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Abstract 

Clay minerals are the main materials used to limit seepage from tailings 

impoundments and to cover solid waste disposal landfills, low and intermediate level waste 

(LILW) and high level waste (HLW). The increase of temperature and pressure due to waste 

package, or the extreme pH conditions and chemical composition of the contaminated 

solutions may affect the clays performance, causing significant changes on smectite 

structure and in the mechanism of adsorption and contaminant retention on clay surface. 

This is the reason why this study selected heterogeneous smectite samples, resulted from 

hydrothermal alteration processes, to test their behavior in solutions with metals and 

actinides. A multibarrier principle with natural and engineering barriers ensures a redundant 

safety system if a failure in any of the protection barriers occurs. 

Heterogeneous smectite samples collected from the Portuguese bentonite rocks 

(Porto Santo Island, Madeira Arquipelago and Benavila area, Ossa Morena Zone, Portugal) 

were tested for their reactivity and sorption properties using Sr2+ and UO2
2+. The 

heterogeneity of smectite samples (BA1, PS2 and PS3) was tested by X-ray diffraction 

(XRD) and Infrared spectroscopy (FTIR) after the K+, Na+ and Ca2+ saturation. Also the 

samples were saturated with Li+ and heated at 300ºC (Greene-Kelly test). The layer charge 

and charge distribution were evaluated by means of XRD analysis after Li- and K-smectite 

being submitted to glycerol (GLY) and ethylene glycol (EG) solvation. The reactivity of 

smectite samples was also tested after smectite treatment in acid and alkaline solutions.  

Several experimental conditions were taken into account in this work to evaluate the 

adsorption and desorption of Sr2+ onto smectite, such as: contact time, pH, Sr2+ 

concentrations and ionic strength. The adsorption and desorption of Sr2+ onto smectite with 

high charge deficit was carried out in extreme pH conditions and different Sr2+ 

concentrations. The kinetic data were achieved using a continuously stirred flow-through 

reactor (CSTR) enhanced an intensive pre-washing and a good pre-conditioning of smectite, 

providing an appropriate control of the chemical conditions imposed during our experiments. 

Breakthrough studies were carried out to evaluate the effect of pH (4 and 8) and Sr2+ 

concentration (7.00 mg/L, 27.00 mg/L and 34.00 mg/L) during adsorption and desorption 

processes. Several models were used to describe the kinetic behavior of Sr2+ adsorption 

onto smectite. Additionally, batch experiments were performed, at different pH (4 and 8) and 

ionic strength (I=10-2 and I=10-3) conditions, to obtain the sorption data under equilibrium 



VI FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  
in the sealing process under extreme conditions of pH 

 
and isothermal conditions. The results showed that the gradient of concentration acted as 

an increasing driving force since the amount of Sr2+ adsorbed increased as increasing of 

Sr2+ concentration during the flow-through experiments. The largest adsorption value was 

obtained at pH 8.0 ([KNO3]=10-3 M) with qm=41.49 mg Sr2+/g from the Langmuir isotherm. 

The amount of Sr2+ desorbed at pH 4 was only half of the amount desorbed at pH 8, revealing 

that the retention of Sr2+ onto smectite was enhanced at pH 4.  

The degree of interaction between UO2
2+ and heterogeneous dioctahedral smectite, 

characterized by different charge distribution and distinct proportions of tetrahedral and 

octahedral substitutions, was investigated in order to predict the possible changes on 

sorption mechanism caused by structural modification of smectite during alteration. The 

heterogeneous smectite structure used in sorption experiments represents in fact the first 

alteration stage of smectite exposed to circulation of hydrothermal fluids or as backfilling 

materials in nuclear waste disposal. The adsorption experiments were carried out to 

evaluate the role of pH and ionic strength on the UO2
2+ sorption mechanism. The pH 

variation influences of the UO2
2+ aqueous speciation defining the species involved during 

the sorption mechanism. Also, it may play an important role in the surface sites distribution, 

controlling the adsorption capacity and the binding strength of surface complexes. 

The UO2
2+ retardation onto heterogeneous smectite samples was studied through 

the adsorption and desorption experiments using a continuous stirred tank reactor and 

different pH and ionic strengths conditions (pH 4, I=1x10-4; pH=6, I=2x10-1). Three different 

smectite samples characterized by heterogeneous structures, with distinct proportions of 

tetrahedral and octahedral substitutions, were used. The kinetics of sorption process was 

interpreted by means of reaction-controlled models (pseudo-first order and pseudo-second 

order) and diffusion-controlled models (intra-particle diffusion and liquid-film diffusion). The 

results obtained are in agreement with the previous studies that revealed that multiple 

surface species are involved on the interaction between UO2
2+ and smectite, resulted from 

ion exchange on planar sites at acid pH and surface coordination reactions in the edge sites 

from near neutral pH at high ionic strengths. The results revealed that the kinetics of sorption 

process was highly influenced by the structural properties of heterogeneous smectite and 

the surface complexation mechanism involved. Lower reversibility of the UO2
2+ previously 

adsorbed and a stronger complexation was observed at pH 6. The XPS results revealed two 

binding energies obtained at pH 4, 380.8±0.3 eV and 382.4±0.3 eV, before and after 

desorption processes. The proportion of the higher binding energy component decreased 

after desorption process, suggesting that the UO2
2+ adsorbed in this conditions was 



FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  

in the sealing process under extreme conditions of pH 

VII 

 
previously desorbed. The results obtained at pH 6 show two different binding energies for 

smectite samples, 380.3±0.3 eV and 381.8±0.3 eV, whose proportions remained unchanged 

before and after desorption process, indicating the higher retention of UO2
2+ on smectite. 

The influence of pH, layer charge and crystal thickness distribution was evaluated in 

the adsorption of UO2
2+ on different heterogeneous smectite samples, through batch 

experiments using different pH and ionic strength conditions, pH 4 (I=0.02M) and pH 6 

(I=0.2M). The adsorption process was simulated through the development of cation 

exchange and surface complexation models based on diffuse double layer (DDL). The 

surface complexation and cation exchange reactions were used on PHREEQC-code to 

describe the UO2
2+ sorption on smectite. The amount of UO2

2+ adsorbed on smectite 

samples decreased significantly at pH 6 and higher ionic strength, where the sorption 

mechanism was restricted to the edge sites of smectite. The ≡AlOUO2
+ and ≡SiOUO2

+ were 

the major surface species involved. The results obtained were compared with the XPS 

results. Two different binding energy components at 380.8 ± 0.3 and 382.2 ± 0.3 eV 

assigned to hydrate UO2
2+ adsorbed by cation exchange and by inner-sphere complexation 

on the external sites at pH 4 were identified by X-photoelectron spectroscopy after the U4f7/2 

peak deconvolution. Two new binding energy components at 380.3 ± 0.3 and 381.8 ± 0.3 

eV assigned to ≡AlOUO2
+ and ≡SiOUO2

+ surface species were observed at pH 6. Both 

results obtained from the model developed and from the XPS analysis were in agreement. 

 

 

Keywords: heterogeneous smectite, charge distribution, reactivity, layer charge, infrared 

spectroscopy, X-ray diffraction, structural changes, Strontium; Uranyl, batch and flow-

through experiments; breakthrough curves; sorption vs. desorption; kinetic models. 
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Resumo 

Os minerais argilosos são os principais materiais utilizados para a modelação e 

selagem de escombreiras e bacias de resíduos radioativos, incluindo resíduos de baixo e 

médio nível e resíduos de alto nível.  

O aumento de temperatura e de pressão, devido ao empacotamento de resíduos 

radioativos, bem como as condições extremas de pH e a composição química das soluções 

contaminadas, podem afetar o desempenho e eficácia das argilas, desencadeando 

alterações estruturais significativas e alterações no mecanismo de adsorção e retenção de 

contaminantes na superfície da argila. Neste sentido, foram selecionadas para este estudo 

um conjunto de amostras de esmectite Portuguesa, caracterizadas por estruturas 

heterogéneas, diferentes cargas estruturais e distribuição de carga heterogénea, com o 

objetivo de testar o seu comportamento enquanto adsorvente de metais e actinídeos, 

perante condições distintas de pH e força iónica.  

As amostras de esmectite selecionadas foram recolhidas a partir de rochas 

bentoníticas Portuguesas (Ilha de Porto Santo no arquipélago da Madeira e Benavila, Zona 

de Ossa Morena, Portugal) e submetidas a processos de tratamento e sedimentação, no 

sentido de recolher a fração pura de argila <2μm. As amostras de esmectite foram 

posteriormente submetidas a experiências com o intuito de estudar a sua reatividade nos 

processos de adsorção de Sr2+ e UO2
2+ em condições extremas de pH e força iónica. A 

heterogeneidade das amostras de esmectite (BA1, PS2 e PS3) foi testada por difração de 

raios-X (DRX) e espectroscopia de infravermelho (FTIR) após a saturação das amostras de 

esmectite com K+, Na+ e Ca2+. O teste de Greene-Kelly foi também utilizado no estudo da 

distribuição de carga das amostras esmectiticas, no qual se procedeu à saturação prévia 

com Li+ e posterior solvatação com Glicerol. 

No estudo dos processos de adsorção de Sr2+ na esmectite foram tidas em conta 

diferentes variáveis, tais como: tempo de contato, pH, concentração de Sr2+ e força iónica. 

Os processos de adsorção e desadsorção de Sr2+ ocorreram a pH 4 e a pH 8, utilizando 

diferentes concentrações de Sr2+ (7.00 mg/L, 27.00 mg/L and 34.00 mg/L). O estudo cinético 

do processo de adsorção teve como base a utilização de um reator de fluxo contínuo com 

agitação permanente (CSTR), o qual permitiu uma pré-lavagem intensiva e um adequado 

pré-condicionamento da esmectite, proporcionando assim um controlo adequado das 

condições químicas impostas. As experiencias de fluxo contínuo foram desenvolvidas com 
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o intuito de avaliar a influência das diferentes condições experimentais impostas nos 

processos de adsorção e desadsorção. A interpretação dos dados cinéticos foi efetuada 

através da utilização de diferentes modelos cinéticos. Com o objetivo de estudar o processo 

de adsorção de Sr2+ em condições de equilíbrio, utilizando diferentes condições de pH (4 e 

8) e força iónica (I=10-2 e I=10-3), realizaram-se ensaios em batch que permitiram determinar 

a quantidade de Sr2+ adsorvida para diferentes concentrações de Sr2+ utilizadas em 

solução. A interpretação destes resultados foi efetuada através da utilização de diferentes 

modelos isotérmicos (Langmuir and Freundlich). 

