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CADMIUM ADSORPTION ONTO GAMMA-ALUMINA NANOPARTICLES: 

EXPERIMENTAL AND MODELLING STUDY 

Alonso de los Ríos, U.B; Mayordomo Herranz, N.; Missana, T. 

45 pp, 55 ref, 29 figures, 4 tables 

Abstract: 

Cadmium is one of the heavy metals of concern, both from the point of view of public health and 

environmental safety, because it is a toxic element, bio-accumulative and persistent. Therefore, it is 

considered of vital importance to develop materials and methodologies that favour its retention and 

removal. 

In this study, the retention of cadmium in a nanoparticulate oxide, -Al2O3 was analyzed. A 

complete experimental sorption study in a wide range of chemical was carried out, to elucidate the 

main retention mechanisms. 

This study is part of a broader work, in which the sorption behaviour of mixed systems, including 

clay materials that would form a geochemical barrier, was analysed. For analogy with previous 

studies of retention of contaminants in clays, a non-electrostatic surface complexation model, 

mechanistic and thermodynamic-based, was selected to describe Cd retention on -Al2O3. 

The developed model was tested on experimental data and allows the prediction of cadmium 

retention in different environmental scenarios. 

ADSORCIÓN DE CADMIO EN NANOPARTÍCULAS DE GAMMA-ALÚMINA: 

ESTUDIO EXPERIMENTAL Y DE MODELADO 

Alonso de los Ríos, U.B; Mayordomo Herranz, N.; Missana, T. 

45 pp, 55 ref,  29 figuras, 4 tablas 

Resumen: 

El cadmio es uno de los metales pesados que más preocupa, tanto desde el punto de vista de salud 

pública como ambiental, por ser un elemento altamente tóxico, bio-acumulable y persistente. Se 

considera de vital importancia desarrollar materiales y metodologías que favorezcan su retención y 

eliminación del medioambiente. 

En este trabajo, se ha analizado la retención de cadmio en un óxido nanoparticulado, -Al2O3. Se ha 

realizado un completísimo estudio experimental de sorción, en un amplio rango de condiciones 

químicas, para elucidar los principales mecanismos de retención. 

Este estudio forma parte de un trabajo mucho más amplio, en el que se ha analizado el 

comportamiento de sorción del cadmio en sistemas mixtos, que incluyen materiales arcillosos que 

conformarían una barrera geoquímica.  

para describir la sorción de Cd en -Al2O3 se ha elegido un modelo de complejación no 

electrostático (NEM), con base termodinámica, por analogía con estudios previos de retención de 

contaminantes en arcillas, ,. El modelo desarrollado permite predecir la retención de cadmio en -

Al2O3 en diferentes escenarios ambientales.
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1 INTRODUCTION 

Cadmium is one of the heavy metals of higher health and environmental concern because it is toxic 

to human, plants and animals, even being present at a trace level [1] and it is bio-accumulative and 

persistent in the environment. Cadmium naturally occurs in the environment but it also enters from 

electroplating, pigments, alloy manufacturing, plastic stabilizers, batteries, fertilizers, pesticides, 

mining, textile operations and refining industries [2, 3]. 

Different approaches and adsorbents are proposed for cadmium removal, like precipitation, ion 

exchange, solvent extraction or adsorption minerals, clays and oxides and, amongst different 

sorbents, gamma alumina (γ-Al2O3) has been proposed [4]. The acid-base properties of oxides are 

the main reason for its wide applications for contaminant removal [5].  

In nature, γ-Al2O3 is found only under high pressure and high temperature conditions. However, the 

surface of this mineral completely hydrates, and it is considered that the hydrated surface of γ -

Al2O3 is similar to aluminum hydroxide minerals commonly found in soils, such as gibbsite, 

bayerite, and boehmite [6]. The γ-Al2O3 is structurally different to α-Al2O3 because it contains both 

AlO6 octahedra and AlO4 tetrahedra in its structure. 

For both economic and environmental reasons, there is an increasing demand for non-invasive and 

improved removal technologies [7]. The use of nanoparticles (NPs) is growing because, due to their 

high surface area, they can significantly increase the retention capacity and selectivity for pollutants 

and reactivity. In this study we propose that γ-Al2O3 NPs are good candidates to enhance cadmium 

retention. 

Previous studies on Cd sorption onto Al2O3 are available [8-13], and also specifically on Al2O3 

nanoparticles [10, 14, 15]. Available studies usually described Cd sorption onto Al2O3 by inner-

sphere complexation of Cd
2+

 [12, 16] but CdOH
+
 complexation is sometimes considered. A two-

step adsorption process for cadmium metal ion (Cd
2+

) on aluminum oxide has been also proposed: a 

very rapid adsorption of cadmium metal ion to the external surface followed by possible slow intra-

particle diffusion in the interior of the adsorbent [9]. 

Cadmium adsorption onto oxides, as other cationic metals, generally exhibits pH dependency and it 

is influenced by the presence of competing cations or complexing ligands [15, 17]. In a general 

way, competition depends on the relative energies of interaction between the ions and the sorbent 

surface, the concentrations of the competing ions and solution pH [18]. Cations like calcium, 

magnesium, and other trace metal were found to reduce cadmium adsorption [18] and other authors 

pointed out low Cd sorption at low pH due to the competition between H
+
/Na

+
 and Cd

2+
 on the 

surface sites [15]. Sorption of halogen ions on Al2O3 surface was reported [19], and surface 

complexation constants for some mayor anions have been provided [12, 20]. 

However, from previous studies three main open questions were identified. First, available sorption 

models may fail to predict Cd sorption behaviour at trace level Cd concentrations. All reported 

studies were carried out with initial Cd concentration higher than µM. None of the available models 

provided information on more than one surface site, as observed for Cd sorption on other oxides 
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[18]. There are usually a small number of strong sites which are first filled, because they have 

higher sorption affinity, and experiments are better identified at low tracer concentration. The 

presence of strong sites for Cd sorption on Al2O3 NPs surface may be identified by carrying out 

experiments with Cd concentrations lower than µM. 

Second, there is controversy regarding the need to include Cd- chloride complexes to describe 

cadmium sorption. Some authors considered that cation adsorption may be promoted in chloride-

bearing fluids [11] but other authors concluded that chloride complexing lowered Cd sorption on 

Al2O3 [8]. Comparable sorption experiments carried out in absence and in presence of Cl ion, may 

help clarifying this issue. In fact, the contribution of other major anions, usually present in the 

environment, like carbonates, sulfates or nitrates is still not fully described. 

Last, to the best of our knowledge, none of the reported studies provided a surface complexation 

model able to predict cadmium retention in a wide range of environmental conditions. 

In this study, cadmium sorption onto alumina nanoparticles was deeply analysed. A combined 

experimental and modelling methodology was followed going for a mechanistic approach to 

describe surface/solution interaction by surface complexation model [21, 22]. Experiments were 

carried out with 
109

Cd to improve Cd detection at low Cd concentration. Tests were carried out in 

different electrolytes, accounting for the presence of different ions (Cl
-
, ClO4

-
, NO3

-
, SO4

2-
), in a 

wide range of experimental conditions. In fact, it has been already proven that anion sorb onto this 

alumina surface [20]and compete with other anions present in solution, like selenite, for sorption 

sites [23, 24]. 

This study is part of a wider research devoted to the improvement of the retention capacity of 

geochemical barriers, through the addition of nanoparticles, adapted to each type of contaminant 

[24-26]. In particular, it was analysed whether the mixture of smectite clay and -Al2O3 

nanoparticles (NPs) enhances cadmium sorption [26, 27]. In order to describe retention properties 

of mixed systems, verifying sorption additivity [24, 25], the fundamental description of the 

individual systems is absolutely required. 
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2 EXPERIMENTAL SET-UP 

2.1 ALUMINA NANOPARTICLES: CHARACTERISATION 

Gamma-aluminium oxide nanopowder with nominal size < 50 nm (Sigma Aldrich) was selected. 

The powder was analysed by XRD to confirm the oxide phase. 

For sorption experiments, -Al2O3 suspensions were mainly prepared in NaClO4 of analytical grade 

(Merck) at ionic strengths from 5·10
-4

 M to 2·10
-1

 M. 

To analyse the effect of electrolyte ions on Cd sorption, -Al2O3 suspensions were also prepared in 

NaNO3, NaHCO3 and Na2SO4 electrolytes. 

The particle size and morphology were analysed by atomic force microscopy (AFM) with a 

Multimode (Digital Instrument) apparatus by depositing a drop of the Al2O3 suspension in NaClO4 

(2 g·L
-1

) onto cleaved mica modified with poly-L-lysine.  

Stability of -Al2O3 nanoparticles in different electrolytes was analysed elsewhere by Photon 

Correlation Spectrometry (PCS) and zeta potential measurements [20]. 

2.1.1 SOLID DISSOLUTION 

To evaluate the dissolution of -Al2O3, suspensions were prepared in NaClO4 10
-1

 M (solid to liquid 

ratio 0.5 g·L
-1

) at different pH values (from pH 3 to pH 11). Tubes were maintained under 

continuous stirring during different times going from 5 minutes up to 20 days.  

Samples were centrifuged and, after solid separation, dissolved Al
3+

 was determined by Inductively 

Coupled Plasma Atomic Emission Spectrometry (Varian 735 ES, AA240 FS). The obtained Al
3+

 

values were used to define the solid solubility product (log KAl), as below described in section 3.2.1. 

