parameters obtained for one-component systems 26 
satisfactorily helped in prediction of the two-component adsorption equilibrium. The application of the 27 
extended Bilangmuir model identified the coexistence of low- and high-energy active sites on 28 
EDTA/DTPA-silica gel that showed an unequal ability for Co(II) and Ni(II) adsorption. 29 
 30 
Keywords: adsorption isotherm, one-component, two-component, modeling, chelating agent 31 
 32 
1. Introduction 33 

Mesoporous silica-based adsorbents have been increasingly attracting the attention of researchers 34 
over the last decades due to their large, easy-to-modify surface areas [1,2]. Preliminary modification is 35 
usually done by a simple silylating agent such as (3-aminopropyl)triethoxysilane (APTES) or (3-36 
iodopropyl)trimethoxysilane. After that an increase of the organic chain with a variety of organic 37 
molecules, such as amines and amides [1,3], aromatics [4,5], phosphonic acids [6], polyaminocarboxylates 38 
[7,8], and Schiff base ligands [9], is possible. Immobilization of active chemical groups results in a 39 
substantial increase of binding capacity of silica gels for variety of metal ions: Cr(III), Co(II), Ni(II), 40 
Cu(II), Zn(II), Hg(II), U(VI), Fe(III), Mn(II). This opens up a possibility to achieve promising and effective 41 
alternatives for expensive conventional sorbents [10]. The main challenge of the modified silica gel 42 
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application is the proper design of a continuous process for multi-metal systems. Knowledge of the 43 
adsorption isotherms is mandatory, since the parameters obtained can greatly help in the mathematical 44 
description of kinetics and dynamic processes as well as in further process optimization [11]. 45 

The adsorption equilibrium reflects the dependence of the amount of adsorbed species on the 46 
liquid phase composition at constant temperature [12]. In order to get access to these quantities the usage of 47 
mass balance considerations in a form of the mathematical relationship is required. Despite of large 48 
numbers of equilibrium models available [13-17], their appropriate and efficient application is still far from 49 
being routine. Most models were derived from gas-solid systems and were fully empirically adapted to the 50 
liquid-solid ones. Thus, the physical meaning of the parameters is not always clear. Moreover, there are 51 
some numerical problems with these equations. The non-linear regression is a mathematically rigorous 52 
method [12], but still the choice of an error function assessment can affect the parameters derived [15]. It is 53 
also well known that the initial value of the parameters (the initial guess) may not converge to a global 54 
minimum during the optimization process [18]. Most of the equilibrium studies reported in literature give 55 
only parameter values and the strength of the relationship between experimental and calculated values 56 
without any evidence that the best set of estimated parameters was obtained. Consequently, even for a small 57 
residual error, the adopted equations can yield an unacceptable match of the data and highly biased 58 
parameters [19,20]. 59 

The modeling of multi-component equilibrium is more complicated than the one-component one 60 
in relation to modeling itself and to interpretation of the results due to their multi-dimensional nature. 61 
Applied equations exemplify further modifications or extensions of one-component models derived by 62 
adding one more adsorption intensity and concentration term [21]. The verification of multi-component 63 
model fit requires provision of a wide combination of isotherm points representing an adsorption of the 64 
target ion at varying concentrations of each competitive ion in the mixture. To reduce the experimental 65 
efforts, Myers and Prausnitz [22] put forward a theory that allowed adjustment of the multi-component 66 
adsorption solely from the one-component data. This approach was proven to be reasonable in numerous 67 
applications such as multi-component adsorption on pine bark [23], green alga [21,24], Ca-Alginate [25], 68 
and activated carbon [26]. As the parameters applied directly from one-component systems do not define 69 
the exact multi-component adsorption behavior [27], the extended models can lead to doubtful prognosis 70 
after extrapolation over too wide concentration ranges [28]. To make competitive isotherms more flexible 71 
and to handle the un-ideality of the system, new equations have additional adjustable parameters [29]. 72 
Obviously, there is somehow a risk that while the model having a large number of fitting parameters could 73 
well correlate with experimental results, it would not conform to the actual physical behavior of the 74 
adsorption system [30]. So far the choice of an optimum multi-component isotherm has based on the 75 
literature data or on the trial and error method. However, the evaluation procedure requires a critical 76 
examination of the extent to which the model with best correlation represents the one-component system. 77 
Thus, the achievement of the optimal values of equilibrium parameters by assuring the minimization of the 78 
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objective function to the global minimum is required. Unfortunately, until recently, such an approach has 79 
been completely neglected. 80 

The models most extensively used to describe the equilibrium characteristic of one-component 81 
adsorption, are the Langmuir and Freundlich ones [14]. The Freundlich isotherm is derived by assuming a 82 
heterogeneous surface and a nonuniform distribution of adsorption heat over the surface, whereas in the 83 
Langmuir theory the basic assumption is that the sorption takes place at specific homogenous sites within 84 
the adsorbent [15,16]. Recently reported results demonstrated that neither model could be used to represent 85 
one-component adsorption equilibrium of Co(II) and Ni(II) on EDTA- and DTPA-modified silica gels 86 
(EDSG and DTSG). Instead, the BiLangmuir isotherm (two-site Langmuir) gave excellent representations 87 
of experimental data [8]. 88 

The aim of this work was to investigate the competitive adsorption of Co(II) and Ni(II) ions on 89 
EDSG and DTSG. Besides its importance for practical applications, the determination of two-component 90 
equilibrium can give important information on the properties of modified silica gel surfaces. The 91 
competition between ionic species leads to nonideal behavior of the overall solid-liquid system [30]. 92 
Therefore, the widths of the modes of the adsorption energy distribution can affect the heterogeneous 93 
nature of active sites. To check the validity of this hypothesis, we tested the applicability of an extended 94 
form of the Redlich-Peterson equation and the BiLangmuir equation to model two-component equilibrium 95 
by using parameters of the one-component systems. However, as the parameters applied directly from one-96 
component systems do not take into account the effects of competitive ion, the approaches, where a few or 97 
all of the parameters were let to vary, were applied as well.  Since the validation of the parameter values 98 
cannot be totally proven by nonlinear regression, it was essential to find out whether the parameters 99 
corresponded to the global minimum of the objective function. In this contribution, we examined both 100 
models sensitivities to an initial guesses of estimated parameters as well as an error function assessment. 101 
 102 
 103 
2. Materials and methods 104 

2.1. Chemicals 105 
As-received silica gel type LiChroPrep®, supplied by Merck (Finland), was provided in a powder 106 

form. All chemicals used in this study were of analytical grade and were supplied by the same company. 107 
Stock solutions of 1,000 mg/L containing only Co(II) or Ni(II) or mixture of these two metals were 108 
periodically prepared by dissolving appropriate amounts of Co(II) and Ni(II) nitrate salts in double 109 
deionized water. Working solutions were prepared from the stock solutions. Adjustment of pH was 110 
undertaken using 0.1 M NaOH or 0.1 M HNO3. 111 
 112 
2.2. Synthesis and characterization of modified silica gels 113 

As previously presented, EDSG and DTSG were synthesized by reacting EDTA- and/or DTPA-114 
anhydrides with aminopropyl-modified silica gels (APSG) in ethanol/acetic acid solution (Fig.1., [8]). The 115 
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characterization of the products was conducted by elemental analysis, surface area and pore size analysis as 116 
well as zeta potential analysis. The examined properties of the modified silica gels are presented in Table 1. 117 
 118 
2.3. Adsorption studies 119 

Adsorption of Ni(II) and Co(II) by modified silica gels were studied at ambient temperature using 120 
batch experiments. Based on the previous studies [8] a contact time of 50h and the adsorbent dose of 2 g/L 121 
were used.  Agitation with the speed of 50 rpm was conducted with a rotary shaker, type ST5 (CAT 122 
M.Zipperer GmbH, Staufen, Germany). 123 

The initial metal concentration in one- and two-component systems were varied from 1 to 300 124 
mg/L to generate a relatively evenly spaced distribution of ions along the adsorption isotherm.  To obtain 125 
the competitive effect of Co(II) and  Ni(II) adsorption, nine experimental sets were performed for two-126 
component systems. In each set, the initial concentration of both metal ions was varied so as to maintain the 127 
constant mass ratio of Co:Ni ions: 1:1, 1:3, 3:1, 2:3, 3:2, 1:4, 4:1, 1:9, and 9:1. On the basis of batch tests 128 
carried out, to maximize the removal of metal ions by the adsorbents, pH of each solution was adjusted to 129 
the value of 3.0 by using 0.1 M HNO3 [8].  130 

After each adsorption test, the adsorbent was separated from the solution using a 0.45 μm 131 
polypropylene syringe filter. The metal contents were analyzed by an inductively coupled plasma optical 132 
atomic emission spectrometer (ICP-OES) model iCAP 6300 (Thermo Electron Corporation, USA) before 133 
and after adsorption tests. Co(II) was analyzed at a wavelength of 228.616 nm and Ni(II) of 231.605 nm. 134 
The detection limits were 0.4 and 0.8 µg/L and quantification limits 1.5 and 2.8 µg/L for Co(II) and Ni(II), 135 
respectively. The amount of metal ions adsorbed per unit mass of modified silica gel (mg/g) was calculated 136 
as follows: 137 

( )
V

M
CC

q ei
e

−
=  (1) 138 

where C i  and Ce (mg/L) are the initial and the equilibrium ion concentrations, respectively, M (g) represent 139 
the weight of the adsorbent, and V (L) is the volume of the solution. 140 
 141 
3. Theoretical approach 142 

3.1. Equilibrium models 143 
 144 

The BiLangmuir model is a linear superposition of two Langmuir isotherms. It assumes the 145 
coexistence of two kinds of active sites associated with monolayer adsorption (qm,1 and qm,2). Both sites 146 
behave independently and have different stabilities of the adsorbed complexes formed between sites and 147 
metal ions (K1 and K2). Thus, this two-site population is heterogeneous to a degree and the Bilangmuir 148 
equation can be considered as the simplest case of heterogeneous models [31]: 149 
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where qm,1 and qm,2 are the maximum adsorption capacities of two different adsorption sites while K1 and 151 
K2 are energies of the adsorption related to adsorption sites 1 and 2 respectively. In the case of two 152 
component systems, the extended BiLangmuir model is given as: 153 

e22,2e11,2

e11,2m,1,2

e22,1e11,1

e11,1m,1,1
e1 11 CKCK

CKq
CKCK

CKq
q

++
+
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CKCK

CKq
q

++
+

++
=   (4) 155 

where qm,1,1 and qm,1,2 are the maximum adsorption capacities of the component 1 on adsorption sites 1 and 156 
2, respectively and K1,1 and K1,2 are adsorption energies related to the adsorption of the component 1 on 157 
adsorption sites 1 and 2, respectively. Accordingly, qm,2,1, qm,2,2, K2,1 and K2,2 are corresponding parameters 158 
related to the adsorption of component 2. In this model, both competitive ions form a mixed monolayer on 159 
every kind of sites, with a different affinity toward the target compound. It should be noticed that, when a 160 
given active site has adsorbed one ion, another ion cannot be adsorbed at the same site. 161 

The Redlich-Peterson model incorporates three parameters and can be applied to both the 162 
homogeneous and heterogeneous systems [32]. This empirical isotherm (Eq. 5) combines elements from 163 
both the Langmuir and the Freundlich isotherm. Mechanism of adsorption is a hybrid and does not follow 164 
ideal monolayer adsorption. 165 