O grau de interação entre o UO2
2+ e diferentes amostras de esmectite dioctaédrica, 

caracterizadas por estruturas heterogéneas que evidenciam diferentes graus de 

substituições tetraédricas e octaédricas e distribuição de carga heterogéneas, foi 

investigada com o intuito de compreender quais as consequências da utilização destes 

materiais nos mecanismos de sorção, tendo em conta que a heterogeneidade da estrutura 

da esmectite pode ser afetada por processos hidrotermais que ocorrem frequentemente em 

repositórios. As experiências de sorção podem também ser fortemente influenciadas pela 

variação de pH e força iónica do meio. Ambos os fatores exercem uma influência 

significativa quer sobre as espécies de uranilo presentes em solução, quer pelas reações 

que ocorrem na superfície do mineral argiloso e que podem definir o tipo de mecanismo de 

adsorção mais favorável. 

 A capacidade de retenção de UO2
2+ nas diferentes amostras de esmectite foi 

investigada através de experiências de adsorção e desadsorção que ocorreram a pH 4 

(I=10-4) e 6 (I=2x10-1). Os dados cinéticos foram interpretados através de diferentes 

modelos cinéticos, incluido os modelos de pseudo-primeira ordem, pseudo-segunda ordem, 

difusão intra-partícula e modelo de difusão em filme. Os resultados obtidos estão de acordo 

com estudos prévios que indicaram que o mecanismo de adsorção por troca iónica é 

dominante em condições acídicas, enquanto que a pH neutro o processo de adsorção 

dominante ocorre entre o UO2
2+ e a superfície externa da esmectite (“sitios externos”). Os 

resultados revelaram que a cinética de ambos os processos de adsorção e desadsorção é 

influenciada quer pelo grau de heterogeneidade da esmectite, quer pelas condições de pH 

utilizadas. A pH 6 foi observada maior capacidade de retenção de UO2
2+, o que resulta 

provavelmente de um mecanismo de adsorção de esfera interna na superfície externa da 

esmectite. Os resultados de XPS obtidos a pH 4 revelam dois componentes com energias 

de ligação distintas, a 380.8±0.3 eV e 382.4±0.3 eV, antes e após o processo de 

desadsorção, respetivamente. A proporção do pico correspondente à maior energia de 
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ligação diminui após o processo de desadsorção, o que sugere que parte do UO2
2+ 

adsorvido nestas condições foi desadsorvido. Os resultados obtidos a pH 6 revelam 2 novos 

picos caracterizados por energias de ligação diferentes, 380.3 eV e 381.8 eV, cujas 

proporções permaneceram inalteradas após o processo de desadsorção, justificando a 

elevada capacidade de retenção de UO2
2+ observada nestas condições. 

A influência do pH, carga de camada e distribuição da espessura do cristal foi 

avaliada na adsorção de UO2
2+ em diferentes amostras de esmectite, caracterizadas por 

estruturas heterogéneas, através de experiências utilizando diferentes condições de pH e 

força iónica (pH 4, I = 0.02 M; pH 6, I = 0.2). O processo de adsorção foi simulado através 

do desenvolvimento de modelos de troca iónica e de complexação na superfície com base 

na teoria da dupla camada difusa (DDL). As reações que descrevem os processos de troca 

iónica e de complexação na superfície foram utilizadas no código geoquímico do programa 

PHREEQC. A quantidade de UO2
2+ adsorvido em amostras de esmectite diminuiu 

significativamente a pH 6 e maior força iónica (I=0.2), onde as espécies ≡AlOUO2
+ e 

≡SiOUO2
+ foram identificadas como as principais envolvidas neste processo. Os resultados 

obtidos através do modelo desenvolvido foram comparados com os resultados de XPS: A 

pH 4 foram identificados dois picos a 380.8 ± 0.3 e 382.2 ± 0.3 eV, que foram atribuídos à 

adsorção de uranilo através de troca iónica e por complexação na superfície externa da 

esmectite, respetivamente. Dois novos componentes energéticos foram identificados a pH 

6, a 380.3 ± 0.3 e 381.8 ± 0.3 eV, atribuídos às espécies ≡AlOUO2
+ e ≡SiOUO2

+, 

respetivamente. Os resultados obtidos quer pelo modelo desenvolvido, quer pelas análises 

de XPS efetuadas, apresentaram consonância. 

 

Palavras-chave: smectite heterogénea, distribuição de carga, reatividade, carga de 

camada, espectroscopia de absorção no infravermelho, difração de raios-X, alterações 

estruturais, Estrôncio, urânio, experiências de fluxo contínuo; adsorção vs. Desadsorção, 

modelos cinéticos.
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1. Introduction  

The clay liners are the main materials used to limit seepage from tailings 

impoundments and to cover solid waste disposal landfills. They consist of compacted clay 

liners (CCLs) and geosynthetic clay liners (GCLs) whose physic and mechanic properties 

are distinct (Yılmaz et al., 2008). The GCLs reveal some advantages, when compared to 

CCLs, including the quicker and easier construction, the lower permeability and the higher 

capacity to resist to desiccation and freeze/thaw cycles (Li et al., 2009; Well, 1997). 

However, the GCLs are not recommended due to their small thickness that may trigger a 

large hydraulic gradient across the liner (Haug and Pauls, 2001).  

The GCLs were first developed in the 1980s and consist of thin layers of bentonite 

(3-6%/m2) sandwiched between geotextiles, or bonded onto a geomembrane, including 

widths of 4 to 5 m and a thickness of 7 to 10 mm in their hydrated state (Nicholson, 2014). 

The first application of GCLs in a solid waste containment occurred in 1986 near Chicago, 

USA (Kogel et al., 2006). Nevertheless, specific standards for GCL quality control were not 

developed and the results of the inconsistent quality control programs applied varied greatly 

and were not conclusive (Athanassopoulos, 2007). The improvement of GCL properties in 

the subsequent years led to widespread recognition from community. During this period, 

several organizations were integrated into the development of standardized procedures and 

more formal quality control programs (Athanassopoulos, 2007; Harpur, 1992; Koerner, 

1997). In 1993, the American Society for Testing and Materials (ASTM), in collaboration with 

the Geosynthetic Research institute (GRI), promoted the development of 14 consensus 

standards for GCLs, which were later used industry-wide and worldwide (Harpur, 1992; 

Koerner, 1997). About 40 near surface disposal facilities for low- and intermediate-level 

radioactive waste have been in operation since 1980 and the International Atomic Energy 

Agency (IAEA) was expecting that other 30 will be active in the next 15 year (IAEA, 2012).  

Bentonite is a smectite-rich clay of volcanic origin and is the main component of the 

barrier system (Norris et al., 2014). Smectite clay-minerals are known to exhibit important 

physicochemical properties such as low hydraulic conductivity, swelling capacity, ion 

exchange capacity and high surface area (Bergaya and Lagaly, 2013). Gee et al. (1990) 

have investigated the permeability level that ensures the clay liner integrity, suggesting that 

1 m of compacted clay including a permeability in the order of 10-6 - 10-9 cm/s reveals a 

proper containment that reduces the level of contamination leaving the impoundments. The 
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United States Nuclear Regulatory Commission (NRC) required the isolation of low-level 

waste for 500 years. Specifically, in the case of uranium and thorium mining and milling 

tailings a period of 1000 years were defined according to the 40 CFR192 rules (NRC, 2007). 

However, several researchers have concluded that the long-term integrity and performance 

of the barrier systems is difficult to predict and may be affected by several external and/or 

internal factors (Cho et al., 1999).  

The radioactive waste may be classified according to the NRC (2002) as high-level 

or low-level waste. High-level waste is a by-product of nuclear reactors activity in the 

production of electricity, whereas low-level waste is mostly associated with reactor 

operations, industrial and medical applications (Gieré and Stille, 2004; NRC, 2002). In most 

cases, it is not intended to recover the low-level waste and it is mainly transported to specific 

waste disposal sites with appropriate containers or stored on-site until the decay process is 

concluded and it can be handled as ordinary waste. In the first case, the waste containers 

are usually isolated by a material such as clay minerals (bentonite) that act as a barrier 

system (buffer and/or backfill) (NRC, 2002; Pusch and Yong, 2006).  

The milling tailings produced during uranium or thorium exploitation activities is 

characterized as an individual type of waste (Campbell, 2009; NRC, 2002). In this case, the 

most important challenge is to avoid the dissolution of radioactive particles, deposited in the 

milling tailings, from rain water, and the efficient treatment of surface water and groundwater 

already contaminated (Lottermoser, 2010; NEA, 2014). Therefore, several proposals of 

remediation techniques have been applied in the last years. The “pump and treat” strategy 

involves the continuously pumping of contaminated groundwater to the treatment system 

and further deposition in the aquifer (Kuo, 2014). This is particularly efficient for mobile 

contaminants, which weakly interacts with soil. Another possibility consists in soil washing 

process that pretends to remove particles with elevated concentrations of contaminant, 

preventing their percolation and possible water contamination (Wise, 1994). These both 

conventional techniques may provide an efficient remediation but are expensive and slow 

(Campbell, 2009). Other conventional technique used for effluent treatment is based on 

metal precipitation by means of increasing the water alkalinity. However, the results are not 

satisfactory when the elements remain soluble at pH higher than 7 (Lange et al., 2010). In 

the last years, the bioremediation processes and the use of engineered waste containment 

barriers have provided the most satisfactory results (National Research Council et al., 2007). 