2.1.2 SURFACE SITES: POTENTIOMETRIC TITRATION 

Surface characterisation of -Al2O3 NPs was carried out in [20]. The N2-BET surface area was 136 

m
2
·g

-1. In particular, potentiometric acid-base titrations were carried out in the absence of CO2(g), in 

closed vessels and using NaClO4 as background electrolyte. 

Titration data was re-simulated, incorporating Al2O3 dissolution and Al
3+

 hydrolysis, as described 

for gibbsite in [28]. Thermodynamic data considered for Al was taken from [29, 30] and reactions 

and stability constants are included in Table 3. 

2.2 CADMIUM 

A 
109

CdCl2 solution prepared in 10
-1

 M HCl, which contains 37∙MBq·mL
-1

 with a CdCl2 carrier 

(500 µg Cd·mL
-1

) was used for sorption experiments. Cadmium-109 is a low yield fission product 
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with a half-life of 462.6 days, which decays by electron capture with a major gamma emission at 

88 KeV. Cadmium activity was measured by gamma counting (Cobra Autogamma, Packard). 

Cadmium chloride (CdCl2) solutions of high purity (Merck) were used to achieve higher Cd 

concentrations. 

To analyse the relevance of Cd-chloride complexes, some experiments were carried out, in the 

absence of chloride (Cl
-
), with Cd perchlorate hydrate (CdCl2O8:xH2O), supplied by Sigma-Aldrich. 

2.3 CADMIUM SORPTION EXPERIMENTS ONTO -ALUMINA 

Sorption experiments were mainly carried out with 0.5 g·L
-1

 -Al2O3 suspensions in 1·10
-1

 M 

NaClO4 at desired pH. 

Experiments were carried out in polyethylene centrifuge tubes (10 mL) under atmospheric 

conditions and at room temperature. 

After the radionuclide addition, the tubes were maintained in continuous stirring during 1 week. 

Afterwards, the samples were centrifuged (21000·g during 60 min) and three aliquots of the liquid 

phase were sampled for 
109

Cd analyses. Cd activity was measured by means of a NaI -counter 

(Cobra Autogamma, Packard). The remaining solution was used to measure the pH at equilibrium.  

The Cd distribution coefficient (Kd), amongst the solid and the liquid phase, was calculated with 

this formula: 

𝐾𝑑 = 
𝐶𝑖−𝐶𝑒𝑞

𝐶𝑒𝑞
·
𝑉

𝑚
   (E. 1) 

where Ci and Ceq are respectively the initial and equilibrium Cd concentration in the liquid phase, m 

the mass of oxide (g) and V the volume of liquid (mL). 

Cadmium sorption on the centrifuge tubes was systematically checked. 

2.3.1 SORPTION KINETICS 

The kinetics of Cd sorption onto -Al2O3 NPs was investigated to determine the time needed to 

reach the steady-state for further experiments. Kinetic tests were carried out at pH 5.5 and in 

NaClO4 10
-1

 M. Experiments lasted from 1 hour up to 15 days. 

2.3.2 SORPTION DEPENDENCE ON PH AND IONIC STRENGHT 

Sorption edge experiments were carried out with -Al2O3 suspensions prepared in NaClO4 

electrolyte, varying the pH from 3 to 11. Experiments were carried out with three different initial 

Cd concentrations: 4.6·10
-8

, 9.8·10
-6

 and 4.9·10
-4

 M, by adding 
109

CdCl2 and non-radioactive CdCl 

when higher concentrations are required.  
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Main experiments were carried out at ionic strength 1·10
-1

 M, but sorption edges at different ionic 

strengths, from 5·10
-4

 to 2·10
-1

 M, were also conducted. Experiments at different ionic strengths 

were carried out with an initial Cd concentration of 4.6·10
-8

 M.  

The pH of -Al2O3 suspensions was varied from pH 3 to 11, adding aliquots of HCl or NaOH 10
-1

 

M. To maintain the pH value constant, the following buffer solutions, achieving a concentration of 

2·10
-3

 M) to stabilise these pH ranges: 2-(N-morpholino)ethane-sulphonic acid (MES, pH 5.5-6.5); 

3-(N-morpholino)propanesulphonic acid (MPS, pH 6.8-7.7); Tris(hydroxymetil)aminomethane 

(TRIS, 7.5-8.5); 3-(cyclohexyl amino)ethanesulphonic acid (CHES, 9.0-10.0).  

Some tests were carried out without buffer addition to verify if selected buffers influence Cd 

sorption. 

Samples were maintained in continuous stirring during 1 week, afterwards centrifuged and sampled 

to measure the Cd concentration in solution. 

2.3.3 SORPTION ISOTHERMS 

The dependence of cadmium sorption onto -Al2O3 on the initial Cd concentration was analysed by 

in NaClO4 10
-1

 M, by varying the radionuclide concentration (10
-9

 to 10
-3

 M) at different fixed pH: 

6, 6.5, 9 and 10.  

Once again, to achieve higher tracer concentration (> 1·10
-6

 M), non-radioactive CdCl2 was spiked 

in addition to the radiotracer. The separation and analysis procedure was the same above described. 

2.3.4 ALUMINA AGING OR HYDRATION EFFECTS ON CADMIUM SORPTION 

Some authors reported that transformation of gamma-alumina to gibbsite, or to other aluminium 

oxide phases, may take place, modifying sorption conditions. In this context, alumina 

transformation at ambient temperature may take place due to hydration and in principle, this 

transformation may be fast [28].  

To identify aging effects, Cd sorption edges were carried out at different pH in a suspension of 

alumina prepared in NaClO4 one day or one month before the Cd addition. 

2.3.5 LIGAND SORPTION EFFECTS ON CADMIUM SORPTION 

In Missana et al, 2014 [20] it was confirmed that ClO4
-
, NO3

-
, HCO3

-
 and mainly SO4

2-
 anions sorb 

onto -Al2O3 surface. Their sorption was identified by competition with selenite ions and by 

changes on electrostatic charge, evaluated by zeta potential measurements. The uptake of HCO3
-
 

ions was even confirmed by spectroscopic measurements [23]. The sorption of Cl- was studied in 

[25]. Therefore, it was necessary to verify whether the sorption of anions on the alumina surface 

had any effect on the subsequent Cd retention. To analyse this, three different set of experiments 

were performed. 

As a first verification, the sorption of Cd was analysed in a pre-hydrated alumina prepared in 

deionized water and it was compared to that of pre-hydrated alumina suspended in perchlorate at 
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different ionic strengths. This check was carried out in a restricted pH area (4 to 5), where the 

surface of the alumina is positively charged and, therefore, where the anion sorption could be more 

relevant. Cd initial concentration in these experiments was 4.6·10
-8

 M. 

Secondly, special attention was paid on verifying the relevance of Cl
-
 on Cd sorption since, as 

mentioned in the introduction, it is a controversial topic. To do so, Cd sorption edges on -Al2O3 

were carried out spiking with Cd(ClO4)2·xH2O (and acidulated with HClO4) and its retention was 

compared to that of 
109

CdCl, both with an initial Cd concentration of 9.8·10
-6

. In the first case, Cd 

concentrations in solution were measured by Inductively Coupled Plasma Atomic Emission 

Spectrometry (Varian 735 ES, AA240 FS), while 
109

Cd was measured by gamma counting (Cobra 

Autogamma, Packard). 

Third, sorption edges were carried out in other electrolytes at 10
-3

 M ionic strength. Cd sorption was 

analysed in NaNO3, acidulating with HNO3 and in Na2SO4 acidulating with H2SO4. Studies with 

Na2CO3 were limited to the region of interest for carbonates, accounting for two different carbonate 

concentrations (10
-2

 and 10
-1

 M). Cd initial concentration was in all cases 4.6·10
-8

 M. 
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3 SORPTION MODELLING: GENERAL CONSIDERATIONS 

The aim of the study was to provide a thermodynamic sorption model, for cadmium sorption on -

Al2O3 NPs, with predictive capacity in a wide range of environmental conditions. Experiments were 

thoroughly planned in different chemical conditions to identify the retention mechanisms. 

To develop a robust surface complexation model (SCM), as described in [21, 22] and references 

there-in, we need: (1) to define the cadmium aqueous speciation; (2) to describe the solid surface 

characteristics and (3) to identify the different species or complexes involved in the contaminant 

retention. 

With all available information, simpler or more complex surface complexation models can be 

proposed. Selected model (either electrostatic or non-electrostatic, double or triple layer, etc.) must 

be sufficiently justified by experimental results. The different hypotheses should be checked by 

fitting experimental data, by a trial and error procedure and, as far as possible, they must be 

verified. At the end, selected model must be capable of simulating the whole experimental data. In 

this study, the geochemical code Chess was used for the calculations [31]. 

3.1 CADMIUM AQUEOUS SPECIATION 

A thorough review of available thermodynamic databases for cadmium species was carried out [30, 

32-35]. 

The selected stability and formation constants for Cd aqueous and solid species are respectively 

gathered in Table 1 and Table 2. 

In the tables, cadmium aqueous and solid species are included, with their definition and 

corresponding stability constants. The first column shows the equilibrium constants initially 

included in the geochemical chess code [31], which corresponds to values reported in [30]. In the 

second column, the values included are those reported in the latest IUPAC revision [33]. In the last 

column, the selected values are highlighted, which mainly correspond to the IUPAC revision [33] 

and some missing values (mainly nitrates) taken from [36]. 