RP
eRP

eRPm
e 1 nCK

CKq
q

+
=   (5) 166 

where qm represents the maximum adsorption capacity of adsorbents (mg/g), KRP is a Redlich-Peterson 167 
constant and nRP is the dimensionless exponent, which reflects heterogeneity of the binding surface and lies 168 
between 1 and 0. This model becomes the Langmuir equation when nRP=1 and the Henry’s Law equation 169 
when nRP=0. The extended Redlich-Peterson model is a six-parameter model and is given as: 170 

RP2RP1
e2RP2e1RP1

e1RP1m1
e1 1 nn CKCK

CKq
q

++
=   (6) 171 

RP2RP1
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e2RP2m2
e2 1 nn CKCK

CKq
q

++
=   (7) 172 

Where definitions of parameters are same than for one-component equation, but subscript 1 denotes 173 
parameters related to component 1 and subscript 2 those related to component 2. 174 
 175 
3.2. Determination of isotherm parameters 176 

Modeling of adsorption equilibrium was conducted using nonlinear least squares technique, which 177 
reverted to the problem of finding the corresponding adsorption capacity (qe) such that the deviations 178 
between the experimental and the calculated values were small. The isotherm parameters were determined 179 
by minimizing one of two objective functions across the concentration range studied:  180 
the Derivative of Marquardt’s Percent Standard Deviation (MPSD): 181 
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and the Sum of the Squares of the Errors (ERRSQ): 183 
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where n is the number of experimental data points, qe,exp and qe,calc are experimental and the calculated 185 
equilibrium concentration in solid phase, respectively. The Levenberg-Marquardt algorithm was used as an 186 
optimization procedure [33]. This method may converge to a local minimum, which gives an unacceptable 187 
match of equilibrium data if a poor initial guess is used. An iterative procedure was selected to find the 188 
desired solution (global minimum) for this study. This approach implied the evaluation of the objective 189 
function (Eq.8 or Eq.9) for different set of the equilibrium model parameters. The value of each of them 190 
was changed one at a time (0.0001, 0.001, 0.01, 0.1, 1.0, etc.), keeping the values of the others constant. 191 
The border range of optimization was from 1×10-10 to 1×1010. This procedure was repeated until the 192 
objective function achieved the lowest value.  193 

The relationship between two variables (experimental and theoretically predicted) was assessed 194 
by: the coefficient of determination (correlation coefficient squared R2), standard deviation (σ), and mean 195 
error (%) [34]. 196 
 197 
 198 
4. Results and discussion  199 
 200 
4.1. Modeling of one-component equilibrium 201 

In order to reduce the calculation error caused by scattering points or by incomplete isotherm 202 
curve [35], an effort was made to increase the quality and quantity of experimental data presented in a 203 
previous work [8]. It allowed us to obtain an optimal smooth of experimental points along the isotherm 204 
range from the near origin of the plot (qe versus Ce) to the equilibrium plateau (qm). 205 

The search for an appropriate set of initial model parameters, which converges the optimization 206 
procedure to the global minimum, was started with a random value of equilibrium model parameters. For 207 
any modification of a given value, the influence on the estimated parameters was examined. Although this 208 
approach was tedious and required a certain patience, it allowed for determining a few sets of initial 209 
guesses for which a minimum of objective function was achieved for the four-parameter BiLangmuir 210 
model. In the three-parameter Redlich-Peterson model case, one minimum of a given objective function 211 
was obtained, independently of the initial guess set. Thus, a lower number of adjustable parameters 212 
provides a higher robustness of model (global minimum localization). 213 

Tables 3 and 4 summarize the study of the BiLangmuir model sensitivity for two different sets of 214 
initial parameter guesses as well as two different objective function assessments (Eq.8 or Eq.9). The capital 215 
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letter A relates to the evaluation of an objective function for the set of guess value parameters qm,1, K1, 216 
qm,2, K2 equal to 0.3, 1.0, 0.3, 1.0 respectively, where qm,1 and  qm,2 correspond to the experimentally 217 
obtained values of maximum adsorption capacity (qm) (plateau in an equilibrium graph). The capital letter 218 
B relates the set of random value of qm,1, K1, qm,2, K2 equal to 0.1, 1.0, 1.0, 1.0 respectively. The initial set 219 
A gave the best fit for the BiLangmuir model indicating the importance of using qm values close to 220 
experimental ones as initial guesses (see further discussion in this section). Furthermore, it is worth noting 221 
that with exception of the modeling set for Co(II) adsorption on DTSG, neither the statistics concepts 222 
depicted in Tables 3 and 4 nor the overlapped line for set A and B presented in Fig. 3A and B, gave any 223 
indication that the evaluation of the MPSD objective function was effected by the initial guess parameters. 224 
Thus, the coefficient of determination (R2), standard deviation (σ), and mean error did not give enough 225 
evidence to assure that the parameter values corresponded to the global minimum of the objective function 226 
[36]. 227 

The difficulty in the calculation of the affinity distribution function from an experimental 228 
adsorption isotherm is a well known ill-posed problem of the least-squares optimization. The objective 229 
function has very small derivatives in several directions, and there are many affinity distributions that all 230 
lead to an equally good approximation of the data [37,38]. An iteration procedure showed that use of the 231 
experimentally obtained value of maximum adsorption capacity (qm) as an initial guess (set A) made the 232 
problem well-posed and independent of the K i guess values.  233 

Fig. 2-3 are graphical expressions of modeling fits for one-component adsorption of metal ions on 234 
EDSG and DTSG. In figures, the points are taken from the experimental data while the lines denote the 235 
modeling results obtained by minimizing the MPSD Eq. (8) or the ERRSQ Eq. (9) objective functions. 236 
Visually, the best fit for both the Redlich-Peterson and the BiLangmuir model (for BiL the set A of initial 237 
guess), gave the minimization of the ERRSQ error function. This could be due to the fact that a magnitude 238 
of the errors and thus the ERRSQ increased the model fit toward data obtained at the high concentration 239 
range [16,39] but at the expense of higher variance of the mean error values observed. Better results for 240 
ERRSQ function were further confirmed by the lowest values of the standard deviation (σ) and the 241 
correlation coefficient squared (R2) (Tables 2-4). 242 

To make a meaningful comparison between both objective functions, the obtained parameter 243 
values were compared with the experimental ones. Based on the previous study it was identified that two 244 
different adsorption groups coexisted on the adsorbent surface. These groups were assigned to different 245 
speciations of EDTA and DTPA (MINEQL, ver. 2.53, [40]). The mathematical equation of the Redlich-246 
Peterson model does not give any evidence of the number of adsorption sites. However, the value of 247 
heterogeneity coefficients (nRP) close to 1 (Table 2) accounted for the fact that a real surface was not 248 
completely homogenous and the widths of the corresponding modes of the adsorption energy distribution 249 
were not equal to 0. The adsorption fitting parameters for the BiLangmuir model and minimization of the 250 
MPSD objective function (Tables 3 and 4) identified either the lack of the low-energy sites for the set B of 251 
initial guess or an equal number of the low- and high-energy sites for the set A of initial guess. None of 252 
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them corresponded to the experimental findings. Instead, the data obtained for BiLangmuir model and 253 
minimization of the ERRSQ objective function for set A of initial guesses (Tables 3 and 4) showed that the 254 
value of qm2 obtained correlated well with the calculated amount of high affinity groups. To be concluded, 255 
the experimental data clearly supported a better applicability of ERRSQ error function in this study. 256 
 257 
4.2. Modeling of two-component equilibrium 258 

 259 
For practical reasons, it is unfeasible to experimentally determine the partition behavior of all 260 

species in a multi-element system for all possible solution compositions. The experimental study should 261 
include a border concentration related to Co:Ni concentration ratios equal 1:0 and 0:1 as well. In other 262 
words, one-component systems are specific cases of the two-component one when the amount of the 263 
competitive ion in the system equals zero. In this study, 11 experimental sets were conducted to check the 264 
interactive effect of competitive ions, comprising a total of 165 equilibrium points with respect to both 265 
EDSG and DTSG. To the best of our knowledge, the experimental data as wide as here has never been used 266 
in binary modeling. 267 

The simultaneous adsorption data of Co(II) and Ni(II) from the two-component systems were 268 
fitted to the extended BiLangmuir (Eq. 3,4) and the extended Redlich-Peterson models (Eq. 6,7). In the first 269 
instance, the competitive isotherms were estimated solely on the basis of the corresponding one-component 270 
isotherm parameters (Tables 2-4). Although the isotherms determined with this method may appear to be 271 
correct, it should be emphasized that parameters derived from one-component systems do not take into 272 
account the interactions of competitive ions. The value of the maximum adsorption capacity (qm) in one-273 
component systems is related only to a given cation adsorbed from liquid phase without any competition 274 
(Tables 2-4). The adsorption in two-component systems can be affected by competition, interaction, or 275 
displacement effects [25]. Consequently, both applied extended models showed a poor fit to the 276 
experimental data (see the statistical values depicted in the first rows in Tables 5 and 6). 277 

Accordingly, in the next step, both maximum adsorption capacities (qmi) as well as the coefficient 278 
of system heterogeneity (nRPi) (in the Redlich-Peterson model case) associated with the certain adsorption 279 
sites, were estimated by minimizing the ERRSQ objective function (Eq. 9). The best parameter sets 280 
obtained for one-component systems were used as an initial guess in the two-component equilibrium 281 
calculation procedure. It allowed the inclusion of all solutions related to the local minimum of the objective 282 
function. The statistical indicators depicted in Tables 5 and 6 (in the second rows) show improvement of 283 
the quality of fitting. The obtained results identified that due to an occurrence of other metals in the 284 
solution, the maximum uptake (qm) did not remain constant. Therefore, qmi in two-component system 285 
should be treated as adsorption capacity for a given ion in the presence of another competitive ion in the 286 
system [41]. This statement was supported by further experimental findings. As can be seen in Fig 4, 287 
despite the materials used, they had a little differences in affinity for the metals studied (Co(II) 0.302, Ni(II) 288 
0.329 and Co(II) 0.294, Ni(II) 0.348 mmol/g for EDSG and DTSG, respectively) but exhibited great 289 
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differences in affinity for the metal pairs. Based on previous studies, both metal adsorption, and hence 290 
availability, depend on the adsorbent properties as well as on the nature of metals involved and their 291 
competition for adsorption sites [8,42]. In two-component systems, metal ion uptake is influenced by the 292 
presence of another metal ion competing for the same adsorption sites. Thus, the adsorption of both ions is 293 
lower than in their one-component systems. 294 

It is quite frequently observed that the presence of another metal in the solution affects not only 295 
the maximum uptake of each component but also the shape of the isotherm curve, due to changes in 296 
apparent metal affinity for the active sites [25]. Accordingly, in the last approach all isotherm parameters 297 
were estimated. The rationale for this method is that the deviations caused by an interaction between 298 
competitive ions in liquid and solid phase are far too complicated to be mathematically described by any 299 
empirical equation. The model is considered to be purely predictive if the parameters used are obtained 300 
from one-component systems [27]. On the other hand, even if the parameters obtained for one-component 301 
systems do not reflect the complexity of multi-component one, they can be used as good initial values in 302 
the multi-elements equilibrium calculation procedure [43].  303 