The geosynthetic clay liners (GCLs) is the major containment structures currently used for 

remediation of tailing ponds (Bouazza and Bowders, 2009;The Organizing Committee of the 
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14th International Conference on Tailings and Mine Waste, 2010). They are being 

successfully used for the environment control and safe closure of mining activities. More 

recently, some research works have also demonstrate their efficiency into retain heavy 

metals from the mining leachates (Lange et al., 2010). It could be an effective solution to 

solve the problems related to the current water treatment process, which although have 

provided good results, releases large quantities of radioactive sludge from effluent 

treatments (Lottermoser, 2010). 

The increase of temperature and pressure due to waste package, or the extreme pH 

conditions and chemical composition of the contaminated solutions may affect the clay liners 

performance, causing significant changes in the mechanism of adsorption and contaminant 

retention on clay surface (National Research Council et al., 2007; Metcalfe et al., 1999).  

Consistently, the main external factors identified as affecting their viability were the 

physical, climatic, geological and environmental factors. Shear tests performed by Shan and 

Daniel (1991) on three early types of GCLs have confirmed that bentonite based clay liners 

cannot sustain appreciable tension or shearing forces. Collins (1993) and Rowe (1998) have 

concluded that the increase of temperature may undergo unfavourable increases in the 

hydraulic conductivity leading to pollutant infiltration and compromising the clay-liner long-

term performance. The geological factors, namely the soil properties and terrain 

morphology, were also considered important taking into account the risk of infiltration of 

wastewater and subsequent groundwater contamination, and the risk of flooding in low lands 

(Popov et al., 2012; Qian et al., 2002). Additionally, the presence of faults may also 

contribute to stability problems and should be avoided (Qian et al., 2002).  

The environmental factors, such as pH, ionic strength and redox conditions of water 

sources, as well as the physicochemical conditions imposed on the barrier systems, may 

contribute to chemical incompatibility increasing the hydraulic conductivity of clay barriers 

(National Research Council et al., 2007; Rahman, 2000; Tournassat et al., 2015).  Several 

researchers have been concluding that the ionic strength in solution increases, as 

decreasing of pH, leading to more competition between positive ions for the available clay 

sorption sites and consequent decrease of their retention capacity (Bradl, 2002b; Farrah and 

Pickering, 1979; Liu et al., 2016). Extremely low and high pH conditions in solutions have 

also revealed a greater influence in the dissolution of silica and/or aluminium from clay 

structure, which contributes to form relatively large pores that increases the hydraulic 

conductivity and reduces the sealing capacity of clay barrier systems (Carroll and Starkey, 

1971; Tournassat et al., 2015). Therefore, the detailed investigation of these specific 
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perturbations in the interaction radionuclide-clay surface, as well as, the adsorption study 

under flow-through conditions, are both mandatory for a better control of the treatment 

processes involving engineered barriers or dedicated to remove radionuclides from the 

dynamic natural systems (surface water and groundwater) (Norris et al., 2014).  

Radionuclides existing on earth result from primordial or cosmogenic sources. 

Primordial radionuclides, such as uranium (238U) or thorium (232Th), formed before and 

during the creation of earth, are sources of natural radioactivity (Atwood, 2013; Poschl and 

Nollet, 2006). The 1930s was a decade of world dramatic economic and political changes. 

During this period, several investigators concluded that the energy produced by nuclear 

fission could be useful in the development of atomic weapons and nuclear industries in 

medicine and energy (Krivit et al., 2011; Shultis and Faw, 2007). Later, in 1942, pioneering 

successfully experiments conducted in the University of Chicago’s Stagg Field stadium, 

involving controlled reactions of nuclear fission, were the first step in the development of 

nuclear weapons and nuclear industries (Poschl and Nollet, 2006). From this point, the 

exploitation of radionuclides has increased exponentially, mainly for 238U, which is the most 

abundant isotope available on earth that may produce energy from nuclear fission (Hall, 

2000; Walther, 2013). Several European countries have been involved in the exploitation of 

238U. In Portugal, important deposits of uranium, related with the late tectonic and 

metallogenetic phenomena that have affected the post-tectonic granite, have been explored 

between 1950 and 1991, producing about 4200 tons of uranium oxide (U3O8) that was 

delivered to the British and US nuclear industries (LNEG, 1998). These operations led to 

extremely long-lived waste that is costly and highly problematic to deal with (Lottermoser, 

2007; Merkel and Hasche-Berger, 2008).  

Nowadays, the incessant demand for non-renewable energy resources is exceeding 

their natural production and Nuclear energy is the only energy source that may supress the 

world’s growing energy needs (Ghosh and Prelas, 2009; Merkel and Schipek, 2011). 

However, the treatment systems of long-lived nuclear waste produced during radionuclides 

exploitation are not yet controlled and requires a large capital investment (Azcue, 2012). 

The release of natural radionuclides in the environment depends primarily on the mining and 

milling activities, particularly from uranium ores, the nuclear fission products resulted from 

nuclear weapon tests, the nuclear accidents and the storage of nuclear wastes (Atwood, 

2013; Azcue, 2012). Radionuclides may be transported from the mining wastes to the 

surface water and groundwater causing serious environment impacts and health problems 

on the communities exposed to high levels of radiation (Lal, 2006). Uranium mining 
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operation was considered the major contributor in the radiation dose to the global public, 

once it is the most widespread radionuclide contaminant present in ground water and soil. 

Therefore, the control and remediation of these contaminated sites is still one of the most 

important challenges facing by the environmental radionuclide science (Merkel and Schipek, 

2011).  

Unstable isotopes of strontium (Sr) are also widely used for several industrial and 

medical applications (Ochs et al., 2015). 90Sr is currently found in spent fuel rods in nuclear 

reactors, as a radioactive tracer in medical studies and in agricultural studies (Choppin et 

al., 2013; Le Gall et al., 2015). 89Sr was considered an effective systemic 

radiopharmaceutical for the palliation of bony cancer and 85Sr is widely used in the 

production of radiologic imaging of bones (Bahk et al., 2013; Bärenholdt et al., 2009; Guerra 

et al., 2016). The exposure to high concentration of radioactive strontium may cause severe 

damage in the human health, such as anaemia and oxygen shortages, and serious risk of 

cancer resulted by genetic mutations on cells (Agency for Toxic Substances and Disease 

Registry, 2004; Höllriegl and München, 2011).  Consequently, it is of great importance the 

careful storage of its waste (low-level waste), followed by an efficient treatment, in order to 

avoid their mobility into the ground and a possible contamination of aquifer resources (Bley 

et al., 2012; Hamby, 1996). 

The influence of pH and ionic strength conditions in the adsorption and retention 

capacity of strontium and uranium on smectite have been studied in detail by several 

researchers in order to control and predict the long-term integrity and performance of clay 

liners. Missana and García-Gutiérrez (2007) have investigated the Sr2+ adsorption onto 

FEBEX bentonite and concluded that Sr2+ adsorption is highly dependent on ionic strength 

and practically independent on pH. At pH > 8, the increase of Sr2+ adsorbed was more 

pronounced due to the additional uptake on the external sites of clay surface. It was more 

significant at higher ionic strengths. In this case, the adsorption process was also 

characterized by the total saturation of sorption sites as increasing of Sr2+ concentrations. 

Galamboš et al. (2009) have also studied the adsorption of Sr2+ on bentonite samples and 

have found that as increasing of Sr2+ concentrations in the solution in equilibrium with 

bentonite, a decrease of pH is observed, most probably due to the exchange of protons for 

Sr2+ on the OH groups.  

Contrary to the mechanism of Sr2+ adsorption, the adsorption of UO2
2+ on smectite 

is highly dependent on pH and ionic strength (Chisholm-Brause et al., 2004; Korichi and 

Bensmaili, 2009; Sylwester et al., 2000). Previous research studies have confirmed that at 
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low pH and low ionic strength, the UO2

2+ sorption mechanism is controlled by ion-exchange 

in the interlayer space, whereas at near neutral pH and high ionic strength the sorption 

mechanism occurs mainly on the edge sites of smectite, following a decrease in the amount 

of UO2
2+ adsorbed (Hennig et al., 2002; Marques Fernandes et al., 2012; Sylwester et al., 

2000). The investigators also concluded that the adsorption on the external sites of smectite 

is characterized by stronger surface complexes (inner-sphere complexes) formed between 

UO2
2+ and smectite surface. 

The kinetic of radionuclides adsorption on smectite have also been studied in the 

last years (Bachmaf and Merkel, 2011; Galamboš et al., 2013; Missana et al., 2004). 

Nevertheless, relatively low information is known about the retention capacity of smectite 

and the kinetics of desorption process. Moreover, most of kinetics studies have carried out 

using batch reactors, whose method involves a high dependency of the sorbent sorption 

behavior on the solid concentration (particle concentration effect) and the permanent 

accumulation of solutes that increases the risk of precipitation of secondary phases 

(Brantley et al., 2007; Grolimund, 1998). Regarding to desorption experiments, additionally 

drawbacks were also identified, such as, the re-suspension of the solid particles that remain 

compacted at the bottom of the tube.  These disadvantages may, however, be overcome by 

the continuous stirred tank reactors, which allow to identify the factors responsible for 

apparent deviations in sorption parameters measured under distinct environmental 

conditions (Brantley et al., 2007; Fernández-Calviño et al., 2010; Grolimund, 1998; 

Helfferich, 2004) and are characterized by the continuously removal of solution from the 

system, avoiding reverse reactions and enhancing the study of desorption kinetics 

phenomena (Grolimund, 1998; Sparks, 1999). Therefore, the use of continuous stirred tank 

reactors must be considered as a promising method and a better alternative to study the 

kinetics of sorption processes. 