Special attention was paid on the equilibrium constants of cadmium chloride aqueous complexes 

[32], nitrate complexes [36] and mainly cadmium solid phases, including carbonates [35]. In fact, 

the formation constants for Cd(OH)2(s) and otavite (CdCO3(s)) were modified, adopting the value 

proposed in [35], in agreement with the experimental sorption data, as will be later discussed.  

Cadmium aqueous speciation was checked. Geochemical calculations were carried out with CHESS 

code [31] considering experimental conditions used in sorption experiments. 
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Table 1.  Stability constants for Cd aqueous species accounting for the  presence of major inorganic 

ligands OH
-
, Cl

-
, HCO3

-
,SO4

2-
, PO4

2-
. Three different logK values are included from Chess code database 

[30, 31], from IUPAC revision [33] and selected values (** data from [36]). N.d. = no data. 

 

AQUEOUS 

SPECIES
DEFINITION

logK 

Chess
logK

logK 

Selected

Cd[2+] Main specie

Cl[-] 1 HCl(aq), -1 H[+] -0,67 -0,67

H[+] 1 H2O, -1 OH[-] -14 -14

HCO3[-] 1 H[+], 1 CO3[2-] 10,3288 10,3288

HPO4[2-] 1 H[+], 1 PO4[3-] 12,3218 12,3218

CdOH [+] 1 Cd[2+], 1 H2O, -1 H[+] -10,0751 -9.91 ± 0.1 -9,91

Cd(OH)2(aq) 1 Cd[2+], 2 H2O, -2 H[+] -20,3402 -20.19 ±0.13 -20,19

Cd(OH)3[-] 1 Cd[2+], 3 H2O, -3 H[+] -33,2852 -33.5 ± 0.5 -33,5

Cd(OH)4[2-] 1 Cd[2+], 4 H2O, -4 H[+] -47,3303 -47.28 ± 0.15 -47,28

Cd2OH[3+] 2 Cd[2+], 1 H2O, -1 H[+] -9,3851 -8.73 ± 0.01 -8,73

Cd4(OH)4[4+] 4 Cd[2+], 4 H2O, -4 H[+] -362,126 -31,8 -31,8

CdHCO3[+] 1 Cd[2+], 1 HCO3[-] 1,5 0.84-2.4 1,5

CdCO3(aq) 1 Cd[2+], 1 HCO3[-], -1 H[+] -7,3288 -5,9288 -5,9288

Cd(CO3)2[2-] 1 Cd[2+], 2 HCO3[-], -2H[+] -14,2576 -14,4576 -14,4576

CdCl[+] 1 Cd[2+], 1 Cl[-] 2,7059 1.98 ± 0.06 1,98

CdCl2(aq) 1 Cd[2+], 2 Cl[-] 3,3384 2.64 ± 0.09 2,64

CdCl3[-] 1 Cd[2+], 3 Cl[-] 2,7112 2.3 ± 0.21 2,3

Cd(OH)Cl(aq) 1 Cd[2+], 1 Cl[-], 1 H2O, -1 H[+] -7,43 n.d. n.c.

CdSO4(aq) 1 Cd[2], 1 SO4[2-] 0,0028 2.36 ± 0.04 2,36

Cd(SO4)2[2-] 1 Cd[2], 2 SO4[2-] n.d. 3.32 ± 0.16 3,32

CdHPO4(aq) 1 Cd[2+], 1 HPO4[2-] n.d. 2.85 ± 0.2 2,85

CdH2PO4[+] 1 Cd[2], 2 HPO4[2-], -1 H2O n.d. 7,9654 7,9654

CdP2O7[2-] 1 Cd[2], 2 H2PO4[2-], -1 H2O 4,8094 4,8094

CdNO3[+] 1 Cd[2+], 1 NO3[-] 0,91 n.d. 0.41**

Cd(NO3)2 1 Cd[2+], 2 NO3[-] n.d. n.d. 0.0**
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Table 2.  Formation constants for Cd solids considering presence of main inorganic ligands OH
-
, Cl

-
, 

HCO3
-
,SO4

2
, PO4

2-
. Three different logK values are included from Chess code database [30, 31], from 

IUPAC revision [33] and selected values (** data from [36]). n.d = no data. 

3.2 SOLID SURFACE DESCRIPTION 

3.2.1 ALUMINA SOLUBILITY PRODUCT 

Dissolution experiments were carried out to evaluate the concentration of dissolved Al
3+

 in different 

conditions. Measured values were used to determine the solubility product (logKAl).  

In the Chess code, the equation is defined by the following equilibrium: 

2𝐴𝑙3+ + 3𝐻2𝑂 ⇔ 𝐴𝑙2𝑂3 + 6𝐻
+ logKAl (E. 2) 

This equilibrium equation is generally described, considering the formation constant (logKf), as 

follows: 

2𝐴𝑙(𝑠) +
3

2
𝑂2(𝑎𝑞)  ⇔ 𝐴𝑙2𝑂3 logKf  (E. 3) 

This formation constant can be calculated through thermodynamic enthalpies of formation (ΔH) or 

free-Gibbs energies (ΔGf) by: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 = 𝑅𝑇𝑙𝑛(10) · 𝑙𝑜𝑔𝐾𝑓 (E. 4) 

where R is the gas constant and T the temperature (298.5 K, in our case). 

Cd Solids Definition logK logK logK

Cd 1 Cd[2+], -2 H[+], -0.5O2(aq), 1 H2O -56,6 n.d. -56,6

Cd(OH)2 1 Cd[2+], -2 H[+], 2 H2O -13,7382 -13.72 ± 0.12 -14.35**

Monteponite 1 Cd[2+], -2 H[+], 1 H2O -15,0972 n.d. -15,0972

CdO©

Otavite    

CdCO3(s)
1 Cd[2+], 1 HCO3[-], -1 H[+] 1,7712 1,7336 0.5**

Cd(OH)Cl 1 Cd[2+], 1 Cl[-], -1 H[+], 1H2O -3,54 n.d. -3,54

CdCl2 1 Cd[2+], 2 Cl[-] 0,6474 n.d. 0,6474

CdCl2:H2O 1 Cd[2+], 2 Cl[-], 1 H2O 1,6747 n.d. 1,6747

Cd3(SO4)(OH)4 3 Cd[2], 1 SO4[2-], -4 H[+], 4 H2O -22,5735 n.d. -22,5735

Cd3(SO4)2(OH)2 3 Cd[2], 2 SO4[2-], -2 H[+], 2 H2O -6,718 n.d. -6,718

CdSO4 1 Cd[2], 1 SO4[2-] 0,1061 n.d. 0,1061

CdSO4:H2O 1 Cd[2], 1 SO4[2-], 1 H2O 1,6529 n.d. 1,6529

CdSO4:2.667H2O 2 Cd[2], 1 SO4[2-], 2.667 H2O 1,8015 n.d. 1,8015

Cd3(PO4)2 3 Cd[2+],  2 HPO4[2-], -2 H[+] 7,8943 7,8943

Cd5H2(PO4)4H2O 5 Cd[2+],  4 HPO4[2-], 4 H2O, -2 H[+] n.d. 30.9 ± 0.3 30,9
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Solubility product and formation constants can be compared using the following equations and 

constants [29]. 

2𝐻+ + 2𝑒−  + 0.5𝑂2⇔𝐻2𝑂  logK = -41.546 (E. 5) 

𝐴𝑙3+ + 3𝑒−  ⇔  𝐴𝑙(𝑠) logK = -84.22 (E. 6) 

3.2.2 ALUMINA SURFACE SITES 

Metal oxides have functional surface hydroxyl groups (≡SOH) capable to form bonds. Surface 

complexation on these groups is considered responsible for ion sorption.  

It is usually assumed that hydroxyl groups in oxides are amphoteric and develop a pH-dependent 

charge at the edge sorption sites, by protonation / deprotonation reactions. 

In this study, two different surface hydroxyl groups, with different Cd affinity were considered. 

They are defined as weak (≡SwOH) and strong (≡SsOH) sites. Both surface groups undergo de/ 

protonation according to the following equilibria: 

≡SwOH2
+

pKwa1
⇔    ≡SwOH+ H

+  (E. 7) 

≡ 𝑆𝑤𝑂𝐻
𝑝𝐾𝑤𝑎2
⇔    ≡ 𝑆𝑤𝑂

− + 𝐻+  (E. 8) 

≡ 𝑆𝑠𝑂𝐻2
+

𝑝𝐾𝑠𝑎1
⇔    ≡ 𝑆𝑠𝑂𝐻 + 𝐻

+  (E. 9) 

≡ 𝑆𝑠𝑂𝐻
𝑝𝐾𝑠𝑎2
⇔    ≡ 𝑆𝑠𝑂

− + 𝐻+  (E. 10) 

 where ≡ SwOH and ≡ SsOH represent neutral surface sites, ≡ SwOH2
+ and ≡

SsOH2
+ are positively charged sites, and ≡ SwO

− and≡ SwO
−  are negatively charged surface sites.  

Kwa1, Ksa1 , Kwa2 and Ksa2 are apparent acidity constants, for weak and strong sites, that can be 

defined: 

𝐾𝑎1 =
(≡𝑆𝑂𝐻)𝛾𝐻(𝐻

+)

(≡𝑆𝑂𝐻2
+)

· 𝑒𝑥𝑝 (−
𝐹𝛹

𝑅𝑇
)  (E. 11) 

𝐾𝑎2 =
(≡𝑆𝑂−)𝛾𝐻(𝐻

+)

(≡𝑆𝑂𝐻)
· 𝑒𝑥𝑝 (−

𝐹𝛹

𝑅𝑇
)  (E. 12) 

where (·) represent molar concentrations, γH  the activity coefficient for H
+
 and exp(-F/RT) 

accounts for the electrostatic term, which actually was not considered in the present work.  