The adsorption fitting parameters for the extended Redlich-Peterson and the extended BiLangmuir 304 
model are depicted in Tables 5 and 6 (the third rows) respectively. The presented results show that the 305 
increase of involving adjustable parameters lead to better approximation of experimental data as 306 
substantiated by statistical correlations [29]. However, in both adsorbent cases, the extended Redlich-307 
Peterson model overestimated the maximum Ni(II) uptake. An examination of results (Table 5) also 308 
showed that the heterogeneity factor (nRP) values for the extended Redlich-Peterson model approached 309 
unity. This indicated that a material with relatively homogeneous binding sites had similar adsorption 310 
affinity toward competitive ions [25]. However, latter disagreed with the experimental findings. Fig. 4 311 
shows that although the competition reduced the adsorption of both metals, the magnitude of this effect was 312 
different for both of them. The selectivity coefficient for Ni(II) was calculated from the ratio of  the 313 
distribution constant (qe,Ni/Ce,Ni) for Ni(II) over the distribution constant for Co(II) (qe,Co/Ce,Co). For EDSG 314 
the selectivity constants for Ni(II) varied from 10 to 20 and for DTSG from 6 to 15. Very high values 315 
confirmed the modified silica gels having better selectivity and affinity for Ni(II) than for Co(II), which can 316 
be attributed to the higher stability constants of Ni(II)EDTA/DTPA chelates compared to the corresponding 317 
Co(II) chelates [8] as well as a smaller hydrated radius of Ni(II) [44]. 318 

The three-dimensional Fig. 5A and B compare the experimental and modeling data obtained for 319 
the extended BiLangmuir model by minimizing the ERRSQ objective function (Eq. 9), when all the 320 
parameters were adjusted. In the figures, an equilibrium concentration of given metal in adsorbent phase (z-321 
axis) is plotted as a function of the equilibrium concentrations of the two metal ions in liquid phase (x- and 322 
y-axis). The relationships illustrated in all figures demonstrate that the extended BiLangmuir model could 323 
be successfully used for the estimation of the adsorption behavior of Co(II) and Ni(II) from two-component 324 
mixtures on the EDSG/DTSG. However, a quite big mean error values (Table 6) made the model 325 
applicability a bit doubtful. To have a deeper insight into the quality of the model fit, single sets of two-326 
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component adsorption data were presented in two-dimensional graphs. Fig. 6 presents comparison of the 327 
experimental and modeling data obtained for two sets of competitive adsorption for Co:Ni ratios of 1:9 and 328 
9:1 as an example. The calculated curves clearly show the deviations from the experimental points. 329 
Obviously, this effect originated from the presence of relatively strong ion interactions that were able to 330 
change the behavior of isotherm model in a qualitative way. It was further confirmed by the mean error 331 
values that represent the average of absolute difference between experimental and modeling data. On the 332 
other hand, after removing only one equilibrium point obtained for the lowest concentration of competitive 333 
ions from each experimental set, the mean error values reduced over a half (data not shown). This is most 334 
likely due to the fact that the lowest concentration range was saddled with the highest analytical error (see 335 
ERRSQ properties above), especially for high difference between the concentrations of the competitive 336 
ions. In such a case, minor changes of the experimental values can lead to enormous changes in the 337 
determined parameters and increase the calculation error [38]. Although some doubts presented above, 338 
extended BiLangmuir model provided a rather good fit to the experimental two-component data supported 339 
by the one-component results. 340 

Last but not least, the calculation procedure can also hold shares in quality of optimization. As 341 
long as the number of estimated parameters was limited to only a few (in one-component systems), the 342 
simple approach of minimization (Eq. 8 and Eq. 9) was enough to give satisfactory results. In the eight 343 
parameter cases (two-component systems) the data might have been “overfitted” meaning that the points of 344 
random variations caused by the experimental errors were also fitted by the model. In this case, the 345 
resulting values of objective functions became very small and statistically very unlikely [38]. 346 
 347 
 348 
5. Conclusions 349 

 350 
In this work the BiLangmuir and the Redlich-Peterson models as well as their extended equations 351 

were tested for the modeling of one- and two-component adsorption equilibrium of Co(II) and Ni(II) ions 352 
on modified silica gels. In the simulations, the effect of the initial guessed parameters and two objective 353 
functions (MPSD and ERRSQ) were tested. In contrast to the three-parameter Redlich-Peterson model, the 354 
optimal solution of nonlinear parameter estimation for the four-parameter BiLangmuir equation depended 355 
mostly on the initial guess of parameter values. The best correlation with the experimental data was 356 
obtained using initial guesses of maximum adsorption capacities (qm) corresponding to the experimentally 357 
obtained ones (plateau in an equilibrium graph). In this case, the Levenberg-Marquardt algorithm 358 
converged to a global minimum. This indicated that even though the experimentally obtained qm might not 359 
exactly link to the value of maximum adsorption level, it still often has at least some quantitative 360 
knowledge about the parameter magnitude. This may give important insight into the proper design of 361 
adsorption systems. From objective functions ERRSQ gave the better overall fit to the experimental data 362 
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than MPSD. This was supported by both statistical analysis (except mean error values) and experimental 363 
observations. 364 

The competition in the two-component systems revealed complex phenomena, where standard 365 
behavior was not observed. Thus, none of the parameters obtained for one-component systems could 366 
satisfactorily help in predicting the two-component adsorption equilibrium. The application of the extended 367 
Bilangmuir model confirmed the coexistence of low- and high-energy active sites on EDSG and DTSG that 368 
showed an unequal ability for Co(II) and Ni(II) adsorption. However, the overlapping parts of the resulting 369 
isotherms presented in the three-dimensional graphs could not provide a useful evaluation of the accuracy 370 
of the fit. The obtained result gave ground to the assumption that the modeling of multi-component 371 
equilibrium without knowledge of the nature of the phenomenon involved is always fraught with the danger 372 
of matching an inadequate multi-component model.  373 
 374 
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Table 1. Properties of modified silica gels. 
 

Adsorbents Particle size 
(µm) 

EDTA/ 
DTPA 

(mmol/g) 

Specific 
surface area 

(m2/g) 

Total pore 
volume 
(cm3/g) 

Point of zero-
charge 

EDSG 40-63 0.32 384 0.48 4.0 
DTSG 40-63 0.23 328 0.41 4.0 
 
 
 
 
 
  
Table 2. Redlich-Peterson constants for the one-component adsorption of Co(II) and Ni(II) ions on EDSG and DTSG. 

 
 
 
 
 
Table 3. BiLangmuir constants for the one-component adsorption of Co(II) and Ni(II) ions on EDSG. 
 

bcl – beyond calculation limit 
* High affinity groups were SiO2-NH-HEDTA-2, of which amount was calculated using MINEQL software, ver. 2.53, 
 
 
 

Sorbent Objective 
function metal qm,exp 

(mmol/g) 
qm 

(mmol/g) n KRP 
( L/mmol) R2 σ ME (%) 

EDSG ERRSQ Co 0.302 0.277 0.909 82.220 0.9939 0.011 21.795 
MPSD Co 0.302 0.296 0.997 19.644 0.9786 0.293 15.622 

ERRSQ Ni 0.329 0.312 0.916 84.481 0.9840 0.020 46.664 
MPSD Ni 0.329 0.369 1.084 7.348 0.9661 0.419 22.698 

DTSG ERRSQ Co 0.294 0.273 0.923 97.928 0.9968 0.008 12.010 
MPSD Co 0.294 0.281 0.986 40.016 0.9875 0.212 11.508 

ERRSQ Ni 0.348 0.298 0.879 73.123 0.9869 0.018 52.316 

MPSD Ni 0.348 0.379 1.088 4.673 0.9638 0.439 24.218 

 metal qm,exp 
(mmol/g) 

qm1 
(mmol/g) 

KBiL1 
( L/mmol) 

qm2 
(mmol/g) 

K  BiL2 
( L/mmol) R2 σ ME (%) 

Surface 
coverage of  
high affinity 

groups* 
Guess value 
A   0.3 1.0 0.3 1.0     

ERRSQ Co 0.302 0.132 1.883 0.193 110.671 0.9962 0.009 20.827 0.178 
MPSD Co 0.302 0.148 19.610 0.148 19.610 0.9780 0.301 15.726 0.178 
ERRSQ Ni 0.329 0.142 2.328 0.215 118.205 0.9869 0.019 46.605 0.194 
MPSD Ni 0.329 0.180 7.833 0.180 7.833 0.9699 0.434 22.234 0.194 
Guess value 
B   0.1 1.0 1.0 1.0     

ERRSQ Co 0.302 0.102 1.75*109 0.274 1.568 0.9161 0.040 79.447 0.178 
MPSD Co 0.302 bcl bcl 0.296 19.610 0.9780 0.301 15.726 0.178 
ERRSQ Ni 0.329 0.111 1.67*109 0.303 1.750 0.9153 0.046 93.546 0.194 
MPSD Ni 0.329 bcl bcl 0.360 7.833 0.9699 0.434 22.235 0.194 



Table 4. BiLangmuir constants for the one-component adsorption of Co(II) and Ni(II) ions on DTSG. 
 

bcl – beyond calculation limit 
* High affinity groups were SiO2-NH-H2DTPA-2, of which amount was calculated using MINEQL software, ver. 2.53. 
 
 
 
 
 
Table 5. Redlich-Peterson constants for the two-component adsorption of Co(II) and Ni(II) ions on EDSG and DTSG. 
 

Sorbent 
qmCo 

(mmol/g) 

K  RPCo 
( L/mmol) nCo 

qmNi 
(mmol/g) 

K  RPNi  
( L/mmol) nNi R2 σ ME (%) 

EDSG 
n.e. n.e. n.e. n.e. n.e. n.e. 0.7516 0.076 90.808 

0.191 n.e. 0.950 0.396 n.e. 0.952 0.8440 0.062 117.944 
0.312 13.952 1.003 0.317 120.230 0.929 0.9801 0.023 105.621 

DTSG 
n.e. n.e. n.e. n.e. n.e. n.e. 0.7548 0.071 117.719 

0.191 n.e. 0.978 0.376 n.e. 0.928 0.8436 0.058 104.873 
0.308 15.851 1.033 0.297 98.063 0.918 0.9791 0.022 138.100 

n.e. – non estimated 
 
 
 
 
 
Table 6. BiLangmuir constants for the two-component adsorption of Co(II) and Ni(II) ions on EDSG and DTSG. Error 
function ERRSQ 
 

Sorbent qmCo1 qmCo2 K  BiLCo1 KBiLCo2 qm Ni1 qm Ni2 KBiLNi1 KBiLNi 2 R2 σ ME 
 (mmol/g) ( L/mmol) (mmol/g) ( L/mmol)   (%) 

EDSG 
n.e. n.e. n.e. n.e. n.e. n.e. n.e. n.e. 0.7639 0.074 138.983 

0.047 0.158 n.e. n.e. 0.220 0.238 n.e. n.e. 0.8565 0.060 110.941 
0.099 0.238 0.529 70.084 0.098 0.229 492.982 13.907 0.9864 0.018 106.953 

DTSG 
n.e. n.e. n.e. n.e. n.e. n.e. n.e. n.e. 0.7097 0.078 128.386 

0.064 0.312 n.e. n.e. 0.124 0.240 n.e. n.e. 0.9542 0.031 132.280 
0.065 0.242 0.667 81.245 0.087 0.219 397.411 12.567 0.9870 0.017 85.997 

n.e. – non estimated 

 metal qm,exp 
(mmol/g) 

qm1 
(mmol/g) 

K  BiL1 
( L/mmol) 

qm2 
(mmol/g) 

K  BiL2 
( L/mmol) R2 σ ME (%) 