Although the result of various research has been reported in regard to the 

radionuclides adsorption behavior on montmorillonite (low charge smectite), the effect of the 

heterogeneous structures of different smectite samples on radionuclides adsorption has 

generally been neglected and must be subject of study, once it also have substantial 

influence in the sorption capacity of clay minerals (Dazas et al., 2015; Laird, 2006). Previous 

research studies have concluded that the swelling capacity of smectite depends on the 

balance between repulsive forces between 2:1 layers and attractive forces between 

interlayer cations and the negatively charged 2:1 layers of smectite (Ferrage et al., 2007; 

Laird, 1996, 1999; Van Olphen, 1965). Therefore the amount of negative charge and charge 
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location control smectite colloidal behavior and crystalline swelling and influence smectite 

sorption capacity (Dazas et al., 2015). Consistently, an increase in layer charge increases 

attractive forces between the hydrated interlayer cation and the 2:1 layers, decreases the 

interlayer thickness of smectite, reducing their capacity to adsorb by ion-exchange (Laird, 

2006). Moreover, the increase of negative charge in the tetrahedral sheet due to 

hydrothermal alterations tends to form beidellite-like layers and consequently interstratified 

structures containing low-charge and high-charge layers, as well as, mixed layer structures 

composed by illite and smectite interstratified that also may influence the sorption behaviour 

(Ferrage et al., 2007; Sato et al., 1996).  

The adsorption/desorption of radionuclides on heterogeneous smectite, as well as, 

the development of efficient models (SC/CE) in order to predict the behavior of radionuclides 

adsorption on heterogeneous smectite, may be subject of intense investigation, taking into 

account the permanent changes (temperature and pressure) occurring in the waste 

repositories or in the landfill liner systems, which may change the physico-chemical 

properties of smectite.  

 

 

1.1. Framework and Objectives 

The good performance assessments of clay liners have demonstrated their capacity 

to prevent the risk of radionuclide migration in the environment and avoid adverse effects to 

the overall ecosystem (Bouazza and Bowders, 2009; Lange et al., 2010). However, previous 

studies have also suggested their instability, when submitted to extreme environmental 

conditions, which are dependent on changes in the physicochemical properties of clay 

minerals and/or the contaminant speciation (National Research Council et al., 2007; Mackey 

and von Maubeuge, 2004). From a general point of view, this work pretends to evaluate the 

reactivity of Portuguese smectite as a potential radionuclide adsorbent under extreme 

environment conditions. The main objectives are contextualized with the research problem 

and are described as follows. 

Most of clay liners include bentonite in their structures, which is mainly composed by 

smectite (Toll et al., 2008). After long periods of remediation, the increase of temperature 

and pressure, due to waste package, triggers isomorphic substitutions on smectite structure 

causing an increase of negative charge in the tetrahedral sheet that contributes to their 

structural heterogeneity (Laird, 2006; Lee et al., 2010). Therefore, <2μm fractions of three 
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different smectite samples, characterized by distinct net layer charge and heterogeneous 

charge distribution, will be used in our sorption experiments in order to understand how the 

structural changes will influence the adsorption mechanism. It is also pretended to 

determinate their physicochemical properties and perform a detailed characterization of the 

respective structures by means of X-ray diffraction and Infrared Spectroscopies.  

One of the major consequences resulted from mining activities is associated with the 

contaminated effluents resulted from acid mine drainage (AMD) (Anawar, 2015). The major 

causes of this problem are the oxidation process of iron pyrite (FeS2) and other sulphidic 

minerals when dissolved in water (Johnson and Hallberg, 2005) and the use of sulphuric 

acid in the leaching of uranium from the host rock (Merkel and Arab, 2014). The 

contaminated acid mine waters are usually submitted to the lime neutralization process 

involving large quantities of calcium sulphate. This excess of Ca2+ in solution may affect 

significantly the following treatment procedure, especially using clay minerals as adsorbents, 

where the exchange of Ca2+ for Na+ will readily occur and drastically change their properties. 

The use clay mineral in the treatment of radioactive sludge is relatively recent and must be 

the subject of intense research. Therefore, different smectite samples, with distinct 

proportions of Na+ and Ca2+ in the interlayer, will be used in our experiments in order to 

predict the main changes in the sorption and retention properties of smectite, occurring after 

ion exchange process. 

The interaction between clay surface and radionuclide is influenced by a large 

number of factors including: pH, ionic strength, partial pressure of CO2, amount and 

structural properties of the adsorbent and contaminant concentration (Pan et al., 2011; Yu 

et al., 2015; Zhao et al., 2008). The variation of pH and ionic strength will be investigated in 

our sorption experiments in order to understand how the adsorption mechanism and the 

adsorbent retention capacity are affected. In this way it will also be possible to predict the 

consequences of the chemical incompatibility in the clay liners performance. As described 

before, the chemical incapability is defined by the type and properties of the liquid and the 

adsorbent, and the physical conditions imposed on the clay barrier.  

Two different radionuclides will be considered in this study, strontium (87Sr) and 

uranium (238U). The influence of their respective concentrations in the adsorption process 

will also be evaluated. 

The mechanism of adsorption of radionuclides on smectite as well as the reversibility 

of this process are of particular interest in the natural sorbents research field (Chisholm-

Brause et al., 2004). The stability of their interaction over time may lead to a considerable 
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enhancement in the control of radionuclide migration. In this way, the reversibility of the 

adsorption process and retention capacity of smectite will be studied through flow-through 

experiments using a continuous stirred flow-through reactor, where the amount of UO2
2+ or 

Sr2+ adsorbed/desorbed will be followed to determinate the stability and retention capacity 

of smectite under different experimental conditions. These experiments are also particularly 

important if we consider the use of clay minerals as potential agents in the remediation of 

contaminated surface water and groundwater, where the adsorbent efficiency in flow-

through conditions should be evaluated.  

Surface complexation models (SCMs) have been widely used to describe metal ion 

adsorption on natural adsorbents (Ding et al., 2014; Korichi and Bensmaili, 2009; Rihs et 

al., 2014). In order to predict the adsorption process of UO2
2+ on different smectite samples, 

surface complexation models will be developed on PHREEQC. The sorption data obtained 

from batch experiments will be compared to the modelled sorption data. 

The spectroscopic evidence of the interaction between uranyl and smectite will be 

investigated by means of X-ray photoelectron spectroscopy analysis (XPS). It is intended to 

identify and quantify the surface complexation species formed at different pH conditions and 

ionic strengths, before and after desorption processes. Their proportions will be compared 

with the proportions obtained by the surface species predicted by the SCM in order to 

evaluate the viability of the model developed.  

 

 

1.2. Thesis Structure 

This thesis was projected according to the article-based format, where a set of 

research papers published or submitted to publish in international peer reviewed journals 

are presented. Specifically, we outline the structure of this thesis as follows: 

 

Chapter I - Introduction. This chapter introduces a relevant information regarding to 

the research area and defines the context for the research problems. The main objectives 

proposed to this project are established in this chapter in order to present the experiments 

that will be developed to better understand the research problems and improve the 

knowledge in this topics.  
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Chapter II - Mineralogy and geology of bentonite rocks in Portugal 

This chapter presents information about the structure of clay minerals and their 

physicochemical properties. The geology of bentonite rocks from Portugal is also discussed. 

 

Chapter III - Experimental methods and analytical techniques. It is divided in two 

parts: The first part is dedicated to the materials selected for sorption experiments and the 

respective procedure adopted to collect the lower clay fractions, whereas the 2nd part 

describes the methods and analytical techniques used in the present research work. 

 

Chapter IV - This chapter entitled as “Clay liners reactivity and behavior during metal 

and actinide sorption experiments at variable pH, ionic strength and concentrations” is 

divided in three main parts: 

1. The situation point about uranium contaminated sites in Portugal and important cases of 

study. 

2. The interaction between radionuclides and smectite: Sr2+ and UO2
2+ cases. 

3. The results, respective discussions and conclusions will be provided in this part. It 

comprises four chapters that corresponds to four scientific papers: 

 Part 1. Reactivity study and characterization of Portuguese heterogeneous smectite; 

 Part 2. Influence of pH, concentration and ionic strength during batch and flow-

through continuous stirred reactor experiments of Sr2+-adsorption onto 

montmorillonite; 

 Part 3. Kinetics of uranyl ions sorption on heterogeneous smectite structure at pH 4 

and 6 using a continuous stirred flow-through reactor; 

 Part 4. Surface complexation modelling of U(VI) sorption onto heterogeneous 

dioctahedral smectite: influence of pH, layer charge and crystal thickness 

distribution. 

 

Chapter V – Conclusions. 
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2. Mineralogy and geology of bentonite rocks 

in Portugal 

 

2.1. Clay Minerals: A brief introduction. 

Clay minerals are among the most important minerals used by manufacturing and 

environmental industries. The basic structural units of clay minerals involve the combination 

of tetrahedral and di- or trioctahedral sheets bounded by shared oxygen atoms that form the 

aluminosilicate layers (Fig.1) (Brigatti and Mottana, 2011). The tetrahedral sheet consists of 

a sequence of tetrahedrons which are connected by shared oxygen atoms, whose single 

structure is characterized by four oxygen atoms bonded together with an internal silicon (Si) 

and/or aluminium (Al). In the octahedral sheet four apical oxygens and two hydroxyl ions are 

shared by aluminium (Al), magnesium (Mg) and iron (Fe) atoms to form octahedrons (Fig.1) 

(Meurant, 2011; Walther, 2013). The dioctahedral structures are characterized by almost 

exclusively a gibbsite layer, whereas the trioctahedral structures by a brucitic layer (Velde, 

2013).  

Clay minerals can be classified depending on the arrangement of the tetrahedral and 

octahedral sheets that form their structural layers (Fig.1): 1:1 layer is assigned to one 

octahedral layer sitting on the apices of a single tetrahedral layer and 2:1 layer corresponds 

to one octahedral layer sandwiched between two tetrahedral layers (Yotsumoto, 2011). 

The clay minerals can be classified on the basis of variations of chemical composition 

and atomic structure into nine groups: (1) kaolin-serpentine, (2) talc-pyrophyllite, (3) illite (4) 

mica, (5) vermiculite, (6) smectite, (7) chlorite, (8) sepiolite-palygorskite and (9) interstratified 

clay minerals (Huang et al., 2011). The more relevant clay minerals and groups of clay 

minerals are characterized synthetically as follows (Table 1): 

 Kaolinite (Si4Al4O10(OH)8; 47% SiO2, 39% Al2O2 and 14% H2O) is included in the 

kaolin-serpentine group. It is the most refractory of the clay minerals and has several 

industrial applications due to their low cost, low conductivity of heat and electricity, 

high plasticity, high-temperature stability and it is chemically inert over a wide range 

of pH (Allegretta et al., 2015; Murray, 2006; Orbovic and Huang, 2012).  Single 

tetrahedral sheets of silica combine with single octahedral sheets of alumina to form 

a kaolin 1:1 layer, where two-thirds of oxygen atoms (-O) are shared. In this case, 
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the charge distribution is balanced in the dioctahedral structure and there is no net 

layer charge (Reeves et al., 2006). 