Activity coefficients were corrected with Davies equation: 

𝑙𝑜𝑔𝛾𝐻 = −𝐴𝑧
2 (

√𝐼

1+√𝐼
− 0.3𝐼)  (E. 13) 
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Potentiometric titration data was used to determine the total concentration of weak sites available 

per unit amount of solid (sites·nm
-2

) and their apparent acidity constants.  

3.2.2.1 Surface sites: Potentiometric titration simulation 

Potentiometric titrations were carried out in a previous study [20] where data was fitted discarding 

-Al2O3 dissolution.  

In this study, solid dissolution is accounted for and titration data was re-simulated. In fact, during 

normal continuous titration, H
+
/OH 

-
 consumption can increase by dissolution of the solid phase 

[37]. For the modelling, Al
3+

 hydrolysis reactions were accounted for the acid–base balance in 

solution. Selected species, reactions and constants [28] are summarised in Table 3 

 

Table 3.  Mass balance equations and equilibrium constants for γ-Al2O3(s) and for selected Al 

hydrolysed species [29, 30, 38]. 

The concentration of weak sites (Nw), was determined from fitting of potentiometric titration data 

and the concentration of strong sites (Ns), was obtained by a trial procedure to better fit the Cd 

isotherms. Selected values are included in Table 4. 

The surface charge is given by the proton excess or proton deficiency at the surface.  

𝜎 (
𝐴𝑆

𝐹
) =  (≡ 𝑆𝑂𝐻2

+) -  (≡ 𝑆𝑂−) = 𝐹[𝛤𝐻 − 𝛤𝑂𝐻] (E. 14) 

F is the Faraday constant, A the specific surface area (m
2
·g

-1
), S the solid concentration (g·L

-1
), and 

H and OH are experimental sorption densities (mol·m
-2

) of H
+
 and OH

-
. 

Titrations were carried out under anoxic conditions and it is assumed that protons H
+
 are the only 

specifically sorbing ions. The excess of protons at the surface (positive charge) by the addition of a 

known acid concentration (Ca in M) and the proton deficit (negative charge) caused by addition of 

base concentration (Cb in M) can be obtained by the following equation [28]:  

𝐶𝑎 − 𝐶𝑏 =  𝑇𝑂𝑇 𝐻 = (𝐻+) − (𝑂𝐻−) + 3(𝐴𝑙3+) + 2(𝐴𝑙𝑂𝐻2+) + (𝐴𝑙(𝑂𝐻)2
+) − (𝐴𝑙(𝑂𝐻)4

−) +

4(𝐴𝑙2(𝑂𝐻)2
4+) + 5(𝐴𝑙3(𝑂𝐻)4

5+) + (≡ 𝐴𝑙𝑂𝐻2
+) - (≡ 𝐴𝑙𝑂−) (E. 15) 

 

SPECIES
MASS LOW AND BALANCE 

EQUATIONS
LOGK REFERENCE

γ-Al2O3(s) 2Al
3+

 + 3H2O ↔ Al2O3 + 6H
+ -16 This work

AlOH
2+ 

Al
3+

 + H2O ↔ AlOH
2+

 + H
+ -4,957 [29]

Al(OH)2
+ 

Al
3+

 + 2H2O ↔ Al(OH)2
+
 + 2H

+ -10,5945 [29]

Al(OH)3 Al
3+

 + 3H2O ↔ Al(OH)3
0
 + 3H

+ -16,432 [29]

Al(OH)4
-

Al
3+

 + 4H2O ↔ Al(OH)4
-
 + 4H

+ -22,879 [29]

Al2(OH)2
4+

2Al
3+

 + 2H2O ↔ Al2(OH)2
4+

 + 2H
+ -7,6982 [30]

Al3(OH)4
5+

3Al
3+

 + 4H2O ↔ Al3(OH)4
5+

 + 4H
+ -13,8803 [30]
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The total number of surface sites is defined by: 

𝑇𝑂𝑇 (≡ 𝑆𝑂𝐻) =  (≡ 𝑆𝑂𝐻2
+) + (≡ 𝑆𝑂𝐻0) + (≡ 𝑆𝑂−) (E. 16) 

3.3 CADMIUM SURFACE COMPLEXATION ON ALUMINA SURFACE 

Cadmium sorption onto -Al2O3 NPs was described considering a two-site non-electrostatic surface 

complexation model.  

As mentioned before, none of the available Cd sorption studies onto Al2O3 considered a two site 

model, but it is widely accepted that there are more than one type of aluminium surface hydroxyl 

group [39]. The difference between the different types of surface groups primarily depends upon the 

number of aluminium atoms to which the hydroxyl is bond, as well as on the coordination of the 

aluminium ion (octahedral or tetrahedral). 

3.3.1 METAL SORPTION 

The availability of free ≡SOH groups is an essential requirement for the sorption process. Figure 1 

presents represents the possible surface complexes that can take place on aluminium oxide surface 

[28]. 

 

Figure 1.  Schematic representation of possible surface complexes [28]. 

Specific adsorption of cations can take place by inner-sphere complexation at the Al2O3 surface on 

functional groups as described by the following equation: 

(≡ 𝑆𝑂𝐻) +𝑀𝑧+  ⇔ (≡ 𝑆𝑂)𝑀𝑧−1 +𝐻+ (E. 17) 

It is considered that simultaneous cation adsorption and hydrolysis can occur. Sorption of 

hydroxylated forms of the metal, in both weak and strong sites, and can be defined by: 

(≡ 𝑆𝑂𝐻) +𝑀𝑧+ + 𝐻2𝑂 ⇔ (≡ 𝑆𝑂)𝑀𝑂𝐻
𝑧−2 + 2𝐻+ (E. 18) 
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In addition, it is often taken into account that more than one proton is released to solution per metal 

ion (M
z+

)adsorbed and bi-(tri)- n nuclear bonding is postulated [18].  

Metal bound to one Al hydroxyl site is denoted ≡ AlOH (weak or strong). Likewise, when bound to 

two or three Al ions the hydroxyl is referred to as double (≡ Al2OH), triple (≡ Al3OH) or n- 

coordinated ≡ AlnOH, described like: 

(≡ 𝑆𝑛𝑂𝐻) +𝑀
𝑧+⇔ (≡ 𝑆)𝑛𝑂𝑀

𝑧−1 + 𝑛𝐻+ (E. 19) 

In some cases, the metal ions are simultaneously attached to two surface hydroxyl groups. 

Cadmium bidentate (n = 2) complexes would be defined as follows: 

𝑛(≡ 𝑆𝑂𝐻) +𝑀𝑧+⇔ (≡ 𝑆𝑂)𝑛𝑀
𝑧−1 + 𝑛𝐻+ (E. 20) 

3.3.2 LIGAND COMPETITION AND TERNARY COMPLEXES 

The perchlorate, nitrate, bicarbonate and sulphate adsorption on alumina surface was also included 

in the model, considering the reactions and constants obtained on the same solid, which were 

experimentally determined in [20] and for Cl- in [24]. Spectroscopic analyses also confirmed 

carbonate sorption on alumina surface (Mayordomo et al, 2018). Other authors also included 

sorption of halogen ions on Al2O3 [12, 19]. Selected values are included in Table 4. 

The reactions between anionic ligands (L
n-

) and alumina positive surface sites can be defined as: 

𝑆𝑂𝐻2
+ + 𝐿𝑛−

𝐾
⇔ 𝑆𝑂𝐻2 𝐿

𝑛−  (E. 21) 

This definition does not disagree with the description of a non-electrostatic model. 

In this gamma-alumina, unexpected cation adsorption was systematically measured at pH < 5, for 

example for Sr
2+

 [25]. In the  Sr sorption study, this contribution to Sr  sorption, with a logKd 

(mL g
-1

)  2) was empirically included in the model, to be rigorous with the theoretical basis of a 

non-electrostatic model. 

In any case, metal cation (M
z+

) uptake by γ-Al2O3 by co-adsorption with electrolyte anions (L
n-

: 

ClO4
-
, SO4

2-
) onto amphoteric positive surface sites (≡SOH2) can be hypothesized, considering the 

formation of ternary surface species (≡SOH2-ClO4-Cd
2+

), (≡SOH2-SO4-Cd
2+

), and (≡SOH2-NO3-

Cd). These reactions can be described as: 

(≡ 𝐴𝑙𝑂𝐻2) + 𝐿
𝑛− +  𝑀𝑧+  ⇔ (≡ 𝐴𝑙𝑂𝐻2)𝐿𝑀

𝑧+1−𝑛 (E. 22) 
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Table 4.  Surface complexation model. *Model 1 was discarded, and **Model 2 needed to be improved 

with additional complexes: considered and discarded ones. 