Surface 
coverage of  
high affinity 

groups* 
Guess value 
A   0.3 1.0 0.3 1.0     

ERRSQ Co 0.294 0.116 2.784 0.190 137.372 0.9980 0.006 11.692 0.168 
MPSD Co 0.294 0.140 39.674 0.140 39.674 0.9839 0.219 12.088 0.168 
ERRSQ Ni 0.348 0.171 1.118 0.208 86.902 0.9882 0.018 51.612 0.198 
MPSD Ni 0.348 0.183 5.021 0.183 5.021 0.9702 0.455 23.549 0.198 
Guess value 
B   0.1 1.0 1.0 1.0     

ERRSQ Co 0.294 0.102 2.96*109 0.259 1.724 0.9029 0.042 76.239 0.168 
MPSD Co 0.294 0.009 2.17*109 1.996 0.370 0.9124 0.467 29.743 0.168 
ERRSQ Ni 0.348 0.098 1.65*109 0.318 1.580 0.9367 0.040 93.373 0.198 
MPSD Ni 0.348 bcl bcl 0.366 5.021 0.9702 0.455 23.549 0.198 
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Fig. 1. Synthesis of EDSG. 
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Fig. 2. Comparison between the Redlich-Peterson model and experimental data obtained for Co(II) and Ni(II) 

adsorption on (a) EDSG and (b) DTSG. 
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Fig. 3A. The effect of guess values and error function on one-component systems’ optimization for the 

BiLangmuir model for EDSG. Set A relates to the guess value of parameters qm,1, qm,2, K1, K2 equal 0.3, 1.0, 

0.3, 1.0, respectively. Set B relates to the guess value of parameters qm,1, qm,2, K1, K2 equal 0.1, 1.0, 1.0, 1.0, 

respectively. 
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Fig.5A. Comparison between the extended BiLangmuir model and experimental data obtained for Co(II) and 

Ni(II) adsorption on EDSG. 
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Ni(II) adsorption on DTSG. 



 7 

 

 

0 1 2 3 4 5

0.0

0.1

0.2

0.3

0.4

0.0 0.2 0.4
0.00

0.01

0.02
 exp Co
 exp Ni
 model Co
 model Ni

 

 

(a) DTSG 
      Co:Ni 1:9

q e (
m

m
ol

/g
)

Ce (mmol/L)
 

 

 

0 1 2 3 4 5

0.0

0.1

0.2

0.3

0.0 0.1
0.0

0.1

 exp Co
 exp Ni
 model Co
 model Ni

 
 

(b) DTSG
      Co:Ni 9:1

q e (
m

m
ol

/g
)

Ce (mmol/L)

 

  

 

 
Fig.6 Comparison between the extended BiLangmuir model and experimental data obtained for experimental set 

for Co:Ni ratio of (a) 1:9  (b) 9:1. 

 



 

 

 

 

 

 

 

 

Paper V 
Capture of Co(II) from its aqueous EDTA-chelate by DTPA-modified silica 

gel and chitosan 
 

Eveliina Repo, Leena Malinen, Risto Koivula, Risto Harjula, Mika Sillanpää 

Journal of Hazardous Materials 187 (2011) 122–132 

Reprinted with permission from Elsevier B.V. http://www.elsevier.com/authorsrights. 

 

 





Journal of Hazardous Materials 187 (2011) 122–132

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

Capture of Co(II) from its aqueous EDTA-chelate by DTPA-modified silica
gel and chitosan

Eveliina Repoa,c,∗, Leena Malinenb, Risto Koivulab, Risto Harjulab, Mika Sillanpääa,c

a Laboratory of Green Chemistry, Department of Energy and Environmental Technology, Faculty of Technology, Lappeenranta University of Technology,
Patteristonkatu 1, FI-50100 Mikkeli, Finland
b Laboratory of Radiochemistry, Department of Chemistry, University of Helsinki, P.O. Box 55, FI-00014 Helsinki, Finland
c Department of Environmental Science, The Faculty of Sciences and Forestry, The University of Eastern Finland, Patteristonkatu 1, FI-50100 Mikkeli, Finland

a r t i c l e i n f o

Article history:
Received 15 September 2010
Received in revised form 2 December 2010
Accepted 30 December 2010
Available online 6 January 2011

Keywords:
EDTA
DTPA
Silica gel
Chitosan
Water treatment

a b s t r a c t

The adsorption of Co(II) by diethylenetriaminepentaacetic acid (DTPA)-modified silica gel and chitosan
in the presence of EDTA and other interfering species was studied. Co(II) removal ranged from 93% to
96% from the solutions where Co(II) was totally chelated by EDTA. The amount of oxalate or Fe(II) did not
affect the adsorption of Co(II) in the case of DTPA-chitosan. However, increasing the amount of oxalate
enhanced the adsorption performance of DTPA-silica gel, probably due to the formation of new active
sites on the silica gel surface. DTPA-chitosan was also effective in simulated decontamination solutions.
For DTPA-silica gel, the rate of adsorption of free Co(II) was controlled by pore diffusion, but the rate of
adsorption of Co(II)EDTA was controlled by the surface chelation reaction, which was attributed to the
inhibited diffusion of Co(II)EDTA inside the silica gel mesopores. However, the macroporous structure of
DTPA-chitosan enabled pore diffusion of both Co(II) and Co(II)EDTA. The equilibrium isotherms of DTPA-
silica gel were best described by a BiLangmuir model, in which there are two different adsorption sites on
the silica gel surface assigned to different speciations of DTPA. For DTPA-chitosan, the data fit best with a
Sips model, which indicates system heterogeneity. Finally, measurements with capillary electrophoresis
showed an increase in dissolved EDTA during adsorption, demonstrating the ability of DTPA-modified
adsorbents to release Co(II) from its EDTA chelate. This promising result can provide a basis for applying
the studied materials to the treatment of water effluents containing Co(II) chelated by EDTA by a simple
one-step adsorption process.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ethylenediaminetetraacetic acid (EDTA) is a chelating agent
that is widely used in industrial cleaning, the nuclear industry,
pharmaceuticals, and manufacturing of textile leather, rubber, and
paper [1–6]. The main reason for using EDTA in many of these
applications is to clear pipes and reactors of metal ions or pre-
vent their precipitation through chelation [7]. Chelating agents and
their salts are not toxic as such, but environmental concerns arise
due to the potential for EDTA to remobilize the metals from sed-
iments and decrease the efficiency of heavy metal elimination in
wastewater treatment processes [8,9]. Moreover, EDTA contains
about 10% nitrogen, which causes eutrophication in the aquatic
environment.

Low-level radioactive waste (LLRW) arising from the operation
of nuclear power plants (NPPs) and medical use of radioactive

∗ Corresponding author. Tel.: +358 15 355 3707; fax: +358 15 336 013.
E-mail addresses: eveliina.repo@lut.fi (E. Repo), mika.sillanpaa@lut.fi

(M. Sillanpää).

isotopes accounts for more than 90% of the volume but only 1%
of the radioactivity of all radioactive waste [10]. However, this
waste is still hazardous and has to be treated and stored prop-
erly. Many of the liquid waste streams from NPPs contain chelating
agents, such as EDTA, originating from cleaning solutions used
to decontaminate NPP structures [11]. Treatment of radioactive
waste containing chelating agents by conventional methods like
non-specific ion exchangers, precipitation or mixing with cement
produces large amounts of waste to treat and dispose of [12,13].
Combined treatment of radioactive waste involving destruction of
chelant before adsorption has been shown to be useful but addi-
tional treatment steps usually increase the cost and time spent
for the whole process [14]. Thus, a one-step method that is both
economical and reduces the amount of LLRW is needed. Selec-
tive ion-exchangers may be the most promising solution to this
problem.

Various ion exchange materials have been tested for metal
adsorption from solutions containing EDTA or other complexing
agents. Such materials are, for example, titanium antimonates
[11], clay minerals [15], commercial anion exchangers [7,16], com-
mercial cation exchangers [17], copolymers with amino groups

0304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2010.12.113
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Fig. 1. Synthesis of DTPA-modified adsorbents.

[18], polyethyleneimine-agarose [19], and chitosan [20–23]. The
studies above were based on either cation exchange between a
dissolved metal–EDTA chelate and the ion exchanger or anion
exchange where the whole metal–EDTA chelate was adsorbed.
For the treatment of radioactive waste, cation exchange is pre-
ferred due to the fact that EDTA may enhance the leaching
of radionuclides from the disposal sites. New, effective cation
exchangers should contain chelating agents with higher binding
affinities towards target metals than EDTA. Such a chelat-
ing agent is, for example, diethylenetriaminepentaacetic acid
(DTPA).

The aim of this work was to study the applicability of DTPA-
functionalized silica gel and chitosan [24,25] to the adsorption
of Co(II) in the presence of EDTA. Co(II) was selected as the
target metal because its radioactive isotope 60Co is one of the
most problematic waste nuclides, with quite a long half-life (5.2
years) and high gamma decay energy [11]. DTPA-modified sil-
ica gel [24] and chitosan [25] have been found to be effective
adsorbents for Co(II) from pure metal solutions. These studies
included only fundamental investigations of metal solutions with-
out any interfering species. However, in this work, the adsorption
properties of DTPA-modified adsorbents in the Co(II) solutions
containing EDTA as a strong chelating agent as well as some
other interfering ions such as oxalate, calcium, permanganate,
and iron were studied. Moreover, the release of EDTA during the
Co(II) adsorption was experimentally confirmed. To the best of
our knowledge, there are not many reports about possible separa-
tion of metals from their aqueous EDTA chelates using only cation
exchange [11,17].

2. Materials and methods

2.1. Materials

As received, silica gel type LiChroPrep® (Merck) was provided
in powder form (diameter: 63–200 �m, surface area: 540 m2/g).
Chitosan flakes >85% deacetylated (Sigma–Aldrich) had a molecu-
lar weight ranging from 190,000 to 375,000 g/mol. All chemicals
used in this study were of analytical grade and supplied by
Sigma–Aldrich. A Co(II) stock solution of 1000 mg/L was prepared
from its nitrate salt. The radioactive tracer, 57Co, was obtained from
Eckert & Ziegler Isotope products. The 57Co concentration in trace
solutions was <3 × 10−14 M. Before use, prepared solutions were
allowed to equilibrate for at least 24 h by mixing in the dark. Adjust-
ment of pH was done using 0.1 M NaOH and 0.1 M HNO3.

2.2. Methods

2.2.1. Chemical modification of silica gel and chitosan
The silica gel was modified as previously described [24].

Briefly, aminopropyltriethoxysilane (APTES) and silica gel were
first allowed to react in toluene in order to attach APTES groups
covalently to the silica surface. Then the surface-bound amino
groups were allowed to react with DTPA-anhydride in an ethanol
and acetic acid solution. Chitosan was also modified as described
earlier [25] by allowing chitosan to react with DTPA-anhydride in
a solution of acetic acid and methanol (Fig. 1).

The formation of functional groups on the adsorbent surface was
confirmed using a FTIR-spectroscope Nicolet Nexus 8700 (USA). The
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Fig. 2. Effects of (a) EDTA, (b) oxalate, and (c) iron on the adsorption of Co(II) by
DTPA-modified adsorbents. pH 3 (DTPA-silica gel) and pH 2 (DTPA-chitosan).

peaks at wavenumbers of 1631 and 1398 cm−1 for DTPA-silica gel
and 1731 and 1643 cm−1 for DTPA-chitosan indicated the forma-
tion of carboxylic groups on the adsorbent surfaces. The surface
coverages of DTPA-groups analyzed by elemental analysis [24,25]
and Boehm titration [26] were 0.22–0.26 mmol/g for DTPA-silica
gel and 0.90–0.96 mmol/g for DTPA-chitosan. The specific surface
area, total pore volume, and average pore size of DTPA-silica gel
were 309 m2/g, 0.34 cm3/g, and 49 Å, respectively, and those of
DTPA-chitosan were 0.36 fm2/g, 0.74 × 10−3 cm3/g, and 552 Å, as
determined by Autosorb-1-C (Quantachrome, The UK).