 

 

Fig.1 - Schematic representation of both configurations 1:1 layer and 2:1 layer that form clay minerals structures. 

 

 
 Pyrophyllite (Al2Si4O10(OH)2) is a 2:1 phyllosilicate mineral that consists of an 

octahedral sheet sandwiched by two tetrahedral sheets (Huang et al., 2011; Kogel 

et al., 2006). It is used as raw material for glass fibers and has several agricultural 

applications (Kogel et al., 2006). Pyrophyllite has no layer charge and bounding 

between layers is characterized by weak hydrogen or Van der Waals bonds between 

oxygen or hydroxide atoms (Strawn et al., 2015). 

 Smectite and interstratified clay minerals have special attention in this thesis and will 

be described in detail in the next chapter. 

 Vermiculite is a 2:1 aluminosilicate clay mineral characterized by the chemical 

formula Mg(SiAl)4(Al)2O10(OH)2.4H2O, higher Si:Al ratio (3:1) and higher net layer 

charge (x~0.6-0.9/O10(OH)2), which results in higher cation exchange capacity (Lal, 

2006). It is an important industrial mineral due to their physicochemical properties. 

When submitted to high temperature their structural water is readily converted into 

steam, involving a significant increase of  interlayer expansion (8 to 12 times), usually 

known as thermal exfoliation (Walther, 2013). The product formed is used in several 
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industrial applications, as well as, in agricultural, horticultural and construction 

products (Kogel et al., 2006). 

 Illite is a dioctahedral 2:1 clay mineral that was originally proposed as a group name 

to represent all clay-size micas. It is composed by 12% K2O, 45% SiO2, 38% Al2O3 

and 5% H2O, and the chemical formula is described by K(Si3Al)Al2O10(OH)2 

(Chesworth, 2007; Meunier and Velde, 2013). Illite is one of the most abundant clay 

minerals in common clay resources and, more recently, it has attracted more 

attention as fertilizer for the use in agriculture applications, while its use in industrial 

applications has been declining (Ke and Stroeve, 2005). The net layer charge of illite 

ranges between 0.6 and 1.0 per unit cell, resulted from isomorphic substitutions in 

the tetrahedral sheets (Al for Si) and is counterbalanced by K+ (Velde and Meunier, 

2008). 

 Chlorite is a large group of minerals represented by the chemical formula 

[(M2+,M3+)3(Si,Al)4Al2O10(OH)2]x-[(M2+,M3+)3(OH)6]x+ and characterized by common 

properties (Lal, 2006). It is called a 2:1:1 layer mineral since their structure comprises 

tri-octahedral mica-like layers interspersed with brucite-like layers (Brigatti and 

Mottana, 2011). The thickness of the chlorite layer is 1.4 nm. The negative charge 

resulted from the isomorphic substitution of Si4+ by Al3+ in the mica-like layer is 

compensated by brucite-like layer as a result of the substitution of Mg2+ by 

Al3+(Barnard, 2008). Chlorite may be classified as tri,trioctahedral or di,trioctahedral 

whether both 2:1 layer and interlayer hydroxide sheet have a trioctahedral structure 

or a dioctahedral 2:1 layer and a trioctahedral interlayer hydroxide sheet, 

respectively (Sparks, 2003). 

 Sepiolite-palygorskite minerals group are distinguished by their fibrous macro- and 

micro-morphologies, containing ribbons along to the fiber length (Pasbakhsh and 

Churchman, 2015). They have a 2:1 phyllosilicate structure which include a 

continuous two-dimensional SiO4 tetrahedral sheet, where the ribbons are linked 

each other by the inversion of this tetrahedral structures through Si-O-Si bonds  

(Burzo, 2009). The oxygen atoms of the octahedral sheet are only coordinated to 

cations on the ribbon side and the charge balance is compensated by protons, water 

molecules and exchangeable cations through these channels (Galan, 1996). They 

have a wide range of industrial applications due to their physicochemical properties 

such as their crystal morphology, porosity, high surface area, structure and chemical 

composition (Galan, 1996; Singer and Galan, 2000).  
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Table 1 includes the groups, subgroups and species that are part of the clay minerals 

phyllosilicates. 

 

Table 1. Classification of phyllosilicates with emphasis on clay minerals.  

 

 

 

Layer Type Group Subgroup Species 

1:1 
Serpentine-kaolin Serpentines (Tr) Chrysotile, antigorite, 

(x~0)  lizardite, berthierine 

  Kaolins (Di) Kaolinite, dickite, 

   nacrite, halloysite 

    

2:1 

Talc-pyrophyllite Talc (Tr)  

(x~0) Pyrophyllite (Di)  

Smectite Tr smectites Saponite, hectorite 

(x~0.2-0.6) Di smectites Montmorillonite 

  beidellite, nontronite 

Vermiculite Tr vermiculites  

(x~0.6-0.9) Di vermiculites  

Illite Tr illite?  

(x < 0.9 > 0.6) Di illite  

Mica Tr micas Biotite, phlogopite 

(x~1.0)  lepidolite 

 Di micas Muscovite, paragonite 

Brittle mica Di brittle micas Margarite 

(x~2.0)   

Chlorite Tr, Tr chlorites Common, name based on 

(x variable)  Fe2+ , Mg2+ , Mn2+, Ni2+ 

 Di, Di chlorites Donbassite 

 Di, Tr chlorites Sudoite, cookeite (Li) 

 Tr, Di chlorites  

    

2:1 Sepiolite-palygorskite Inverted ribbons (with x variable) 

Tr = trioctahedral and Di = dioctahedral; x = charge per formula unit. Based on Bailey 
(1980a,b), Brindley (1981), Hower and Mowatt (1966), and Środoń (1984). 
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2.1.1. Smectite: The main clay mineral of bentonite rocks  

2.1.1.1. Formation, physico-chemical properties and applications 

Smectite is a group of expansible 2:1 phyllosilicate clay minerals which consists of 

an octahedral sheet, where trivalent (Fe3+and Al3+) and divalent cations (Mg2+ and Fe2+) are 

octahedrally coordinated by oxygen and hydroxyl ions, sandwiched by two silica tetrahedral 

sheets through the sharing of the apical oxygen atoms (Bergaya and Lagaly, 2013; Murray, 

2006; Sparks, 2013; Wilson, 2013). Smectite group includes a wide number of different 

minerals that are distinguished by the chemical composition of the octahedral and 

tetrahedral sheets (Sposito, 1995). Trioctahedral smectites including hectorite, saponite and 

stevensite are characterized by all three octahedral sites filled, whereas dioctahedral 

smectites including montmorillonite, nontronite and beidellite only have two-thirds of the total 

octahedral sites filled (Sparks, 2013). Montmorillonite is characterized by isomorphic 

substitutions only on the octahedral sheet (Fe and Mg2+ for Al3+) (Bergaya and Lagaly, 2013; 

Murray, 2006). Beidellite has only tetrahedral substitutions (Al3+ for Si4+) and nontronite is 

characterized by both tetrahedral (Al3+ for Si4+) and octahedral substitutions (Fe2+ for Al3+) 

(Wilson, 2013). Therefore, the chemical formula of these three dioctahedral minerals is 

described as follows (Wilson, 2013). 

 

 Montmorillonite  MxSi4(Al2-xMgxFex)O10(OH)2.nH2O 

 Beidellite  Mx(Si4-xAlx)Al2O10(OH)2.nH2O 

 Nontronite Mx(Si4-xAlx)(Fe2
3+)O10(OH)2.nH2O 

 

Smectite formation is highly dependent on the geological environment, including the 

environment of sedimentary, weathering and hydrothermal processes (van Breemen and 

Buurman, 2002). Weathering environment (low temperature) generally involves acidic 

conditions, with the exception of the case of weathering of mafic rocks, where alkaline 

conditions control the alteration processes to smectite (Al-Rawas and Goosen, 2006; Xie et 

al., 2012). The weathering processes comprise four main geological variables: rock type, 

climate (precipitation and temperature), water flow rate and time. Beidellite tends to be 

formed under low precipitation and tropical conditions, whereas Fe-montmorillonite and 

saponite are formed in weathering profiles of basic rocks (Xie et al., 2012). Smectites may 

also be formed by hydrothermal alteration products of volcanic glass under neutral to 

alkaline pH, with increasing selectivity for Ca as increasing of temperature. The 
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hydrothermal alteration of felsic rocks gives rise to smectite with higher content of Na and 

K, but less Mg and Fe, whereas the mafic rocks alteration produces smectite rich in Mg, Fe 

and Ca (Al-Rawas and Goosen, 2006; Xie et al., 2012). Nontronite, beidellite and hectorite 

are relatively rare whereas saponite and montmorillonite are more abundant. Ca-

montmorillonite is more abundant than Na-montmorillonite and may be found in several 

World areas (Murray, 2006).  

When compared to other clay minerals, smectite and vermiculite reveal the higher 

surface areas and higher CEC’s (Table 2) (White, 2009). The smaller the clay particle size, 

the greater the ratio of its surface to volume and, consequently, greater is the specific 

surface area (Cresser et al., 1993; Lal, 2006). In the case of smectite and vermiculite, the 

surface area outside is increased by the surface area of the internal surface (Huang et al., 

2011). However, vermiculite has lower basal spacing (14Å) and lower tendency to expand 

than smectite (9.8-1.8+Å), due to their higher layer charge mainly located in the tetrahedral 

sheet, which results into stronger force of bonding between cations and sheets (Table 2) 

(Laird, 2006; Sato et al., 1992). Illite presents the higher layer charge which contributes to 

fix K+ ions in their structure and, therefore, to reduce significantly their CEC (Schaetzl and 

Thompson, 2015). Table 2 includes the main physicochemical parameters of phyllosilicates 

clay minerals.  