 

γ-Al2O3 2 Al[3+], 3 H2O, -6 H[+] logK = -16 this work

Surface sites BET =  136 m
2
·g

-1

site Sw-OH density = 1.1 µeq·m
-2 [20]

site Ss-OH density = 0.001 µeq·m
-2 this work

SURFACE ACIDITY

Sw-O[-] 1 Sw-OH, -1 H[+] logK = -9.7 [20]

Sw -OH2[+] 1 Sw -OH, +1 H[+] logK = 6.9 [20]

Ss-O[-] 1 Ss-OH, -1 H[+] logK = -8.5 this work

Ss-OH2[+] 1 Ss -OH, +1 H[+] logK = 6.5 this work

ANION COMPLEXES DEFINITION logK

Sw/s-OH2ClO4 1 Sw/s-OH, +1 H[+], 1 ClO4[-] 8,5 [20]

Sw/s-OH2NO3 1 Sw/s-OH, +1 H[+], 1 NO3[-] 9,5 [20]

Sw/s-OH2HCO3 1 Sw/s-OH, +1 H[+], 1 HCO3[-] 11,5 [20]

Sw/s-OH2SO4[-] 1 Sw/s-OH, +1 H[+], 1 SO4[2-] 12,3 [20]

Sw/s-OH2Cl 1 Sw/s -OH, +1 H[+], 1 Cl[-] 9,2 [24]

MODEL 1 discarded* 2 sites / 1sorbed species Cd
2+ 1A 1B

Ss-OCd[+] Als-OH, -1 H[+], 1 Cd[2+] 1,85 1,6 discarded

Sw-OCd[+] Sw-OH, -1 H[+], 1 Cd[2+] -1,9 -2,6 discarded

MODEL 2 2 sites / 2 sorbed species 

Ss-OCd[+] Ss-OH, -1 H[+], 1 Cd[2+] 1,6 this work

Sw-OCd[+] Aw-OH, -1 H[+], 1 Cd[2+] -2,7 this work

Sw-OCdOH Aw-OH, -2 H[+], 1 Cd[2+], 1 H2O -12,5 this work

Empirical Kd At acidic conditions 2 mL·g
-1 this work

POSSIBLE CD-ANION 

SPECIES

NON ACCEPTABLE IN NON-

ELECTROSTATIC MODEL

Sw/s-OH2-n(ClO4)-Cd Sw-OH, 1 Cd[2+], 1 H[+], n ClO4[-]
(n = 1) 12.0

(n = 3) 14.2
this work

Sw/s-OH2-(SO4)-Cd[+] Sw-OH, 1 Cd[2+], 1 H[+], 2 SO4[2-] 18,2 this work

DISCARDED 

COMPLEXES

Sw-OH2-CdCl3 Sw-OH, 1 Cd[2+], 1 H[+], 3 Cl[-] 20,3 discarded

Bidentate (Sw-O)2-Cd 2 Sw-OH, -2 H[+], 1 Cd[2+] -10,5 discarded

SURFACE COMPLEXATION MODEL
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4 EXPERIMENTAL RESULTS 

4.1 ALUMINA NANOPARTICLES CHARACTERISATION 

The characterization of selected -Al2O3 nanoparticles aimed to complement previous studies 

conducted in [20]. 

The oxide phase was verified by XRD analyses. Figure 2 shows the obtained XRD spectrum. 

Diffraction analyses confirmed that the selected aluminium oxide is gamma phase (-Al2O3) in 

distorted tetragonal phase, not in the usual cubic phase, what suggested that their synthesis was 

carried out by calcination of bohemite or gibbiste [40]. 

Particle size was measured by AFM. Figure 3 shows an AFM image of -Al2O3 NPs, initially 

suspended in NaClO4, deposited and dried in a mica sheet with poly-L-lysine. It can be appreciated 

that single alumina particles have a mean size <50 nm, but they form aggregates with a size around 

100–250 nm. The minimum hydrodynamic size measured by PCS, conditions that favour 

disaggregation (at the lowest ionic strength and pH far from the point of zero charge) was around 

280 ± 10 nm [20] .  

Zeta-potential measurements showed independence on the ionic strength, presenting the isoelectric 

point of the oxide (pHIEP) near 8.5 [20]. 

 

Figure 2.  XRD diagram of Al2O3 nanopowder which confirmed the gamma oxide phase [40]. 
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Figure 3.  AFM image of -Al2O3 NPs prepared in NaClO4 at pH 9, deposited and dried on a mica sheet. 

4.1.1 SOLID DISSOLUTION: SOLUBILITY PRODUCT 

Figure 4 shows measured Al
3+

 concentration dissolved from -Al2O3 NPs in 10
-3

 M NaClO4, at 

different pH and contact times. At fix pH, very similar dissolved Al concentrations were measured 

with time and, as expected, higher dissolution is measured at acidic (pH ~ 3) or alkaline conditions 

(pH ~ 11). 
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Figure 4.  Dissolved Al

3+
 from γ-Al2O3 NPs in NaClO4 10

-3
 M, at different pH and contact time. Fit 

considering solubility product logKAl = -19 is plotted as dashed line, selected fit is plotted as continuous 

line (logKAl = -16). 

Al
3+

 dissolution data was fitted as described in section 2.1.1. Different solubility products were 

considered. The selection of a low solubility constant (logKAl = -19) provided a reasonable fit 

within neutral pH region, but significantly overestimates the dissolution at acidic and alkaline 

conditions, even predicting complete dissolution. Considering that full dissolution was not observed 

in sorption experiments, it was decided to better adjust data at acidic and basic conditions, and the 

best fit was achieved with a logKAl = -16. Selected solubility product (log KAl = -16) is within 
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reported values for equivalent alumina phases.: logKs = -14.37 [41], logKs=  -14.82 [42], logKs=  -

18.89 [43]; logKs=  -19.14. In general, higher values are reported for γ- Al2O3 phases obtained at 

higher temperatures [44], what would be in agreement to XRD analyses, that suggested synthesis by 

calcination (Figure 2). 

4.1.2 POTENTIOMETRIC TITRATION 

Figure 5 shows the titration data reported in [20] re-simulated incorporating -Al2O3 dissolution, 

considering the solubility constant obtained (log KAl = -16) and including Al hydrolysed species  

whose equations and constants 
 
[29, 38] were included in Table 3. 

It was observed that the revised fitting (blue line) was very similar to previous one (red line), just 

showing differences for pH > 10. It has to be noted that a lower solubility constant (log KAl = -19) 

did not fit experimental titration, even modifying pKs, which again supports the solubility product 

selection (log KAl = -16). Previously reported acidity constants (pKa1 = -6.9, pKa2= 9.7) and density 

of surface sites (1.1 µeq·m
-2

) were maintained. 

 

Figure 5.  Potentiometric titration of -Al2O3 NPs reported in [20] with: (red line) previous fit and with 

(blue line) revised fir incorporating Al dissolution and hydrolysis. 

4.2 CADMIUM AQUEOUS SPECIATION 

Figure 6a presents, as example, a cadmium speciation diagram obtained in NaClO4 10
-1

 M, as a 

function of pH, considering a Cd concentration of 9.8·10
-6

 M.  
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Figure 6.  (a) Predicted Cd aqueous speciation in NaClO4 10
-1

 M. [Cd] = 9.8·10
-6

 M, [Cl
-
] = 1·10

-3
 M 

and aqueous [HCO3
-
] = 36 mg·L

-1
. (b) Enlargement of lower concentration region, to better appreciate 

predicted cadmium-chloride aqueous species. 

In all model calculations, the main ions present in solution were considered. In this diagram, an 

average HCO3
-
 concentration of 36 mg·L

-1
 and a Cl

-
 concentration of 1·10

-3
 M were considered. 

The aqueous carbonate concentration is the average value measured in the suspensions, under the 

same conditions [24, 25]. The Cl
-
 concentration accounts both for the CdCl2 tracer and the 

maximum HCl added to fix acidic conditions. 
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Figure 6 shows that the predominant Cd aqueous specie is Cd
2+

 up to pH 9. The predominance of 

Cd
2+

 species is more extended that that of other cations like for example Ni, Cu or Pb, whose 

carbonate- species dominate at pH around 7.5. For pH > 9, carbonate species starts playing a 

relevant role while for pH > 10 the first hydrolysed Cd specie (Cd(OH)
+
) is dominant in solution.  

In Figure 6b, the speciation diagram is limited to the lower concentration region (10
-16

 to 10
-9

 M), to 

better appreciate predicted cadmium-chloride aqueous: Cd-Cl aqueous complexes are at trace level.  

No precipitation was detected at this Cd concentration, but at higher concentrations, under 

atmospheric conditions, main solids limiting Cd solubility are CdOH2(s) and otavite (CdCO3(s)).  

4.3 RESULTS ON CADMIUM SORPTION ONTO ALUMINA 

4.3.1 CADMIUM SOPRTION KINETICS 

Figure 7 presents the Cd distribution coefficient measured as a function of contact time.  
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Figure 7.  Distribution coefficient of Cd onto -Al2O3 measured as a function of time, in NaClO4 10
-1

 M at 

pH 5.5, with an initial Cd concentration of 2·10
-9

 M. Solid to liquid ratio (0.5 g·L
-1

). 

The kinetics of cadmium sorption onto -Al2O3 nanoparticles was checked in NaClO4 10
-1

 M at pH 

5.5 with an initial Cd concentration of 2·10
-9

 M. Sorption equilibrium was reached in few hours. 

Equilibrium time for all further sorption experiments was fixed to 1 week. 
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Figure 8.  Cadmium sorption edges on -Al2O3 NPs in NaClO4 10-1 M, with two different Cd initial 

concentration () 4.6·10
-8

 M, () 9.8·10
-6

 M and () 4.9·10
-4

 M. 
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Figure 9.  Cadmium sorption isotherms onto -Al2O3 NPs in NaClO4 10
-1

 M, at different pH: () pH 6.1, 

() pH 6.4, () pH 8.9 and () pH 9.8. 
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4.3.2 CADMIUM SORPTION EDGES AND ISOTHERMS 

Figure 8 presents three Cd sorption edges obtained on -Al2O3 NPs in NaClO4 10
-1

 M, with 

different initial Cd concentration (4.6·10
-8

 M, 9·10
-6

 M and 4.9·10
-4

 M). The solid to liquid ratio 

was 0.5 g·L
-1

 and the contact time 7 days. Results are expressed as the logarithm of distribution 

coefficient as function of pH.  