2.2.2. Studied solutions
The adsorption of Co(II) by DTPA-modified adsorbents was

tested in different solution matrices. The effects of EDTA, oxalate,
and iron on Co(II) adsorption were separately studied, since these
ions are often found in the target waste streams. Other solutions
were selected to examine the influence of salts, acids and oxidizing
agents (Table 1). The studied solutions were an aqueous solution
containing oxalate, EDTA, and calcium (EOC), simulated floor drain
water (FDW) [27], and simulated decontamination solutions (DEs).
In addition, a few adsorption tests were carried out on the Co(II)
solutions with trace radioactive 57Co isotope. In LLRW solutions
Co(II) can be found at the nanomolar level, but to get reliable results
from ICP analysis, a Co(II) concentration of 17 �M (1 mg/L) was
selected for most of the studies. Furthermore, at low Co(II) con-
centrations, the adsorption efficiency of both modified adsorbents
was found to be highly dependent on pH [24,25] and the pH was
thus adjusted to 3 for DTPA-silica gel and 2 for DTPA-chitosan to
obtain maximum adsorption efficiency.

2.2.3. Batch adsorption studies
Batch experiments were conducted at ambient temperature

(22 ± 1 ◦C) by mixing Co(II) solution and adsorbent (dose: 2 g/L)
for a designated time in a rotary shaker, type ST5 (CATM.Zipperer
GmbH, Staufen, Germany). The adsorbent was separated from the
solution using a 0.45 �m polypropylene syringe filter. The samples
were analyzed by an inductively coupled plasma optical atomic
emission spectrometer (ICP-OES), model iCAP 6300 (Thermo Elec-
tron Corporation, USA). Co(II) concentrations were analyzed at a
wavelength of 228.616 nm and the detection limit was 0.007 �M.
The amount of radiocobalt (57Co) was determined using an auto-
matic gamma counter (Wallac 1480 WizardTM 3). The quantity of
the adsorbed metal per unit mass of modified silica gel (mmol/g)
was calculated as follows:

qe = (Ci − Ce)
M

V (1)

where Ci and Ce are the initial and the equilibrium concentrations
(mmol/L), while M and V represent the weight of the adsorbent (g)
and the volume of the solution (L), respectively. The distribution
ratio (mL/g), which describes the distribution of adsorbate between
the solution and the adsorbent at equilibrium, was calculated using
Eq. (2):

Kd = 1000
mL

L
× qe

Ce
(2)

2.2.4. Capillary electrophoresis measurements
Capillary electrophoresis (CE) enables simultaneous detection of

EDTA and its metal complexes in aqueous solutions [28]. CE mea-
surements (Beckman Coulter, USA) were conducted to determine
the amount of free EDTA in the solution after adsorption exper-
iments [29]. A solution of 25 mM phosphate buffer (pH 7) and
0.5 mM tetradecyltrimethylammonium bromide (TTAB, Aldrich)
was used as carrier electrolyte. TTAB changed the direction of the
electro-osmotic flow in the fused silica capillary (75 �m diameter,
60 cm length to the detector) by making the wall charge positive.
The power supply was changed to negative, generating net fluid
movement towards the detector. The injection time of samples
was 10 s and the run voltage 19 V. Between runs the capillary was
washed with 0.1 M NaOH and water. Between every five samples
the capillary was also rinsed with TTAB-buffer solution.

2.2.5. Regeneration studies
The regeneration of DTPA-modified adsorbents was studied pre-

viously in pure metal ion solutions [24,25]. Both of the adsorbents
lasted several regeneration cycles without losing their adsorption
efficiency. However, to study the effect of EDTA on regeneration
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Table 1
Co(II) adsorption from waters containing different interfering species.

Solution Composition Kd (mL/g)/ads% for
DTPA-silica gel

Kd (mL/g)/ads% for
DTPA-chitosan

Co1 17 �M Co2+, pH: 3 31270/98.5
Co2 17 �M Co2+, pH: 2 5726/92.1 10620/95.5
EOC 17 �M Co2, 51 �M EDTA, 51 �M oxalate, 1.25 mM Ca2+, pH: 3 3946/89.0 5985/92.4
FDW 17 �M Co2+, 34 �M EDTA, 1.74 mM Na+, 0.21 mM K+, 25 �M Ca2+, 2.3 M H3BO3, pH: 3 4950/90.9
DE1 17 �M Co2+, 90 �M Fe2+, 0.01 M oxalic acid, pH: 2 1537/75.9 5756/92.1
DE2 17 �M Co2+, 34 �M EDTA, 90 �M Fe2+, 0.01 M oxalic acid, pH: 2 649/57.4 1499/75.5
DE3 17 �M Co2+, 90 �M Fe2+, 1 mM KMnO4, 0.01 HNO3, pH: 2 241/33.4 316/39.1
DE4 17 �M Co2+, 34 �M EDTA, 90 �M Fe2+, 1 mM KMnO4, 0.01 HNO3, pH: 2 270/35.5 389/44.5
DE5 17 �M Co2+, 90 �M Fe2+, 0.01 HNO3, pH: 2 1219/72.0 8518/94.7
DE6 17 �M Co2+, 34 �M EDTA, 90 �M Fe2+, 0.01 HNO3, pH: 2 980/67.1 4554/90.6
R1 10 �M Co(II) and 20 �M EDTA traced with 57Co, 0.01 M NaNO3, pH: 3 11730/96.0
R2 10 �M Co(II) and 20 �M EDTA traced with 57Co, 0.01 M NaNO3, pH: 2 3254/86.6 6413/92.8

properties, adsorbents were first mixed with 1 mM Co(II):EDTA
(1:2) following regeneration with 2 M HNO3.

3. Results and discussion

3.1. Effects of various ions on Co(II) adsorption by DTPA-modified
adsorbents

Water effluents to be treated before discharge contain not only
target metals but also organic and inorganic compounds that may
inhibit the adsorption of metal ions. One of the aims of this study
was to investigate the possibility of using DTPA-modified adsor-
bents in the treatment of LLRW solutions produced by NPPs and the
solution matrices were selected accordingly (Section 2.2.2, Table 1).
The adsorption efficiencies were compared using both distribution
ratio (Kd, Eq. (2)) and percentage removal of Co(II).

3.1.1. Effect of EDTA
The main goal of this study was to investigate how EDTA affects

the adsorption of Co(II) by DTPA-modified adsorbents. Fig. 2a shows
that when EDTA was not present in the solution or the amount
of EDTA was less than two-fold the concentration of Co(II), DTPA-
silica gel had a higher Kd value than DTPA-chitosan. However, the
effectiveness of Co(II) adsorption decreased steeply in the case of
DTPA-silica gel, and in Co(II):EDTA 1:10 solution the Kd was four
times higher for modified chitosan. The Co(II) removal efficiencies
of DTPA-silica gel and -chitosan in the Co(II):EDTA 1:2 solution
were 96.3% and 93.8%, and in 1:10 solution they were 67.8% and
90.2%, respectively. For comparison, 97% removal of Co(II) was
achieved by Malinen et al. [11] using titanium antimonates in the
Co(II):EDTA 1:2 system, while only 7% removal was obtained using
CoTreat in a Co(II):EDTA 1:1 system [30].

Based on the speciation calculations (MINEQL, ver. 2.53), in the
Co(II):EDTA 1:10 solution over 99% of Co(II) is chelated by EDTA at
pH 3 and over 90% at pH 2. Thus, it is obvious that, besides binding
Co(II) ions, DTPA-silica gel and -chitosan were able to bind either
Co(II)EDTA-chelates or capture Co(II) from dissolved metal EDTA
species (see Sections 3.3 and 3.4). This result is promising because
the highly Co(II) specific adsorption material CoTreat can bind Co(II)
only in ionic form [11,30].

3.1.2. Effect of oxalate
Besides EDTA, oxalate is a commonly found chemical in NPP

liquid waste [31]. Oxalate addition did not show any significant
effect on the Co(II) adsorption of DTPA-chitosan (Fig. 2b). However,
in the case of DTPA-silica gel, an increasing amount of oxalate at
first inhibited but then enhanced the adsorption efficiency of Co(II).
This could be explained by oxalate ion adsorption on the surface. A
previous study showed that there were still free amino groups on
the DTPA-silica gel surface after DTPA immobilization [24]. These

amino groups were positively charged at pH 3 [21] and might have
bound negatively charged oxalate ions on the surface, forming more
favorable binding sites for Co(II).

3.1.3. Effect of iron
A very common metal contaminant on NPP’s reactor walls

and piping is iron. That is why the spent decontamination solu-
tions used in cleaning can contain varying amounts of iron. For
DTPA-silica gel, increasing the concentration of iron decreased the
adsorption efficiency of Co(II) (Fig. 2c). However, DTPA-chitosan
adsorbed approximately the same amount of Co(II) when there was
no iron as when the Co(II):Fe(II) molar ratio was 1:50. The differ-
ence between modified silica gel and -chitosan can be explained
by the higher surface coverage of DTPA-ligands on the surface of
chitosan compared to silica gel. While DTPA-chitosan had enough
adsorption sites for both Co(II) and Fe(II), Fe(II) was able to occupy
some of the adsorption sites of DTPA-silica gel. The overall favorable
binding of Co(II) over Fe(II) for both DTPA-modified adsorbents can
be explained by the higher stability constant of Co(II)DTPA chelate
(pK = 20.95) compared to the corresponding Fe(II)DTPA chelate
(pK = 18.35) [32].

3.1.4. Solutions with mixed ions
Table 1 shows the distribution ratios and adsorption efficien-

cies for Co(II) removal by DTPA-modified adsorbents from both
pure Co(II) solutions and solutions containing different interfer-
ing species. At the optimal pH, for DTPA-silica gel the Kd value was
three times higher than that of DTPA-chitosan (Table 1). However,
at higher Co(II) concentrations the adsorption efficiency of DTPA-
chitosan was better than that of DTPA-silica gel due to its higher
ligand loading [24,25]. The unusual behavior at low concentrations
was attributed to the crosslinking of DTPA-groups on the surface
of chitosan due to its branched structure [25]. When solutions con-
tained high amounts of metals, chelating with the surface groups
occurred before crosslinking.

The first solution with mixed ions contained both EDTA and
oxalate along with 1.25 mM Ca(II). Table 1 shows that distribution
ratios of Co(II) decreased significantly for both modified adsor-
bents but nonetheless adsorption efficiencies of around 90% were
obtained. The adsorption performance of DTPA-silica gel in simu-
lated FDW, where the most abundant interfering agent was boric
acid, was also lower than in pure Co(II) solutions, but at pH 3 an
adsorption efficiency of around 90% was achieved. However, in real
applications the pH of FDW is around 8, where both of the adsor-
bents studied here were shown to be ineffective. This highlights the
importance of pH adjustment.