 

 

Table 2. Physicochemical parameters of 1:1 and 2:1 clay minerals. 

Clay mineral Type 
CEC 

(meq/100g) 
Layer 

charge/hfu 
Surface 

area (m2/g) 
Basal spacing 

(Å) 

Kaolinite 
1:1  

(non expandable) 
3-15 <0.01 5-20 7.2 

Vermiculite 2:1 (expandable) 100-150 0.6-0.9 500-700 14 
Smectite 2:1 (expandable) 40-150 0.25-0.6 10-800 9.8-18+ 

Illite 
2:1  

(non expandable) 
10-40 0.7-1.0 50-200 10 

Chlorite 
2:1:1 

 (non expandable) 
10-40 variable ---- 14 

Sepiolite 
/Palygorskite 

---- 10-45/5-30 ---- 150-900 ---- 

 White (2009); Wilson (2013); Christidis (2011). 

 

 

The scope of this thesis focuses on the study of 2:1 dioctahedral smectites where 

montmorillonite is the most common and important mineral (Ismadji et al., 2015). 

Montmorillonite is recognized by their structure, chemical composition, high cation exchange 
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capacity, good swelling properties, high surface area and small crystal size which give rise 

to several unique properties, including a great sorption capacity, important catalytic 

applications, interlamellar surfaces with important hydration properties, and the capacity to 

change the flow behaviour of liquids (Mohamed and Antia, 1998; Odom, 1984; Wilson, 

2013). It is widely used as “buffer” barrier in engineered radioactive waste containment 

systems, owing to their low permeability and high sorption capacity (Chisholm-Brause et al., 

2004; Emmerich, 2013; Korichi and Bensmaili, 2009; Turner et al., 1996), and it has also a 

wide range of industrial and chemical applications, particularly in the civil engineering, 

cosmetics, paint, medical, agricultural, iron foundry and well oil drilling industries (Al-Rawas 

and Goosen, 2006; Ciullo, 1996; Ismadji et al., 2015).  

The structural data of montmorillonite was firstly provided by x-ray diffraction and 

electron diffraction studies, which revealed that montmorillonite has a 2:1 pyrophyllite-like 

structure characterized by isomorphic substitutions, mainly Mg2+ for Al3+, in the octahedral 

sheet, which generates negative charge in their structure (Brigatti and Mottana, 2011; 

Vainshtein et al., 2013). It is also characterized by stacking disorder between the layers that 

results from physical effects (Wilson, 2013). The XRD pattern allow to identify the exact 

basal spacing between layers, depending on the exchangeable cation, through the 

information provided by the basal reflections obtained by diffraction from the (001) planes 

(Fig.2) (Carroll, 1970; Shah and Shroff, 2003). According to the XRD data, the unit cell of 

montmorillonite is described by the following parameters: a = 5.17 Å, b = 8.94 Å, c is variable 

according to the exchangeable cation (12-15Å); β = 99.54°; Z = 1. The space group 

corresponds to C2/m or C2 (Vainshtein et al., 2013; Wilson, 2013). Fig.2 a) and b) shows 

Ca- and Na-montmorillonite structures. Ca-montmorillonite and Na-montmorillonite have 

significant differences in their properties. Na-montmorillonite has a layer spacing of about 

12.5Å and one water layer (1W), whereas Ca-montmorillonite has two water layers (2W) 

and a layer spacing of 14.2-14.5Å (Murray, 2006). Therefore, Na-montmorillonite has higher 

swelling capacity and viscosity than Ca-montmorillonite (Ismadji et al., 2015). Na-

montmorillonite has the higher cation exchange capacity in the group of dioctahedral 

smectite, 80-110 meq/100g, and a layer charge that ranges from 0.32 to 0.65 per half of unit 

cell (Murray, 2006). The total charge of montmorillonite and other dioctahedral smectite 

minerals is responsible and influences most of smectite properties (Gieseking, 2012).  
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Fig.2 - Montmorillonite structure: a) Ca-montmorillonite and b) Na-montmorillonite. 

a) 

b) 
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2.1.1.2. Total negative charge of smectite: Permanent and variable 

charge 

The permanent negative charge on the basal planes resulted by isomorphic 

substitutions, either in the octahedral sheet or in the tetrahedral sheet, is the main 

contribution to the surface charge of dioctahedral smectite minerals such as montmorillonite 

or beidellite (Bourg et al., 2007; Kaufhold and Dohrmann, 2013). This charge may be more 

diffuse or concentrated according to their location in the octahedral and/or in the tetrahedral 

sheets, respectively (Barany, 2012). The isomorphic substitutions create negative charge 

when these replacements are between atoms of distinct electrovalence and identical ionic 

radii (Essington, 2015). However, the electrovalence of the atom only differs one unity from 

the atom replaced (Mering, 1975). The negative charge acquired may be estimated based 

on smectite chemical formula, according to the equation deducted in Table 3 (Dobias, 1993; 

Sparks, 2013). This layer charge is compensated by exchangeable cations located in the 

interlayer region (Dobias, 1993; Somasundaran, 2006), according to the charge balance 

described in Table 3. 

 

 

Table 3. Charge distribution on smectite clays for an ideal structure and when isomorphic 
substitutions occur. Determination of layer charge (general case). 

 

  Ideal structure Structure with Isomorphic substitutions 

  Ions Charge Ions Charge 

Interlayer H2O + cations 
+ 

(variable) 
H2O + cations 

+ 
 (variable) 

Tetrahedral 
sheet 

6 O2- -12 6 O2- -12 

4 Si4+ +16 X1Si4+ + y1M3+ x1*4 + y1*3 (+) 

Contact layer 4 O2- + 2 OH- -10 4 O2- + 2 OH- -10 

Octahedral 
sheet 

4 Al3+ +12 x2Al3+ + y2M2+ x2*3 + y2*2 (+) 

Contact layer 4 O2- + 2 OH- -10 4 O2- + 2 OH- -10 

Tetrahedral 
sheet 

4 Si4+ +16 X3Si4+ + y3M3+ x3*4 + y3*3 (+) 

6 O2- -12 6 O2- -12 

Interlayer H2O + cations 
+ 

(variable) 
H2O + cations 

+ 
 (variable) 

Layer charge  0 -44+[(x1*4 + y1*3)+(x2*3 + y2*2)+(x3*4 + y3*3)]<0 

Total charge 
(layer+interlayer) 

0 0 
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The natural acidity of dioctahedral smectite are defined by the Brönsted and Lewis 

sites (Lewinsky, 2007; Misaelides, 1999). The Brönsted sites are related with the water 

molecules coordinated to the exchangeable cations, whereas the Lewis sites correspond to 

the Al3+ coordination centre when Si4+ is replaced by Al3+ in the tetrahedral sheet (Hubbard, 

2002; Lewinsky, 2007; Nagy and Konya, 2009). The Brönsted acidity is defined as the 

surface capacity to donate protons and is quantified by the amount of exchangeable cations 

in the interlayer and by the polarization effect of coordinated waters (Yariv and Cross, 2001). 

For another hand, the Lewis sites have great affinity for a pair of electrons in an unoccupied 

orbital and, therefore, the internal acidity of smectite increases as increasing of isomorphic 

substitutions in their structure (Hubbard, 2002; Yariv and Cross, 2001). 

The variable charge of smectite results from additionally amphoteric sites, mainly 

aluminol (AlOH) and silanol (SiOH) groups, which were formed by the hydrolysis of Al and 

Si atoms exposed to crystallite edges (Bourg et al., 2007; Kaufhold and Dohrmann, 2013; 

Tombácz and Szekeres, 2004). Silanol and aluminol sites may be protonated or 

deprotonated, depending on the pH, according to the following reactions (Tombácz and 

Szekeres, 2004; Zrinyi et al., 2004): 

 

≡SiOH + H+  
  ≡SiOH               (1) 

≡SiOH  ≡ SiO- + H+                    (2) 

≡AlOH + H+  
  ≡AlOH              (3) 

≡AlOH   ≡AlO- + H+                  (4) 

 

The point of zero net proton charge (PZNPC) corresponds to the pH where the 

number of sites positively charged equals the number of sites negatively charged (σ0,H=0) 

(Misaelides et al., 2012; Tombácz and Szekeres, 2004). Consequently, the net proton 

surface charge is positive (σ0,H>0) below the pH of the PZNPC, and negative (σ0,H<0) above 

this point (Lagaly and Dékány, 2013; Misaelides et al., 2012). The variable charge has no 

contribution to the intrinsic surface charge density (σin) when σ0,H=0 and, therefore, it is only 

dependent of the permanent charge (σ0) (Tombácz and Szekeres, 2004). According to the 

following equation, the intrinsic surface charge density (σin) results from the sum of the net 

proton surface charge (σ0,H) and the net permanent structural charge density (σ0) (Hoddinott 

et al., 1990; Tombácz and Szekeres, 2004; Tournassat et al., 2015). 

 


2


2
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           σin = σ0 + σ0,H                     (5) 

 

The understanding of the influence of surface charge variation on smectite properties 

has awakening a great interest in the scientific community (Lagaly and Dékány, 2013). The 

surface charge of smectite, as well as, the electrolyte concentration, the dielectric constant 

of the electrolyte pore fluid, the valence and size of the cation and the temperature, affect 

different double-layer parameters including the double-layer thickness, the surface charge 

and surface potential (Sumner, 1999; Yu, 1997). The diffuse double-layer theory explains 

basic phenomena occurring in the clay-water-electrolyte system, including flocculation and 

dispersion, osmotic swelling and particles orientation depending on the range of repulsive 

and attractive forces (Fang, 2013; Fang and Daniels, 1997). The flocculation and dispersion 

states will define the behavior of smectite and other clay minerals in different industrial and 

environmental applications (Fang, 2013; Hoddinott et al., 1990; Ratta and Lal, 1998). 