For pH higher than 5, Cd distribution coefficient showed strong pH dependence, as expected for 

cation sorption on an oxide surface. Higher sorption is clearly measured at lower Cd initial 

concentration, what suggested the existence of two sorption sites with different Cd affinity on the 

Al2O3 surface. Moreover, it was noteworthy that unexpected Cd sorption was measured for pH 

lower than 5, as it was observed for Sr sorption on the same alumina [25].  

Figure 9 shows Cd sorption isotherms obtained on Al2O3 NPs in NaClO4 10
-1

 M at different pH 

(6.1, 6.4, 8.9 and 9.8). Results are expressed as the logarithm of the the logarithm of the Cd 

concentration adsorbed per gram of solid (Cdads in mol·g
-1

) vs. cadmium concentration measured in 

the liquid phase at equilibrium (Cdeq, in mol L
-1

). The slope of the log-log plot is lower than 1 

(slope 1 is indicated as a dotted line in the figure), what suggests sorption of two Cd species or the 

existence of more than one sorption site is expected. 

4.3.3 IONIC STRENGTH DEPENDENCE 

Figure 10 shows Cd sorption edges on -Al2O3 NPs at different ionic strengths (10
-1

, 10
-2

 and 10
-3

 

M) in NaClO4. The dependence of Cd sorption on ionic strength, in NaClO4 is very little. 

3 4 5 6 7 8 9 10 11
0

1

2

3

4

5

6

 5·10
-4
 M

 1·10
-2
 M

 1·10
-1
 M

 2·10
-1
 M

 

lo
g
 K

d
 (

m
L
/g

)

pH
 

Figure 10.  Cadmium sorption on -Al2O3 NPs as a function of pH in NaClO4 at different ionic 

strength: () 5·10
-4

 M, () 1·10
-2

 M, () 1·10
-1

 M and () 2·10
-1

 M. Cadmium initial concentration is 

4.6·10
-8

 M.  
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Figure 11.  Cadmium sorption edges on -Al2O3 NPs in NaClO4 10
-1

M with or without addition of 

buffer solutions to maintain pH. Cd initial concentration was 9.8·10
-6

 M. 

 

7 8 9 10 11
3

4

5

6

 without buffer, I = 10
-3
 M

 without buffer, I = 10
-1
 M

 Chess 200 uL, I = 10
-2
 M

 Chess 200 uL, I = 10
-1
 M

 TRIS 200 uL, I = 10
-2
 M

 TRIS 200 uL, I = 10
-1
 M

 TRIS 400 uL, I = 10
-1
 M

 

 

 

lo
g
 K

d
 (

m
L
/g

)

pH
 

Figure 12.  Cd distribution coefficients measured in -Al2O3 suspensions in NaClO4 at different ionic 

strengths (10
-3

, 10
-2

 and 10
-1

 M), without any buffer or with different quantities (200 or 400 L) of TRIS or 

CHESS buffer solutions. 
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4.3.4 BUFFER EFFECTS ON CADMIUM SORPTION 

As mentioned in the experimental section, different buffer solutions were used to maintain the pH, 

and it was verified whether they have an effect on Cd sorption.  

Figure 11 shows Cadmium sorption edges on Al2O3 NPs in 10
-1

 M NaClO4 with or without buffer 

solutions to adjust pH. It can be seen that sorption edges are equivalent at most pH.  

A detailed analysis of buffer effects was carried out within the pH region from 7 to 11. Figure 12 

shows distribution coefficients measured onto -Al2O3, prepared without any buffer or with 

different buffers (TRIS, CHESS) and concentrations (200 or 400 L). It can be appreciated that 

measured values are very similar, within experimental errors, so that buffer effects on Cd sorption 

can be discarded. 

4.3.5 PRE-HYDRATION EFFECTS ON CADMIUM SORPTION 

One of the most noticeable results of these experiments was to find remarkable Cd sorption within 

acidic pH region (pH 3 to 5), which was mostly independent on pH and on ionic strength (Figure 

10). Effects due to sampling or centrifugation were discarded since some samples were ultra-

centrifuged (245000 g during 30 min) and results were totally equivalent. Moreover, no significant 

Cd sorption on centrifuge tubes was neither detected. 

We wondered if these effects could be due to alumina hydration and incorporation of anions present 

in solution. To verify this, Cd sorption was analysed on alumina suspensions pre-hydrated in 

deionised water.  

Figure 13 presents Cd distribution coefficients measured within pH 4 to 5 on alumina suspensions 

differently prepared. Two suspensions were directly prepared in NaClO4 (at two different ionic 

strengths), other suspension was pre-hydrated in deionised water and after one day NaClO4 was 

added, and the last one was directly suspended in deionised water. In all cases CdCl was spiked 

after one day of contact. It can be seen that measured Cd distribution coefficients are fully 

equivalent, so that the hydration procedure is not playing a relevant role. 

4.3.6 ALUMINA AGGING LUMINA AGING EFFECTS ON CADMIUM SORPTION 

Possible aging effects -Al2O3 nanoparticles were considered, since some authors reported that 

transformation to gibbsite phases may take place modifying sorption conditions [28].  

Figure 14 presents the comparison of Cd distribution coefficient measured on -Al2O3 hydrated 

during a few hours or during 1 month. It can be seen that Cd sorption is completely equivalent, so 

that aging effects at the Al2O3 surface, within our experimental times can be discarded. 
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Figure 13.  Comparison of Cd distribution coefficients on -Al2O3 suspensions differently prepared: 

() suspended in NaClO4 5·10
-4

 M, () suspended in NaClO4 10
-1

 M, () Pre-hydrated din deionised 

water and after adding NaClO4 10
-1

 M and () prepared in deionised water. Initial Cd concentration 

[Cd] = 4.6·10
-8

 M, solid to liquid ratio 0.5 g·L
-1

: 
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Figure 14.  Cadmium sorption measured NaClO4 10
-1

 M with Cd initial concentration of 4.6·10
-8 

M on 

Al2O3 NPs previously hydrated () 2 hours () 1 month. 
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4.3.7 CHLORIDE EFFECT OF CADMIUM SORPTION 

There is controversy regarding the need to account for Cd- Cl complexes to describe Cd sorption on 

Al2O3 surface. Some authors considered that cation adsorption is promoted in chloride-bearing 

fluids [11] and included complexation of CdCl+ on both S-OH and SO
-
 sites to describe Cd 

sorption onto alumina, pointing out that chloride non-specific adsorption lowers charge at the 

oxide/water interface [45].  

However, Shiao et al. (1981) [8] stated that chloride complexing lowered Cd soption on Al2O3. 

Looking to sorption results obtained with other bivalent cations, or other oxides, we found that Cl 

independence was claimed by Weerasooriya et al (2001) [46] in Pb(II) sorption studies on gibbsite, 

or by Bargar et al. (1998) [47, 48] which could neither find any spectroscopic evidence for the 

formation of a ternary Pb–Cl
+
 complex on the Al2O3 surface. Balistrieri and Murray (1982) [49] 

presented results in which the influence of Cl on Cd(II) sorption on goethite was negligible as well. 

Figure 15 presents cadmium sorption edges obtained on -Al2O3 in NaClO4 10
-1

 M with different Cl 

concentrations: null, 10
-8

 M or 10
-3

 M, under the same experimental conditions, with Cd initial 

concentration of 9.8·10
-6

 M. It can be appreciated that no differences on the adsorption edges can be 

detected even though Cl sorption in the system was very different. Thus, on the view of these 

results there is no need to account for Cd-chloride complexes on alumina surface to explain Cd 

sorption. 
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Figure 15.  Cadmium sorption edges on -Al2O3 NPs in NaClO4 10
-1

M with Cd initial concentration of 

9.8·10
-6

 M. Experiments were carried out with different Cl
-
 concentration: () 1·10

-3
 M () 1·10

-8
 M and 

() no Cl
-
. 
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4.3.8 CADMIUM SORPTION ON ALUMINA IN DIFFERENT ELECTROLITES 

4.3.8.1 (Hydrogen)carbonate 

Figure 16 presents Cd sorption results on Al2O3 NPs, as a function of pH measured in 1·10
-1

 M 

NaClO4 with different concentration of bicarbonates in solution. Experiments carried out under 

anoxic conditions, inside a glove box, are compared to those normally carried out at atmospheric 

conditions or to suspensions were high bicarbonate concentrations (HCO3 10
-2

 M or 10
-1

 M) were 

added, within their prevalence pH region (pH 7 to 9).  

It can be appreciated that the addition of low carbonate concentration has limited effect on Cd 

sorption, but only at very high carbonate concentration (10
-1

 M) Cd sorption decreases. This 

discarded the need to include Cd-carbonate complexes in the surface complexation model. 

Considering that previous results confirmed that carbonate ions are absorbed on the alumina 

surface, the lowered Cd sorption at the highest bicarbonate concentrations occurred as it was 

confirmed in [20, 26] it is due to the occupation of the available surface sites. In that sense the 

(ir)reversibility of anion sorption may play an important role. 