Decontamination solutions (DEs) are used to clean reactors and
pipes in NPPs. These solutions contain, for example, nitric acid, boric
acid, or fluoroboric acid and in some cases permanganate as an oxi-
dizing agent. In this study the removal of Co(II) from six different
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DE-solutions was studied. DTPA-silica gel had low adsorption effi-
ciency in all of the solutions (Table 1). This is because pH 2 was
not optimal for DTPA-silica gel. However, even when the pH was
optimal for DTPA-chitosan, the adsorption efficiency was clearly
affected by the solution matrix. The most notable effect was seen
in the solutions containing permanganate ions. This is not surpris-
ing since permanganate is known to oxidize polyaminocarboxylic
acids [33], which would result in degradation of surface-bound
DTPA groups. The effect of the type of acid was also evident in the
case of the DE-solutions. The Kd value was around 1.5 times higher
in nitric acid than in oxalic acid for DTPA-chitosan in the solutions
without EDTA (DE1 and DE5). In similar solutions with EDTA (DE2
and DE6), the Kd value was three times higher in nitric acid. This
can be explained by the chelating ability of oxalate ion, which could
have interrupted metal binding on the surface groups.

Finally, the adsorption properties of DTPA-modified adsorbents
were tested in solutions containing 10 �M Co(II) and 20 �M EDTA
with 57Co tracer. Kd values obtained were over 10 000 mL/g for
DTPA-silica gel and over 6000 mL/g for DTPA-chitosan. For compar-
ison, the Kd value for CoTreat was below 580 mL/g in the solution
where Co(II) was chelated by EDTA [34]. Thus, the reasonably
high adsorption efficiency of both DTPA-modified adsorbents in
the 57Co(II)EDTA solutions indicated their potential for use in the
treatment of LLRW effluents.

3.2. Effect of EDTA on kinetics of Co(II) adsorption

When Co(II) is chelated by EDTA both its diffusion properties
and chemical reactions on surfaces are affected. The best way to
study these effects is comparison of adsorption kinetics in both
Co(II) and Co(II)EDTA solutions. The kinetics of the chelation reac-
tion was investigated using a pseudo-second-order model, which
was previously found to describe Co(II) and Ni(II) adsorption well
on both DTPA-silica gel and DTPA-chitosan [24,25]. However, non-
linear regression (Origin software version 8.0, Microcal Software)
was used here instead of linear regression in order to avoid the
changes in error distributions caused by the linearization technique
[35]. The non-linear pseudo-second-order model has the following
form:

qt = qe
2k2t

1 + qek2t
(3)

where qt and qe (mmol/g) represent the amount of Co(II) adsorbed
at time t (min) and at equilibrium, respectively.

The plots of the pseudo-second-order equation are shown in
Fig. 3a and estimated parameters in Table 2. Fig. 3a shows that the
non-linear pseudo-second-order model did not describe adsorp-
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Fig. 3. (a) Adsorption kinetics of Co(II) and Co(II)EDTA (1:2) by DTPA-modified
adsorbents. Agitation speed: 50 rpm; Co(II) concentration: 0.34 mM; dose: 2 g/L;
pH 3 (DTPA-silica gel), pH 2 (DTPA-chitosan). (b) Intraparticle diffusion plots for the
results presented in (a).

tion kinetics of Co(II) on DTPA-modified adsorbents from pure
Co(II) solutions as well as was expected based on the linear fittings
[24,25]. However, the kinetic data obtained from Co(II)EDTA solu-
tions fit better, indicating that the chelation reaction was the rate
limiting step (Table 2). A possible explanation is that Co(II)EDTA-
chelates reacted with outermost surface groups but could not
diffuse inside the pores due to their bulky structure and negative
charge. In contrast, the adsorption kinetics of free Co(II) seemed to
be limited by diffusion. Despite the goodness of fit, parameters pre-

Table 2
Pseudo-second-order rate constants for DTPA-modified adsorbents in Co(II) and Co(II)EDTA 1:2 solutions: non-linear regression.

C0,Co (mM) T (◦C) Co(II):EDTA molar ratio qe ,exp (mmol/g) qe (mmol/g) k2 (g/mmol min) R2

DTPA-silica gel
0.017 22 ± 1 1:0 0.008 0.008 34.48 0.985
0.017 22 ± 1 1:2 0.008 0.008 17.09 0.988
0.34 22 ± 1 1:0 0.154 0.122 0.24 0.934
0.34 22 ± 1 1:2 0.051 0.051 7.01 0.992
0.14 22 ± 1 1:2 0.036 0.037 2.12 0.987
0.34 35 1:2 0.057 0.056 8.47 0.997
0.34 10 1:2 0.049 0.047 3.23 0.941

DTPA-chitosan
0.017 22 ± 1 1:0 0.009 0.009 8.55 0.948
0.017 22 ± 1 1:2 0.009 0.009 10.49 0.914
0.34 22 ± 1 1:0 0.151 0.160 0.35 0.976
0.34 22 ± 1 1:2 0.118 0.123 0.78 0.932
0.85 22 ± 1 1:2 0.229 0.233 0.47 0.978
0.34 35 1:2 0.119 0.118 1.50 0.995
0.34 10 1:2 0.116 0.131 0.26 0.950
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Table 3
Diffusion rate constants for DTPA-modified adsorbents in Co(II) and Co(II)EDTA 1:2 solutions.

C0,Co (mM) T (◦C) Co(II):EDTA molar ratio kd,1 (mmol/g min1/2) kd,2 (mmol/g min1/2) kd,3 (mmol/g min1/2)

DTPA-silica gel
0.017 22 ± 1 1:0 0.0019 4.41 × 10−5

0.017 22 ± 1 1:2 0.0014 3.05 × 10−5

0.34 22 ± 1 1:0 0.0101 0.0029 52.4 × 10−5

0.34 22 ± 1 1:2 0.0128 0.0011 ≈ 0
0.14 22 ± 1 1:2 0.0054 0.0029 28.2 × 10−5

0.34 35 1:2 0.0118 0.0023 16.2 × 10−5

0.34 10 1:2 0.0104 0.0011 14.6 × 10−5

DTPA-chitosan
0.017 22 ± 1 1:0 0.0012 0.85 × 10−5

0.017 22 ± 1 1:2 0.0010 1.02 × 10−5

0.34 22 ± 1 1:0 0.0190 0.0054 50.9 × 10−5

0.34 22 ± 1 1:2 0.0156 0.0025 ≈ 0
0.85 22 ± 1 1:2 0.0372 0.0096 8.65 × 10−5

0.34 35 1:2 0.0236 0.0119 30.8 × 10−5

0.34 10 1:2 0.0125 0.0046 ≈0

sented in Table 2 can be used to compare the adsorption kinetics of
Co(II) species on the modified silica gel and chitosan. In most of the
cases, the pseudo-second-order rate constant was lower for DTPA-
chitosan than for DTPA-silica gel. This could be attributed to the
rigid structure of the silica gel where adsorption sites were easily
available.

The effect of chelate formation on diffusion was studied using
an intraparticle diffusion model:

qt = kdt1/2 + C (4)
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Fig. 4. The effect of pH on the Co(II) adsorption isotherms of (a) DTPA-silica gel and
(b) DTPA-chitosan.

where kd (mmol/g min1/2) is the diffusion rate constant and C
(mmol/g−1) represents the thickness of the boundary layer. Fig. 3b
shows that an intraparticle model plot had more than one linear
region. These regions can be attributed to the different stages of
diffusion. The first region, with a steep slope, represented diffu-
sion in the bulk phase to the exterior surface of the adsorbent
or film diffusion, the second represents the gradual adsorption
stage (diffusion into mesopores or macropores), and the third
region represents diffusion into micropores or the equilibrium
state [36].

The diffusion rate constants obtained from the slopes of the
intraparticle model plots are presented in Table 3. In 17 �M Co(II)
and Co(II)EDTA solutions only the linear region prior to the equilib-
rium state represented diffusion from the bulk phase to the surface
of the adsorbent or film diffusion. This is not surprising because
the outermost surface areas of both adsorbents contained enough
adsorption sites for all the metal ions at low concentrations. The
most apparent effect of Co(II) chelation was seen in the case of
DTPA-silica gel when the concentration of Co(II)/Co(II)EDTA was
0.34 mM. For free Co(II) more diffusion stages were observed than
for Co(II)EDTA. This could be attributed to the fact that Co(II) ions
were able to diffuse into the silica gel pores (pore diameter: 49 Å)
due to their small size and the attraction of negatively charged
carboxyl groups. However, the pore diffusion of Co(II)EDTA was
limited due to its size and negative charge. Therefore, it rather
reacted with the outermost DTPA groups. In the case of DTPA-
chitosan, this effect was not seen due to its higher surface coverage
and macroporous structure (pore diameter: 552 Å), and both Co(II)
and Co(II)EDTA were equally able to reach the active sites. It is inter-
esting to note that the diffusion rate constants from bulk to surface
(kd,1, Table 3) of DTPA-chitosan were directly proportional to the
initial Co(II) concentration, which is consistent with the concept of
surface “film diffusion” [37].

Besides ambient temperature, kinetic experiments were also
conducted at 10 and 35 ◦C. Table 2 shows that adsorption was
clearly slower at 10 ◦C than at the other two temperatures. This fur-
ther indicates that the chelation reaction had the main role in the
adsorption kinetics of Co(II) from EDTA-containing solutions. In the
case of DTPA-silica gel the adsorption capacity increased slightly as
a function of temperature indicating the endothermic nature of the
surface reaction (Table 2 and Supplementary information: Figures
S1 and S2).

3.3. Effect of EDTA on Co(II) adsorption isotherms

It is evident that the addition of EDTA affected the adsorption
of Co(II) by DTPA-modified adsorbents. In addition, the speciation
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Fig. 5. The effect of EDTA on the Co(II) adsorption isotherms of (a) DTPA-silica gel
and (b) DTPA-chitosan.

of both surface bound DTPA and Co(II)EDTA in the solution were
pH dependent. Therefore, the adsorption equilibrium was studied
in solutions containing Co(II) and EDTA at molar ratios of 1:0, 1:1,
and 1:2 and varying in pH from 2 to 4.

It is useful to look first at the overall effects of pH and EDTA
on Co(II) adsorption by DTPA-modified adsorbents (Figs. 4 and 5).
Fig. 4a shows that in the Co(II):EDTA 1:2 solutions, the best adsorp-
tion performance of DTPA-silica gel was obtained at pH 3 and the
worst at pH 4. In the case of DTPA-chitosan (Fig. 4b), pH 4 also gave
the poorest performance, but near the equilibrium the adsorption
capacities were rather similar at pH 2 and pH 3. That the poor-
est adsorption performance was seen for both materials at pH 4
can be attributed to the speciation of both surface DTPA-groups
and Co(II)EDTA-species in the solution (MINEQL, ver. 2.53). At this
pH the predominant compound in the solution was Co(II)EDTA2−

and the dominant surface compounds were R–NH–H2DTPA2− and
R–NH–HDTPA3− (R = silica gel or chitosan, simplified presentation).
Thus, there was electrochemical repulsion between the nega-
tively charged groups. The increase in positive surface charge with
decreasing pH allowed a better surface approach of Co(II)EDTA-
chelates at pH 2 and pH 3. Fig. 4b also shows that pH had a
clear effect on the shape of the isotherm curve, which is discussed
later in this section. Furthermore, it should be noted that without
EDTA, the pH only slightly affected the maximum Co(II) adsorption
(Tables 4 and 5) even if the effect at low Co(II) concentrations was
significant.