Other important investigations regarding to the influence of layer charge distribution 

in the physicochemical properties of smectite were also conducted by several authors 

(Dazas et al., 2015; Ferrage et al., 2005; Ferrage et al. 2007). It is well known that the 

increase of temperature induces the replacement of Si4+ by Al3+ in the tetrahedral sheet of 

smectite, increasing the tetrahedral layer charge and reducing the cation exchange capacity 

(CEC) and the swelling capacity of smectite (Inoue et al., 1992; Lee et al., 2010). The 

consequences of this phenomena may be observed when the performance of smectite as 

an engineered barrier in a high-level waste repository is affected. It results from the 

diagenetic alteration of smectite that triggers structural changes on their structure and tends 

to transform low charge montmorillonite into illite, through the formation of interstratified 

structures commonly designated by “mixed layers illite-smectite” (Cuadros and Linares, 

1996; Inoue et al., 1992; Pytte and Reynolds, 1989). It was also reported that interstratified 

montmorillonite/beidellite minerals may be formed in the early stages of the illitization 

process. The assumption that a proportion of high charge layers are formed before K+ 

fixation and subsequent Illitization is admitted by several authors (Meunier et al., 2000; Sato 

et al., 1996). 

Previous studies have also reported that the increase of tetrahedral charge 

enhances the electrostatic attraction between interlayer cations and smectite layers, 

reducing the interlayer distance and therefore the mobility of water molecules (Christidis et 

al., 2006; Dazas et al., 2015; Ferrage et al., 2005; Ferrage et al., 2007; Laird, 2006). 
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Previous studies have contradicted the conventional wisdom that high-charge layers are 

less hydrated than low-charge layers, since it was observed an increase of interlayer H2O 

molecules and their successive reorganization as layer charge increases (Dazas et al., 

2015; Ferrage et al., 2005; Ferrage et al., 2007). Therefore, the increase of tetrahedral 

charge is associated with the higher stability of most hydrated layers and the more organized 

interlayer cation distribution, as well as, with the higher attraction between the interlayer 

cation and smectite surface and the lower capacity of smectite to swell (Laird, 2006). 

Generally, the layer charge and charge distribution of smectite are evaluated through 

the solvation properties of the expandable K+-Smectite and Li+-Smectite in Ethylene Glycol 

(EG) and Glycerol (GLY), respectively (Christidis and Eberl, 2003; Mosser-Ruck et al., 

2005). This subject will be addressed in detail in the third part of this thesis, where the layer 

charge and charge distribution of Portuguese smectite are studied. 

 

 

2.1.2. Interstratified clay minerals 

Interstratified clay minerals or mixed-layer clay minerals are materials in which 

individual crystals are composed by basic unit layers of more than one clay mineral, where 

the octahedral and tetrahedral sheets have identical crystal chemical and geometrical 

characteristics (Meurant, 2011; Moore and Reynolds, 1997; Worden and Morad, 2009). 

They are also identified as intermediate products of natural environment reactions involving 

surface to low-grade metamorphic and hydrothermal conditions, which are highly influenced 

by the increase of temperature and pressure, time, shearing phenomena and fluid 

movements, associated with faults (Środoń, 1999). It is also important to note that micro- 

and macro-organisms may play an important role in the formation mixed-layer clay minerals 

(Masuda et al., 2001). This process is characterized by the slow transformation of smectite 

into illite and chlorite, during burial diagenesis, where intermediate mixed-layer phases such 

as illite-smectite and chlorite-smectite are formed (Kim et al., 2004). Fig.3 resumes the 

occurrence of mixed layers at different processes of rock cycle.  

The identification of interstratified clay minerals depends on the type of layers 

involved, in which each basic unit may be represented as a layer of smectite, illite, 

vermiculite, chlorite, kaolinite, glauconite, talc, serpentine or biotite (Fiore et al., 2010). The 

most common are, however, smectite, illite, vermiculite and chlorite (Fiore et al., 2010). The 

nomenclature of mixed-layer clay minerals consists into introduce both clay mineral names 
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separated by hyphen (e.g. illite-smectite, mica-vermiculite, etc), in which the first mineral is 

chosen by the smaller d-spacing (Brindley and Brown, 1982; Fiore et al., 2010; Gieseking, 

2012). In this chapter, the characterization of I-S mixed layer clay minerals will be 

highlighted.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 - Mixed layers formed at different stages of rock cycle: S-smectite, I-illite, K-kaolinite, V-vermiculite and G-glauconite 
(Środoń, 1999). 

 

 

Mixed-layer clay minerals may be randomly interstratified, when no discernible 

pattern occurs in the sequence of layer types, ordered, when it is observed a periodic 

stacking sequence, or partially ordered whether both conditions are identified (Bergaya and 

Lagaly, 2013; Inoue et al., 2005). According to Reynolds (1980), the probability of one type 

of layer occurring next to another is given by the grade of ordering “R” (Reichweite) of mixed 

layers. In this way, R0 is associated with mixed layers characterized by random 

interstratification and disorderly stack sequence (ABABBAAAABAAB…). R1 corresponds to 

mixed-layer clay minerals where the stack sequence is partially regular (ABABABABA…). 

R2 corresponds to a specific case where the existence of a layer B is determined by the two 

previous layers (AABAABAABAAB…), and R3 identifies mixed layers characterized by 

regular sequences of interstratification and long-range ordering (BAAABAAABAAA…) 

(Inoue et al., 2005; Reynolds, 1980; Velde and Meunier, 2008). 
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2.1.2.1. I-S mixed-layer clay minerals 

As previously described, the diagenetic alteration of smectite minerals during burial 

diagenesis is one of the most important source of I-S interstratified clay minerals (Larsen 

and Chilingar, 1983; Nieto and Livi, 2013; Środoń, 1999). The proportion of each type of 

layer in the I-S phases, as well as, the ordering of stacking sequence, provides important 

details about the progress of diagenesis process, including the depth and temperature 

involved in the illitization process (Fiore et al., 2010; Meunier and Velde, 2013). The use of 

X-ray diffraction method has been a key tool in the identification of clays and mixed-layered 

phases, and also to determine the proportion of each layer component and the ordering of 

layer stacking (Drits et al., 2012; Meunier, 2005). Previous XRD results have revealed that 

the proportion of contracted layers (illite layers - 10Å) increases as increasing of depth of 

burial process (Eberl, 1978; Meurant, 2011). They also show that as increasing of 

temperature, there are more contracted layers and the layer stacking is subsequently more 

ordered (R0 to R3) (Drits et al., 2012; Moore and Reynolds, 1997; Potter et al., 2005; Reeves 

et al., 2006). According to Huggett and Cuadros (2005), the I-S mixed-layers may have a 

random distribution, during the burial diagenesis, even at high illite content. More 

specifically, the I-S R0 sequence is obtained between 0 and 60% of illite layers (Fiore et al., 

2010). The R1 sequence corresponds to the range 60-75% of illite, and the R3 sequence is 

characterized by 75% to 100% of illite (Fiore et al., 2010). Fig.4 represents the transition 

process from smectite to illite via interstratified I-S layers. This transitions occurs 

progressively under increasing burial over the temperature range of 50˚ to 200˚(Ryan, 2014). 

 

2.1.2.2. X-ray diffraction in the identification of mixed-layer clay minerals 

Mixed-layer clay minerals are mainly characterized by the distance between the 

layers of their components (Brigatti and Mottana, 2011). The XRD analysis takes into 

account their distinct swelling capacities which produce different d-spacing in the c* direction 

of the two layer types within the diffraction domain (Drits et al., 2012). Mixed-layer minerals 

are prepared as oriented mounts in order to facilitate the analysis of the basal diffraction 

peaks (001) and improve their characterization (Fiore et al., 2010). These samples are 

previously treated with an organic compound that causes layer swelling to a very well 

defined d-spacing (Merlino, 1997). Ethylene glycol (EG) and glycerol (GLY) are the most 

frequent organic compounds used for this purpose (Fiore et al., 2010; Reeves et al., 2006; 

Wilson, 2013). The d-spacing is changed on solvation with EG and/or GLY and after heating 
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depending on the composition of the mixed-layer phase (Inoue et al., 2005; Reeves et al., 

2006). 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 - Transition process from smectite to illite via interstratified I-S layers. 

 
 

 

The mineral identification by XRD analysis consists on the direct comparison 

between the experimental diffractogram and those calculated for a structure model (Brigatti 

and Mottana, 2011; Reeves et al., 2006). This process is based in a trial-and-error 

procedure, where structure models include the number, the nature and proportions of the 

different layer types and information about layer stacking sequence (Brigatti and Mottana, 

2011). When this sequences are identical to all XRD experimental profiles of the same 

sample, a consistent structure model is produced and it is observed a good agreement 

between the experimental and calculated XRD patterns. NEWMOD program was developed 

by Reynolds (1985) and is one of the most used programs to identify and quantify mixed-
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layer clay minerals. The program simulates XRD patterns for mixed-layer clays which can 

be compared with the experimental XRD patterns (Reeves et al., 2006; Reynolds, 1985). 

 

 

2.2. Geology of bentonite rocks from Portugal 

 

2.2.1. Bentonite 

The term “bentonite” is defined by geologists as a rock formed by highly colloidal and 

plastic clays composed mainly of montmorillonite, a clay mineral of the smectite group, which 

is produced by in situ devitrification of volcanic ash (Parker, 1988). The transformation of 

ash to bentonite apparently takes place only in water (certainly seawater, probably alkaline 

lakes, and possibly other fresh water) during or after deposition (Grim, 1968; Patterson and 

Murray, 1983). Bentonite term is based in Fort Benton (Wyoming, USA), the locality where 

it was first found. In addition to montmorillonite, bentonite may also contain feldspar, biotite, 

kaolinite, illite, cristobalite, pyroxene, zircon, and crystalline quartz (Parkes, 1982). 

Usually, the term bentonite is applied commercially to any plastic, colloid, and 

swelling clay regardless of its geological origin.  