4.3.8.2 Nitrates 

Figure 17 presents comparison of Cd sorption on Al2O3 NPs, as a function of pH measured in 1·10
-3

 

M NaClO4 or NaNO3. Both sorption edges are comparable, so that strong effects of NO3
-
 ions on 

Cd sorption can be can be neglected. No Cd-NO3 ternary complexation on Al2O3 surface has been 

also postulated by Kosma et al. (2009) [12]. 

4.3.8.3 Sulfates 

Figure 18 shows Cd distribution coefficients measured on Al2O3 NPs as a function of pH in NaClO4 

or Na2SO4 at 10
-3

 M. 

In principle, similar Cd sorption is measured in both electrolytes, but considering the higher affinity 

of SO4
2-

 to alumina surface [20], in the model we will consider the inclusion of Cd-SO4 ternary 

complexes, as proposed in other studies [12], that also concluded that electrolyte ions influences Cd 

uptake in a non-obvious way forming ternary Cd surface complexes at lower pH.  

Presence of PO4
2-

 was not considered in this work, but it has been reported that enhances Cd 

sorption on γ-Al2O3 attributed, as well, to ternary complex formation [15]. 
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Figure 16.  Cd sorption on -Al2O3 NPs in NaClO4 10
-1

 M, as a function of pH measured at: () anoxic 

conditions, () atmospheric conditions, () HCO3
-
 10

-2
 M and () HCO3

-
 10

-1
 M. Cd initial 

concentration 4.6·10
-8

 M 
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Figure 17.  Cd sorption on Al2O3 NPs as a function of pH measured in () NaNO3 or () NaClO4 10
-3

 

M. Cd initial concentration 4.6·10
-8

 M. 
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Figure 18.  Cd sorption on Al2O3 NPs as a function of pH measured in () NaClO4 or () Na2SO4 at 

10
-3

 M. Cd initial concentration 4.6·10
-8

 M.  
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5 MODELLING OF CADMIUM SORPTION ON ALUMINA 

Cadmium sorption was described with a non-electrostatic surface complexation model, considering 

two sorption sites on alumina surface, with different cadmium affinity, named as strong (s) and 

weak (w). 

It is widely accepted that there are more than one type of aluminium surface hydroxyl group [39]. 

However, none of the reported Cd sorption studies onto Al2O3 considered a two site model, 

probably because none of them used low Cd concentrations (< 10
-6

 M) as those used in the present 

work. In Floroiu et al. [16], a multisite model was neither considered, despite concentration 

dependence for Al-OCd complexation constant was found. 

As mentioned, the site density and acidity constants of weak sites were obtained from the 

potentiometric titration (Figure 5) while the site density of strong sites need to be estimated form 

the isotherms (Figure 9), in a step-wise trial an error procedure to achieve the best fit for the 

experimental data. 

Simplest simulation, referred as Model 1 in Table 4  was carried out only considering complexation 

of Cd
2+

 on deprotonated sites, as reported by [12]. The outcome of this simplest model is presented 

in Figure 19 and Figure 20 which respectively show two sorption edges measured at different Cd 

concentration and two isotherms at two different pH (6.1 and 9.8).  

Model 1A, was developed considering high Cd
2+

 complexation constants for strong and weak sites: 

LogKSs-OCd = 1.85, LogKSw-OCd = -1.9 and it is plotted as dashed line in Figure 19 and Figure 20. 

Model 1A provided a reasonable fit of Cd isotherm at pH 6, at higher Cd concentration, retention at 

basic conditions was clearly overestimated.  

Model 1B considered lower complexation constants (Model 1B with LogKSs-OCd = 1.6, LogKSw-OCd 

= -2.6), and is plotted as continuous lines in Figure 19 and Figure 20. With Model 1B sorption edges 

(Figure 19) were reproduced for pH > 5, but not the isotherms (Figure 20).  

Finally, the constant selected for Cd
2+

 Complex on weak sites was LogKSw-OCd = -2.6, a  value in 

agreement with values reported for Cd sorption on Al2O3, when single site is considered [12]. 

An improved model was proposed (referred as Model 2 in Table 4) incorporation two additional 

surface complexes: Cd complexation on neutral >SOH sites and complexation of the first 

hydrolysed Cd species, CdOH
+
 on negatively charged sites, to improve fit within the alkaline 

region. It is well accepted that both Cd
2+

 and CdOH
+
 may adsorb to aluminum- and iron-oxide 

minerals [17].  
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Figure 19.  Cadmium sorption edges on -Al2O3 NPs in NaClO4 10
-1

 M, with two different Cd initial 

concentration () 4.6·10
-8

 M and () 9.8·10
-6

 M. Lines are fit of data with simplest model only 

considering Cd
2+

 complexation, accounting for different constants on strong (s) and weak(w) surface 

sites: Model 1A discontinuous lines, Model 1B continuous line. 

-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1
-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

 pH 9.8

 pH 6.1

 

 

lo
g

 C
d

 a
d

s
 (

m
o

l/
g

)

log Cd fin (M)
 

Figure 20.  Cadmium sorption isotherms onto -Al2O3 NPs in NaClO4 10
-1

 M, at different pH () 9.8 

and () 6.1. Dashed lines are fit of data with Model 1A and solid lines correspond to fit of data with 

Model 1B. 
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Figure 21.  Simulations of two Cd sorption edges on -Al2O3 NPs in NaClO4 10
-1

 M, with two different 

Cd initial concentration () 4.6·10
-8

 M and () 9.8·10
-6

 M. Solid lines are fit of data with Model 2 

(Table 4)  Dashed lines correspond to the individual contribution of selected Cd complexes, determined 

at higher Cd concentration 
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Figure 22.  Simulations of Cd sorption isotherms onto -Al2O3 NPs in 1·10
-1

 NaClO4 M, at different pH 

() 9.8 and () 6.1 considering Model 2 (Table 4) 

The outcome of Model 2 is shown in Figure 21 and Figure 22. Model 2 reproduced Cd sorption 

edges, but only for pH higher than 5. The individual contributions of each Cd surface complex, for 
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the edge obtained at higher Cd concentration, are also included in the figure. In Figure 22 it is 

shown how Model 2 adequately reproduced sorption isotherms. 

Thus, Model 2 did not describe, in any case, the Cd sorption systematically observed for pH values 

lower than 5. Cd sorption, in this acidic pH region, exhibited an average logKd of 2 ± 0.2 mL·g
-1

, 

correspondent to a 5 to 8 % Cd sorption, which is in agreement to Sr retention values measured 

under the same conditions on on the same alumina. In that case, modelling was carried out 

including an empirical logKd in the model [25].  

At acidic conditions, cation sorption on Al2O3 surface is unexpected, since strong electrostatic 

repulsion with the dominant protonated surface sites would occur. Reviewing reported studies, we 

found that Cd sorption on γ-Al2O3 at acidic conditions was also observed in [9], with a Cd uptake 

around a 30% at pH 2.7, by [13] on activated alumina and by [50]. In contrast, other authors [16] 

appreciated no Cd sorption for pH < 5, in absence of Cl in solution. The US Environmental 

Protection Agency reported distribution coefficient for Cd sorption on soils, at acidic conditions 

(pH region 3-5) with an average of Kd 130 mL·g
-1

 [17], a value fully equivalent to our results, but 

giving no clue on its origin. 

Many experiments were then planned to elucidate the measured Cd sorption at acidic conditions. 

Possible sorption onto the centrifuge tubes was verified and discarded. Experimental artefacts, due 

to insufficient centrifugation or to pipette sampling were discarded because they would promote 

particle re-suspension, increasing tracer concentration in solution and therefore diminishing the 

calculated sorption. 

Bidentate or binary Cd complexes on Al2O3 surface, which were proposed by other authors on Al 

octahedral phases [47, 48] were considered. For example, in [11] authors included complexation of 

CdCl
+
 on both S-OH and SO- sites to describe Cd sorption onto alumina, indicating that SOCd

+
, 

SOHCd2
+
 and SOCdOH

+
, either taken alone or in combination, provide large misfits to their 

experimental data. However, these Cd complexes were discarded in this study. For the reader 

information, their definition and complexation constants are included in Table 4. 

The pH-independence of Cd sorption at acid conditions, suggested the sorption of anionic species. 

Cd sorption within acidic region is almost independent on pH. Generally adsorption curves with 

shallow slopes are attributed to surface complexation reactions that do not liberate protons. The 

nature of this cation sorption at acidic conditions is not so easy to define. In fact,  

According to speciation calculations (Figure 6), the only possible anion specie in this acid pH 

region would be CdCl
3
-.  The outcome of the model, incorporating complexation of CdCl

3
 can be 

seen in Figure 23a.  
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Figure 23.  Ionic strength dependence of cadmium sorption on Al2O3 NPs in NaClO4 as a function of 

pH. Cadmium initial concentration is 4.6·10
-8

 M. Solid lines are fit considering (a) CdCl3 or (b) Cd-ClO4 

complexation. 

It can be seen that the edges are perfectly reproduced, considering the complexation constant for 

CdCl3 specie included in Table 4. However, complexation of Cd-Cl was discarded because the ionic 

strength dependence predicted at acidic conditions is higher than measured. On top of that, the 

inclusion of CdCl3
-
 species raises the need of incorporating other Cd-chloride species.  

According to speciation calculations CdCl
+
 has exactly the same “shape” and prevalence region 

than Cd
2+

, but in much lower concentration (Figure 2). However, in our case, equivalent Cd 
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sorption was measured in presence or in absence of Cl
-
 in solution, so that results did not support 

the inclusion of Cd-Cl complexes to describe Cd sorption onto Al2O3. 