The effect of Co(II):EDTA molar ratio on the adsorption of Co(II)
species is presented in Fig. 5. The adsorption performance of DTPA-
modified materials decreased as the EDTA content in the solution

increased, and this was evident over the whole studied pH range
(Tables 4 and 5). This was attributed to the enhanced competition
for Co(II) ions between dissolved EDTA and surface DTPA-groups.

To obtain a deeper understanding of the adsorption equilibrium,
theoretical isotherm models were fitted to the experimental data
using non-linear regression (Origin software). The BiLangmuir and
Sips models were selected based on previous results [24,25]. The
BiLangmuir model is given as

qe = qm1KL1Ce

1 + KL1Ce
+ qm2KL2Ce

1 + KL2Ce
(5)

where qm1 and qm2 are the maximum adsorption capacities of
two different adsorption sites while K1 and K2 are the energies of
adsorption for these adsorption sites. The Sips model is a combina-
tion of Langmuir and Freundlich models:

qe = qm(KSCe)nS

1 + (KSCe)nS
(6)

where KS (L mmol−1) is the Langmuir equilibrium constant and nS
is the Freundlich heterogeneity factor.

As presented earlier, the BiLangmuir model fit rather well to the
equilibrium curves obtained for DTPA-silica gel (Figs. 4a and 5a and
Table 4). Even though the adsorption system was relatively com-
plex, the KL parameters presented in Table 4 can give some insight
into the adsorption mechanism by which Co(II) ions are bound by
surface DTPA-groups. At pH 3 and 4KL1 values were clearly higher
than KL2 values. At pH 3 these values were also related to the bind-
ing sites with higher adsorption capacity (qm1). This indicates that
these adsorption sites were surface DTPA-groups, which were able
to capture Co(II) from its EDTA chelate. However, the results at pH
4 indicated that lower affinity binding sites had higher adsorption
capacity in the solution without EDTA. This cannot be explained by
the suggestion that the high affinity groups were DTPA-moieties
and the low-affinity groups amino-moieties [24]. Instead, it is most
likely that high- and low-affinity groups denoted different specia-
tions of the surface-bound DTPA. At pH 4, 74.9% of DTPA is found as
R–NH–H2DTPA2− and 18.5% as R–NH–HDTPA3− (MINEQL, ver. 2.53,
R = silica gel). The group with the higher negative charge should
clearly have higher affinity for the positive Co(II) ions. However,
the surface concentration of this group was also lower, giving lower
adsorption capacity. Similarly, at pH 3 high-affinity surface groups
could be assigned to R–NH–H2DTPA2− (50.3%) and low-affinity
groups to R–NH–H3DTPA− (42.7%).

Table 5 and Figs. 4b and 5b show that the Sips model fit better
with the experimental data obtained for DTPA-chitosan than the
BiLangmuir model. Only at pH 2 did the BiLangmuir model fit well,
but the parameters obtained indicated that there was only one kind
of binding site on the surface, thus the BiLangmuir equation became
a simple Langmuir equation. Moreover, the model overestimated
the qm values. The poor fit of the BiLangmuir/Langmuir model to
the data obtained for DTPA-chitosan could be attributed to system
heterogeneity. It can be seen from Figs. 4b and 5b that the shape
of the isotherm curve was highly affected by both pH and EDTA
content, unlike the isotherm of DTPA-silica gel. This indicates that
DTPA-chitosan has a much more complex structure than DTPA-
silica gel.

Table 5 shows that the heterogeneity factor nS of the Sips model
was greater than one when solution pH was 3 or the Co(II):EDTA
ratio was 1:2. Thus, these systems were highly heterogeneous,
which was also seen from the S-shape isotherm curves. This type of
curve is typically formed when there is a weak interaction between
the surface and adsorbate at low adsorbate concentrations, but
once some adsorption takes place, adsorbent–adsorbate interac-
tions increase [38]. In the case of DTPA-chitosan, weak surface
affinities at low Co(II)EDTA concentrations could be attributed to
crosslink formation [25]. Due to the more rigid structure of the
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Table 4
Isotherm parameters for DTPA-silica gel.

Co:EDTA ratio qm,exp (mmol/g) qm1 (mmol/g) KL1 (L/mmol) qm2 (mmol/g) KL2 (L/mmol) R2

Two-site Langmuir model
pH 2 1:0 0.23 0.09 31.82 0.16 2.77 0.997

1:1 0.12 0.06 22.10 0.15 0.65 0.991
1:2 0.06 0.02 58.70 0.04 7.19 0.977

pH 3 1:0 0.27 0.16 193.36 0.13 3.83 0.998
1:1 0.16 0.10 270.92 0.08 7.31 0.999
1:2 0.07 0.06 330.26 0.03 0.65 0.991

pH 4 1:0 0.25 0.07 540.89 0.21 5.19 0.992
1:2 0.03 0.01 78.56 0.04 1.18 0.952

Co:EDTA ratio qm,exp (mmol/g) qm (mmol/g) KS (L/mmol) nS R2

Sips model
pH 2 1:0 0.23 0.26 10.78 0.73 0.998

1:1 0.12 0.27 1.59 0.53 0.991
1:2 0.06 0.07 18.03 0.73 0.992

pH 3 1:0 0.27 0.30 37.30 0.27 0.993
1:1 0.16 0.19 48.27 0.16 0.995
1:2 0.07 0.08 85.16 0.07 0.976

pH 4 1:0 0.25 0.32 18.80 0.56 0.984
1:2 0.03 0.08 3.18 0.56 0.962

oxide substrate, a similar effect was not seen in the case of DTPA-
silica gel.

3.4. Reaction mechanism

In order to understand the reaction mechanism it was important
to find out whether EDTA is released during Co(II) adsorption. The
speciation of free EDTA and Co(II)EDTA was accomplished using
CE. The calibration curves (Supplementary information, Figure S3)
of EDTA were not affected by pH unlike those of Co(II)EDTA. This
can be explained by Co(II)EDTA speciation, which was seen as split
peaks in electopherograms (Fig. 6). However, the total amount of
Co(II)EDTA-species could be determined by CE as well as ICP.

It is evident from Fig. 6 that the EDTA content in the solution
increased as Co(II) was adsorbed on the DTPA-modified surface.
Furthermore, the amount of EDTA released correlated well with
the amount of Co(II) adsorbed (Fig. 7), indicating that surface DTPA-
groups were able to capture Co(II) from its dissolved EDTA chelates.

The speciation of Co(II)EDTA at different pH values is presented
in the supplementary information (Tables S1 and S2). At pH 2
there were some free Co2+ ions in the Co(II):EDTA 1:1 solution,
but in the other systems the amount of free Co2+ was insignif-

icant compared to the amount of chelated Co(II). This further
confirmed that Co(II)EDTA-chelates were dissociated due to the
high-affinity DTPA-groups. The adsorption efficiency varied from
38% to 96% at pH 2 and 3 depending on the total Co(II) concen-
tration. DTPA-chitosan could remove over 50% of Co(II) from the
1.7 mM Co(II)EDTA 1:2 solution, whereas DTPA-silica gel had a
better adsorption performance in the lower concentration range,
reaching 96% removal from 85 �M Co(II)EDTA solution.

Determination of the reaction mechanism of the system pre-
sented here is complicated due to the fact that DTPA and EDTA as
well as their Co(II) chelates have different speciations at different
pH values. Mechanisms can be suggested based on the speciation
calculations. The most abundant surface group after Co(II) chelation
in the studied pH range was R–NH–Co(II)DTPA2− and the solution
chelate, which donated Co(II), was expected to be the one with
the lowest stability constant (Table S2). Based on this, the reaction
mechanisms can be written as

Co(II)HEDTA− + R–NH–H3DTPA− ↔ R–NH–Co(II)DTPA2− + H4EDTA (7)

Co(II)HEDTA− + R–NH–H2DTPA2− ↔ R–NH–Co(II)DTPA2− + H3EDTA− (8)

Co(II)EDTA2− + R–NH–H2DTPA2− ↔ R–NH–Co(II)DTPA2− + H2EDTA2− (9)

Co(II)HEDTA− + R–NH–HDTPA3− ↔ R–NH–Co(II)DTPA2− + H2EDTA2− (10)

Table 5
Isotherm parameters for DTPA-chitosan.

Co:EDTA ratio qm,exp (mmol/g) qm1 (mmol/g) KL1 (L/mmol) qm2 (mmol/g) KL2 (L/mmol) R2

Two-site Langmuir model
pH 2 1:0 0.83 0.90 13.08 – – 0.998

1:1 0.43 0.51 2.18 0.11 50.86 0.999
1:2 0.30 0.37 1.06 0.02 42.96 0.999

pH 3 1:0 0.84 0.92 31.82 – – 0.881
1:1 0.45 1.04 1.24 – – 0.919
1:2 0.30 0.45 2.12 – – 0.899

pH 4 1:0 0.86 0.92 19.92 – – 0.440
1:2 0.18 – – – – –

Co:EDTA ratio qm,exp (mmol/g) qm (mmol/g) KS (L/mmol) nS R2

Sips model
pH 2 1:0 0.83 0.88 12.43 1.08 0.999

1:1 0.43 0.81 5.60 0.66 0.999
1:2 0.30 0.31 0.18 2.18 0.982

pH 3 1:0 0.84 0.84 35.18 1.79 0.950
1:1 0.45 0.49 0.18 2.26 0.981
1:2 0.30 0.31 0.18 2.18 0.982

pH 4 1:0 0.86 0.92 19.92 1.01 0.502
1:2 0.18 – – – –
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Fig. 6. Comparison of electropherograms before (bold line) and after (thin line)
adsorption of Co(II) in (a) Co(II)EDTA 1:1 and (b) Co(II)EDTA 1:2 systems, pH 3.
Co(II) concentration: 0.85 mM.

Co(II)EDTA2− + R–NH − HDTPA3− ↔ R–NH–Co(II)DTPA2− + HEDTA3− (11)

of which Eq. (7) is suggested to be the main mechanism at pH 2
and (9) at pH 3. At pH 4 all the reactions except (7) may occur.
The idea behind the mechanisms presented here was that the most
unstable solution chelate reacted with the surface group with the
highest affinity towards positive metal ions. It was also assumed
that DTPA surface groups formed rather similar coordination com-
pounds with Co(II) ions as they would have formed in the solution
phase [39], and the above equations are simplified presentations
of coordination. If the stability constant of surface DTPA-groups
was assumed to be near that of the solution species (pK: 26.53
[32]) the previous mechanisms would also be favorable since the
stability constants of Co(II)EDTA-chelates varied from 18 to 23.5
[32], [Table S2]. However, it should be emphasized that the sys-
tem under investigation was very complex and, besides binding
free Co(II) released from EDTA chelates, whole Co(II)EDTA-chelates
or free EDTA could have been bound by the surface amino groups
[19,20]. On the other hand, in this study, both results with CE and
fittings to the BiLangmuir model indicated that most of the Co(II)
was bound to the DTPA-modified surfaces in the ionic form.
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3.5. Regeneration and stability of the adsorbents

Earlier studies showed that DTPA-modified silica gel and chi-
tosan were regenerable using 1–2 M HNO3 when adsorption tests
were done in pure metal solutions [24,25]. The regeneration results
after adsorption tests in 1 mM Co(II)EDTA solutions are presented in
Table 6. For DTPA-chitosan, adsorption efficiency was not affected
by regeneration. However, for DTPA-silica gel, adsorption capacity
increased after the first regeneration cycle, indicating that some
EDTA groups became attached to the surface and increased the lig-
and loading. Overall, regeneration studies confirmed the stability
of the DTPA-groups in the Co(II)EDTA solutions.