Thus, Cd-ClO4 complexation was considered (Figure 23b), including the complexation constant 

indicated in Table 4. 

It can be seen that ionic strength dependence is better reproduced. Higher electrolyte concentration 

results in a higher anion exchange capacity [51] and in fact, Cd-ClO4 contribution at decreasing 

ionic strength can be even neglected. 

Perchlorate anion is generally considered to be inert, like Na, K, Cl, or NO3, a non-complexing 

ligand. In fact perchlorates are used as background electrolyte to control ionic strength [52]. Its 

large ionic size and low charge density reduce its affinity for metal cations and make it highly 

soluble and thus exceedingly mobile in natural aqueous systems. It is widely accepted that 

perchlorate anion is weakly adsorbed to soils, minerals, and other solid media and that, if adsorbed, 

it is readily and selectively displaced by a variety of Lewis bases, including phosphate, hydroxide, 

and silicate, among others [51]. 

Thus, perchlorate ions exhibited little tendency to absorb onto oxides [53]. However, perchlorate 

retention has been measured in variable-charge media, including studies on goethite and alumina. 

Sorption of perchlorate appears to occur in soils with appreciable anion-exchange capacities (AEC). 

A review indicates that only highly weathered soils, dominated by iron, and aluminum-

oxyhydroxides and kaolinite are capable of exhibiting a significant AEC [54]. Perchlorate would be 

sorbed by the replacement of other anions such as chloride and sulfate [51]. Sorption of halogen 

ions on Al2O3 surface were also reported in [19]. In a previous work we provided SOH2-ClO4 

complexation constant [20]. 

However, the inclusion of Cd-ClO4 ternary complexes on Al2O3 surface brings up problems with 

the selection of a non-electrostatic model.  

Therefore, we adopted here the same approach used to simulate Sr sorption, was to include in the 

model the empirical logKd measured at acidic conditions [25], and it was here adopted as well. 

Figure 24 shows final simulation carried out with improved Model 2, including ternary Cd-ClO4 

complexes, to Cadmium sorption edges obtained on Al2O3 NPs in 1·10
-1

 NaClO4 M, with two 

different Cd initial concentration (Figure 24a) 4.6·10
-8

 M and (Figure 24b) 9.8·10
-6

 M. The 

individual contribution of selected Cd complexes is plotted as solid lines. 

Figure 25 shows the simulation, carried out with the improved Model 2, to the sorption edge 

obtained at higher initial Cd concentration (4.9·10
-4

 M). In this case, the occupancy of alumina sites 

at acidic conditions, by anion ions is significate and, accordingly, Cd sorption is reduced. Moreover, 

under this high Cd concentration, to simulate Cd retention, otavite precipitation must be accounted 

for. The formation constant required to simulate this data is in agreement to values reported in [35], 

which are clearly different to those reported in [33]. The individual contribution of otavite 

precipitation is highlighted in Figure 25.  
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Figure 26 shows the simulations carried out with improved Model 2, to sorption isotherms carried 

out at four different pH. The model reproduced measured Cd retention, within the whole range of 

Cd concentrations analysed. The selected formation constant for otavite considered (Table 2), 

adequately fits measured isotherms, and Cd precipitation is detected only at high pH and high Cd 

concentration  
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Figure 24.  Simulation of Cd soprtion edges with two different Cd initial concentration () 4.6·10-8 M 

and () 9.8·10-6 M). Solid lines are fit of data with model 2 incorporating Cd-ClO4 complexes. 
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Figure 25.  Simulation of Cd soprtion edges with three different Cd initial concentration () 4.6·10
-8

 

M and () 9.8·10
-6

 M and (▲) 4.9·10
-4

 M. Simulations are plotted as solid lines. The individual 

contribution of otavite precipitation is highlighted. 
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Figure 26.  Cadmium sorption isotherms onto -Al2O3 NPs in NaClO4 10
-1

 M, at different pH () pH 

6.1, () pH 6.4, () pH 8.9 and () pH 9.8. Values are expressed as logCads (mol·g
-1

) versus logCdeq 

(M). Lines correspond to fit of data with Model 2. 
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Model 2 was applied to Cd sorption data measured on alumina in other electrolytes.  

Figure 27 shows the outcome of the surface complexation model for Cd experiments considering 

different bicarbonate concentration in solution. Fit was carried out with the Model 2, just 

accounting for bicarbonate competition, considering the constant reported in [20]. It can be 

appreciated that the observed decrease in Cd sorption is adequately predict by just incorporating 

bicarbonate competition.  

In the same way, Figure 28 shows Cd sorption edges respectively measured in NO3
-
 or ClO4

-
 , 

which could be perfectly fitted just including competition and considering the anion constants 

reported in [20]. In this case, experiments were carried out at lower ionic strength (1·10
-3

 M and, as 

mentioned before, ternary complexation of ClO4, and mainly NO3, can be neglected. NO3 ternary 

complexation on Al2O3 surface was neither claimed by other authors [12]. 

Figure 29 the fits carried out with Model 2 to Cd distribution coefficients measured on Al2O3 NPs 

in NaClO4 or Na2SO4 at 10
-3

 M. Simulations just considering ClO4
-
 and SO4

2- 
competition are 

plotted as discontinuous lines. It can be seen that Cd sorption results measured in NaClO4 are 

reproduced, but a lower Cd sorption is predicted at acidic conditions in Na2SO4. Therefore, 

complexation of Cd-SO4 ternary complexes was considered (plotted as continuous line), and better 

fit at acidic conditions is achieved, but measured sorption was not perfectly reproduced. Selected 

complexation constant is slightly higher than that reported in [12], that also concluded that 

electrolyte ions influences Cd uptake in a non-obvious way forming ternary Cd surface complexes 

at lower pH. Outer-sphere complexation of SO4 to Al2O3 was suggested by FTIR analyses [55]. 
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Figure 27.  Simulations carried out with Model 2(Table 4)  to Cd distribution coefficients measured on 

Al2O3 as a function of pH measured considering different bicarbonate concentration in solution: () 

atmospheric conditions, () HCO3
-
 10

-2
 M and () HCO3

-
 10

-1
 M. 
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Figure 28.  Simulations carried out with Model 2 (Table 4) to Cd sorption edges measured on Al2O3 as 

a function of pH measured in () NaNO3 compared to that in () NaClO4 10
-3

 M. 
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Figure 29.  Simulations carried out with Model 2 (Table 4) to Cd sorption edges measured on Al2O3 in 

() NaClO4 () Na2SO4 at 10-3 M. Fits considering Model 2 including ClO4
-
 or SO4

2-
 competition are 

plotted as discontinuous lines. Fits considering Model 2 including Cd- SO4
2-

 complex is plotted as 

continuous lines. 
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The relevance of NO3
-
, SO4

-
, ClO4-, Cl

-
 electrolyte anions on Cd uptake by γ-Al2O3 NPs has been 

probed. Presence of PO4 was not considered in this work, but it has been reported that enhances Cd 

sorption on γ-Al2O3 attributed, as well, to ternary complex formation [15]. 

Overall, Cd retention on -Al2O3 surface was analysed and adequately described by a surface 

complexation model. Measure Cd retention capacities of this alumina, with a surface 130 m
2
·g

-1
, 

were in the range of 16 mg per gram of solid. Measured Cd capactities are within the higher values 

reported for equivalent oxides: 40 mg·g
-1

 (BET 42 m
2
·g

-1
) [9], 8 mg·g

-1
 (BET 200-300 m

2
·g

-1
 [10], 

8.2 mg·g
-1

 (BET 42 m
2
·g

-1
) or 8.2 mg/g (BET 185 m

2
·g

-1
) [15]. Thus, selected -Al2O3 is a good 

candidate to be used in sites contaminated by Cd, to promote Cd removal. 
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6 CONCLUSIONS 

Cadmium sorption onto gamma aluminium oxide nanoparticles was experimental and theoretically 

analysed by a surface complexation model (SCM).  

A detailed experimental study of cadmium retention in gamma alumina has been carried out in a 

very wide range of experimental conditions. Experiments were mainly carried out in NaClO4, and in 

Na2SO4, NaNO3 and NaHCO3, at different pH and ionic strengths, and in a wider range of Cd initial 

concentration (10
-9

 to 10
-3

 M) than previously reported. As expected, cadmium sorption was 

strongly pH dependent and almost independent on ionic strength.  

It is worth mentioned that the comparison of Cd sorption results obtained in presence and in 

absence of chloride ions in solution discard the need to include complexation of Cd- chloride 

complexes, which was a controversial issue.  

The retention capacities achieved for Cd with selected alumina, are in the range of upper values 

measured for equivalent oxides. 

A non-electrostatic two site surface complexation model was proposed to describe Cd sorption on γ-

Al2O3. For pH > 5, the whole set of experimental data system was well described considering 

complexation of Cd
2+

 on deprotonated and neutral surface sites. At basic conditions fitting had to be 

improved by incorporating complexation of CdOH
+
.  

Non negligible Cd sorption was systematically observed at acidic conditions in all studied 

electrolytes. Formation of ternary cadmium complexes with anions present in solution was 

hypothesized, but to maintain non-electrostatic model rigour, this contribution to Cd sorption was 

included in the model accounting for empirical distribution coefficient. 

Proposed surface complexation model can be used to predict cadmium retention in different 

environments, since they are representative of aluminol sites, present in clays and in many minerals. 
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