Table 6
Regeneration of DTPA-silica gel and -chitosan by 2 M HNO3. Adsorption from 1 mM Co(II)EDTA (1:2)-solution, pH 3.

Type of adsorbent No. of cycles Adsorption capacity of Co(II)EDTA

Before regeneration (mg/g) After regeneration (mg/g) Regeneration efficiency (%)

DTPA-silica gel 1 8.56 8.01 136.5
2 8.56 8.16 132.5
3 8.56 8.09 138.2
4 8.56 8.38 114.2

DTPA-chitosan 1 2.35 2.18 102.3
2 2.35 2.18 102.3
3 2.35 2.25 101.3
4 2.35 2.26 101.2
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DTPA leaching at different pH values was further examined by
CE-measurements. A small peak assigned to dissolved Co(II)DTPA
chelate was observed in the case of DTPA-chitosan after adsorption
experiments at pH 3 and 4 (Figure S4). When the peak was cali-
brated for Co(II)DTPA, the leached amount was found to be around
10 �M, i.e. 0.5 mol% of the total amount of functional groups. A
Co(II)DTPA peak was not observed for DTPA-silica gel, demonstrat-
ing its stability, which has also been seen with analysis of leached
silicon [24].

4. Conclusions

The DTPA-modified silica gel and chitosan were found to be
promising materials for Co(II) adsorption in the presence of organic
complexants such as EDTA and oxalate or inorganic species such
as Ca(II) and Fe(II). The two adsorbents performed differently
depending on the solution pH and the concentration of Co(II). Both
modified adsorbents could remove Co(II) even if it was totally
chelated by EDTA. DTPA-silica gel was more effective when the
EDTA was present in less than two-fold excess, after which the mod-
ified chitosan showed better adsorption performance. An excess
of oxalate ions or Fe(II) did not influence the Co(II) adsorption by
DTPA-chitosan due to its high ligand loading. However, adsorption
of Co(II) was enhanced by oxalate in the case of DTPA-silica gel,
which was attributed to the oxalate binding on the surface creating
more adsorption sites for Co(II). Furthermore, DTPA-chitosan was
an efficient adsorbent in simulated decontamination solutions and
both adsorbents showed good adsorption properties in solutions
traced with radiocobalt 57Co.

The effect of EDTA on Co(II) adsorption was studied by both
kinetic and equilibrium experiments. Kinetic experiments showed
that the adsorption of free Co(II) on DTPA-silica gel was con-
trolled by intraparticle diffusion, but adsorption of Co(II)EDTA by
surface chelation reaction. This was attributed to the large size
of Co(II)EDTA and electrochemical repulsion between negatively
charged DTPA-groups and Co(II)EDTA. In the case of DTPA-chitosan,
a similar effect was not seen due to its macroporous structure,
which enabled both Co(II) and Co(II)EDTA diffusion into the adsor-
bent pores.

The equilibrium studies showed that the BiLangmuir model was
most accurate in the case of DTPA-silica gel and the Sips model
in the case of DTPA-chitosan. The latter was due to the high het-
erogeneity of the DTPA-chitosan surface, which was also apparent
from the S-shaped isotherm plots. The BiLangmuir model suggested
that there were two kinds of active sites on the DTPA-silica gel sur-
face. Based on the KL/qm values these sites were attributed to the
different speciation of surface DTPA-groups.

Finally, the measurements with CE showed that DTPA-modified
adsorbents were able to capture Co(II) from its EDTA chelate, as
demonstrated by the increase in dissolved EDTA as Co(II) was
adsorbed on the surface. This demonstrated the applicability of
the studied adsorbents to treatment of effluent streams containing
both Co(II) and EDTA.
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Supplementary information for 
 
Capture of Co(II) from its aqueous EDTA-chelate by DTPA-modified silica gel and 
chitosan 
 
This file contains two tables and four figures 
 
Tables S1 and S2 show the amount of EDTA released vs. the amount of Co(II) adsorbed at different 
pH and different Co(II) concentrations.  
Figures S1 and S2 show the effects of temperature on the adsorption kinetics for DTPA-modified 
adsorbents in 0.34 mM Co(II)EDTA (1:2) solution. 
Figure S3 shows the calibration curves for EDTA and Co(II) EDTA at different pH measured by 
capillary electrophoresis. 
Figure S4 shows the leaching of DTPA at pH 3 and pH 4 measured by capillary electrophoresis. 
 
 
Table S1. The speciation of Co(II) species in Co(II):EDTA 1:1 solution before adsorption and the amount 
of Co(II) adsorbed and EDTA released in equilibrium. 
 
pH 2 

Initial Equilibrium, DTPA-
silica gel 

Equilibrium, DTPA-
chitosan 

Total Co(II) Free Co(II) 
Co(II) 

EDTA-2 
pK: 18.16 

Co(II) 
HEDTA-1 

pK: 21.59 

Co(II) 
H2EDTA 
pK: 23.49 

Co(II) 
adsorbed 

EDTA-4 
released 

Co(II) 
adsorbed 

EDTA-4 
released 

78.78 16.42 2.89 40.46 19.01 50.57 - 72.20 - 
157.17 23.91 6.18 86.47 40.61 85.51 183.70 139.23 256.30 
313.10 34.81 12.92 180.61 84.75 128.48 187.16 264.43 240.61 
467.54 97.44 14.56 250.28 146.68 154.51 189.64 364.08 383.04 
779.70 73.57 25.08 429.58 251.47 190.15 197.76 534.70 602.30 
939.67 81.21 30.55 522.33 305.58 202.69 168.80 618.77 586.93 

1268.37 95.06 41.89 714.11 417.29 238.41 213.91 749.42 969.60 
1558.14 106.43 52.40 890.58 519.92 230.88 198.00 813.39 1099.08 

pH 3 

Initial Equilibrium, DTPA-
silica gel 

Equilibrium, DTPA-
chitosan 

Total Co(II) Free Co(II) 
Co(II) 

EDTA-2 
pK: 18.16 

Co(II) 
HEDTA-1 

pK: 21.59 

Co(II) 
H2EDTA 
pK: 23.49 

Co(II) 
adsorbed 

EDTA-4 
released 

Co(II) 
adsorbed 

EDTA-4 
released 

78.78 2.03 24.72 49.00 3.01 76.36 - 50.34 - 
157.17 2.89 49.90 98.34 6.04 148.54 174.04 90.23 168.80 
313.10 4.13 100.64 196.32 12.01 237.38 193.03 184.73 188.88 
467.54 5.09 151.57 293.01 17.87 279.91 168.80 288.10 236.70 
779.70 6.67 256.10 487.36 29.57 311.69 180.50 538.63 527.54 
939.67 7.36 310.41 586.41 35.49 328.94 181.85 633.81 612.09 

1268.37 8.64 423.32 788.88 47.53 365.75 188.14 786.70 821.21 
1569.33 9.70 528.11 973.11 58.41 352.96 190.69 875.23 1041.23 



Table S2 . The speciation of Co(II) species in Co(II):EDTA 1:2 solution before adsorption and the amount 
of Co(II) adsorbed and EDTA released in equilibrium. 
 
pH 2 

Initial Equilibrium, DTPA-
silica gel 

Equilibrium, DTPA-
chitosan 

Total Co(II) Free Co(II) 
Co(II) 

EDTA-2 
pK: 18.16 

Co(II) 
HEDTA-1 

pK: 21.59 

Co(II) 
H2EDTA 
pK: 23.49 

Co(II) 
adsorbed 

EDTA-4 
released 

Co(II) 
adsorbed 

EDTA-4 
released 

81.50 9.88 1.90 40.23 29.49 61.72 - 72.70 - 
158.78 10.48 3.93 83.33 61.05 87.55 67.65 133.58 66.51 
313.84 10.93 8.05 170.23 124.63 122.37 165.55 231.77 252.16 
465.54 6.28 16.29 279.36 163.60 140.17 160.27 306.17 412.50 
777.93 6.43 27.52 469.52 274.47 160.02 155.07 422.44 523.12 
940.10 8.66 28.89 546.00 356.55 169.21 143.85 470.37 633.70 

1243.24 8.63 38.49 724.05 472.08 196.63 127.39 527.87 684.60 
1555.98 8.71 48.47 907.82 590.98 287.62 - 591.84 450.33 

pH 3 

Initial Equilibrium, DTPA-
silica gel 

Equilibrium, DTPA-
chitosan 

Total Co(II) Free Co(II) 
Co(II) 

EDTA-2 
pK: 18.16 

Co(II) 
HEDTA-1 

pK: 21.59 

Co(II) 
H2EDTA 
pK: 23.49 

Co(II) 
adsorbed 

EDTA-4 
released 

Co(II) 
adsorbed 

EDTA-4 
released 

79.80 0.08 21.83 53.75 4.14 74.64 - 38.92 - 
157.06 0.07 43.32 105.56 8.11 78.03 26.39 69.72 - 
306.47 0.08 85.65 205.08 15.66 100.92 142.85 141.58 143.60 
457.97 0.07 129.45 305.26 23.19 113.59 120.64 263.95 223.12 
761.12 0.08 219.19 503.82 37.95 126.48 - 427.55 355.78 
930.57 0 270.20 614.21 46.09 129.02 285.43 478.54 534.72 

1231.17 0 362.78 808.10 60.22 137.69 216.19 555.99 485.45 
1538.87 0 459.37 1004.99 74.44 127.55 145.40 610.03 490.78 

pH 4 

Initial Equilibrium, DTPA-
silica gel 

Equilibrium, DTPA-
chitosan 

Total Co(II) Free Co(II) 
Co(II) 

EDTA-2 
pK: 18.16 

Co(II) 
HEDTA-1 

pK: 21.59 

Co(II) 
H2EDTA 
pK: 23.49 

Co(II) 
adsorbed 

EDTA-4 
released 

Co(II) 
adsorbed 

EDTA-4 
released 

80.00 0 63.78 16.09 0.12 32.38 35.22 11.70 68.05 
157.15 0 125.87 31.04 0.24 46.76 24.35 22.24 15.04 
 309.21 0 249.25 59.50 0.45 74.07 37.88 51.80 47.70 
460.43 0 372.92 86.85 0.66 91.29 150.47 66.30 84.03 
770.98 0 628.96 140.96 1.06 110.29 86.31 136.30 221.74 
927.51 0 758.89 167.38 1.24 112.91 78.59 185.81 298.38 

1241.14 0 1020.63 218.90 1.61 121.85 103.32 287.28 376.78 
1541.18 0 1272.77 266.47 1.94 122.46 106.84 351.64 406.67 
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Figure S1. (a) Effect of temperature on adsorption kinetics for DTPA-silica gel in Co(II)EDTA (1:2) 

solution. Agitation speed: 50 rpm, Co(II) concentration: 0.34 mM, dose: 2g/L, pH 3. (b) Intraparticle 

diffusion plots for the results presented in Figure (a). 
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Figure S2. (a) Effect of temperature on adsorption kinetics for DTPA-chitosan in Co(II)EDTA (1:2) 

solution. Agitation speed: 50 rpm, Co(II) concentration: 0.34 mM, dose: 2g/L, pH 2. (b) Intraparticle 

diffusion plots for the results presented in Figure (a). 
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Figure S3. The effect of pH on the calibration curves of Co(II)EDTA and EDTA in Co(II):EDTA 1:2 

system. 

 

 

 
Figure S4. Leaching of DTPA at pH 3 and pH 4 measured by capillary electrophoresis. 
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