 

 

2.2.2.  Bentonite rocks from Porto Santo Island, Madeira 

Archipelago 

 

2.2.2.1. Geology 

Porto Santo is located ca. 700 km off NW-Africa. Bathymetry shows that the island 

represents the partly eroded subaerial portion of a much larger submerged edifice (ca. 80 

km°- 40 km) that rises from water depths of more than 3,000 m. The edifice has a flat top at 

ca. 100 m below sea level (b.s.l) and is star-shaped in plan view with a prominent NW–SE 

oriented rift zone. Volcanic rocks comprise dominantly alkali basalts, with minor mugearites, 

benmoreites, trachytes, and rhyolites (Schmincke and Weibel 1972). Most rocks exposed 

on the island are submarine in origin. The submarine series can be divided into an older, 

trachytic series (intrusions, flows, and related hyaloclastites) unconformably overlain by a 

basaltic-hawaiitic submarine to subaerial series (pillow lavas, associated hyaloclastite 
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breccias, and intercalated fossil-bearing calcarenites grading into subaerial lava flows 

towards the top of the section). 

Submarine rocks occur at least as high as 300 m above sea level, indicative of uplift 

of the island, lowering of sea level, or both (Schmincke and Staudigel 1976; Feraud et al. 

1981). Fossiliferous limestones intercalated with volcanic deposits are of mid-Miocene (ca. 

14 Ma) age (Lietz and Schwarzbach 1970). K/Ar ages indicate that most of the exposed 

volcanic rocks were emplaced between 12.5 and 13.8 Ma (Macedo et al. 1974; Feraud et 

al. 1981). Our new age data from subaerially exposed rocks of Porto Santo, discussed more 

fully elsewhere, indicate that this part of the volcano was formed between ca. 14 and 10 Ma 

(Geldmacher et al.; 2000). First emergence of the volcano occurred around 14 Ma, whereas 

younger rocks are subaerially erupted and submarine and/or subaerially emplaced. 

 

 

2.2.2.2. Bentonite deposits from Porto Santo Island 

Porto Santo has several bentonite deposits, located in the oriental part of the island 

of Porto Santo, which are characterized by unique properties in the Portuguese territory. 

The deposits occur above and below the sea level and were probably formed by the 

alteration of volcanic tuffs rich in glass, which were deposited successively on the island 

platform during the activity of explosive volcanism (Miocene) (Ferreira and Serrano, 1971). 

Bentonite rocks used in the sorption experiments were collected from the Serra de 

Dentro area of Porto Santo Island. The geological map of the N-E region of the Porto Santo 

area is shown in Fig. 5., and the area with bentonite rocks is delimited by the square contour. 

 

 

 

 

 



32 FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  
in the sealing process under extreme conditions of pH 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 – Geological map of the N-E Porto Santo Island (after Schmidt and Schmincke et al., 2002). 

 

 

2.2.3. Bentonite rocks from Avis 

The igneous outcrop of Benavila is located along the Ribeira de Sede, southeast of 

Ponte de Sôr, implanted in the lower Silurian rocks. The contact of these rocks is only viewed 

from the East and West, because is partly covered by Tertiary deposits of the Tagus basin. 

These deposits are constituted by greenish loamy clay of continental facies probably of 

Miocene age (Carvalho et al., 1980). Petrographic characteristics of Benavila rocks lead to 

consider them similar to the rocks neighbour to Ervedal, Frontier and Santa Eulalia. 

However, this region rocks such as Sta Eulalia are more diverse than the first two mentioned 
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ranges, by checking if also the presence of gabbros (Goncalves, 1978). The massif is cut 

by several NW- SE lodes, which mostly are of granitic rock.  

Benavila bentonite, collected from the Hercynian Massif, was considered an 

alteration product of granodiorite rocks (Benavila Massif, Torrejana area), which can be 

dated as a paleogenic deposit (Dias et al. 2004; Rebelo et. al, 2010). The composition of 

the weathering product is highly influenced by the chemistry and mineralogy of the 

granodiorite rock, as well as, by the topography, biological activity, and climate. In this case, 

the weathering product is mainly composed by Fe-rich smectite and different proportions of 

typical associated minerals (mainly calcite) (Rebelo et. al, 2010). The Geological and Mining 

Institute of Portugal refers to these clay materials as very pure bentonites with relevant 

technological characteristics and exposure conditions (Rebelo et al., 2011; SFM, 1993). 

However, it requires previous laboratory treatment, due to their specific properties.  

 

Fig.6 - Geological map of Benavila region: the location of Bentonite rocks is delimited by the square contour (Piçarra et al., 
2009). 
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The last data obtained from previous prospection studies, developed by “Serviço de 

Fomento Mineiro” (SFM), indicated the presence of important resources, about 3x106 m3 

(SFM, 1993), making this bentonite deposit one of the most important clay deposits in 

Portugal (Dias et al., 2004). The geological map of Benavila region, including the location of 

bentonite rocks, is represented in Fig. 6.   
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3. Materials and Methods 

 

3.1. Clay minerals selection and preparation 

 Three selected bentonite rocks (BA1, PS2 and PS3) were collected from two 

different regions of Portugal: Benavila region (BA1) and Porto Santo Island, Madeira 

archipelago (PS2 and PS3). Adsorption experiments were preceded by separation and 

purification process, where carbonate was removed from the selected samples according to 

Jackson’s method (1975).  

The <2 µm fractions were previously obtained by sedimentation from the purified 

samples, according to Stokes law. It establishes the relationship between the sedimentation 

time (t) and a spherical particle of radius (r), increasing to radius r + r by adsorption of a 

fluid (Cornell and Hoveling, 1998). The following equation was used to predict the time of 

settling for particles >2µm: 

 

 

        
 wp

2gd

h18
t






                (1) 

 

 

where  t corresponds to the settling time (sec.); η is the water dynamic viscosity (close to 1 

in 20 °C); h is the height of water column (m) (0.1 or 0.2 m); g is gravitational acceleration 

(9.81 m/s2); d is the is the equivalent spherical diameter (2*10-6 m); ρp and pw are the particle 

density (quartz density– 2650 kg/m3) and water density (20 °C), respectively. 

The settling time calculated corresponded to about 15 hours, considering that h=0.2 

m and d=2x10-6 m. 

Before sorption experiments, the <2 µm clay fractions were studied by X-ray 

diffraction (XRD), infrared-spectroscopy and electron microprobe analysis. The <2 µm clay 

fractions were analysed by XRD in air-dried and ethylene-glycol conditions. The structural 

behavior of smectite samples was verified using several well-known protocols used to 

differentiate high- from low-charge smectite (Barshad, 1960; Harward, 1968; Jackson and 

Barak, 2005) and to distinguish beidellite from montmorillonite (Greene-Kelly, 1952).  
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Structural characterization of the <2 µm clay fractions. Sample BA1 corresponds to 

an interstratified structure composed of beidellite/(Ca,Na)-montmorillonite (2-waters). 

Sample PS2 corresponds to K-illite/beidellite/(Na,Ca)-montmorillonite (R0, 85-90%S). 

Sample PS3 corresponds to a randomly interstratified structure of K-illite/(Na,Ca)-

montmorillonite  (R=0; 70%S), where no beidellitic layers did occur.  

Chemical characterization. The crystal chemistry composition of the <2 µm clay 

fractions obtained by electron microprobe is given in Table 4. 

 

 

Table 4. Physicochemical properties of clay minerals. 

 

 

 

 

3.2. Analytical techniques and Methods 

 

3.2.1. Cation exchange capacity 

The <2 µm clay fractions were saturated with Sr2+ and prepared in order to determine 

the cation exchange capacity (CEC). CEC. The experiments were carried out by adding 

0.050 grams of smectite into the polypropylene centrifuge tubes with 14.00 mL of different 

stock solutions at different Sr2+ concentrations, ranged between 5×10-4 M and 1.50 × 10-2 M. 

Suspensions were shaken for 34 hours, then centrifuged, separated and the solutions 

resulted were preserved by adding HNO3 (65%) and stored at 4 ºC for subsequent chemical 

analyses. The CEC was determined by Sr2+ adsorption tests at pH 4. The <2µm clay 

fractions the Sr2+-aqueous solutions were analysed by atomic absorption spectrometry 

(AAS) after Sr2+ saturated. The CEC value was estimated from the maximum amount of Sr2+ 

Sample Structural Formula 
SBET 

(m2/g) 

CEC 

(meq/g) 

Charge 

Def./Uc 

BA1 Ca0.53Na0.40(Al2.61Fe0.73Mg0.66)(Si7.28Al0.72)O20(OH)4 12 0.96 
- 1.38 
48%O 
52%T 

PS2 Ca0.27Na0.74K0.16(Al2.52Fe0.67Mg0.78)(Si7.50Al0.50)O20(OH)4 26 1.04 
- 1.31 
62%O 
38%T 

PS3 Ca0.30Na0.59K0.28(Al2.33Fe0.81Mg0.85)(Si7.40Al0.60)O20(OH)4 84 0.81 
- 1.45 
50%O 
50%T 



FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  

in the sealing process under extreme conditions of pH 

43 

 

 

adsorbed in these conditions, taking into account the following relation: 

CEC(meq/g)=qSr2+(mmol/g)×2. 

 

3.2.2. Brunauer-Emmett-Teller specific surface area (BET) 

The Brunauer-Emmett-Teller specific surface area (BET) of the <2µm clay fractions 

was characterized by nitrogen adsorption-desorption measurements at -196 ºC with a 

Micromeritics Tristar II analyser. The samples were degassed at 200 ºC overnight before 

the measurements were taken. The surface area was calculated based on the adsorption 

data in the relative partial pressure range of 0.05-0.2, and the pore size distributions were 

determined based on the Barrett-Joyner-Halender (BJH) adsorption curve. 

 

3.2.3. X-ray Diffraction Spectroscopy 

The structural characterization of the 2 m clay fractions was performed by X-ray 

diffraction (XRD) using a Siemens D500 machine equipped with a CuK radiation and a 

scanning speed of 1° 2/min in the range 2–50°2θ. The <2 µm clay fractions prepared as 

oriented specimens on glass slide were X-ray run in air-dried (AD) condition and then, 

saturated during 24 h with ethylene-glycol vapour. Prior to XRD analysis, the smectite 

heterogeneity was studied using several chemical treatments. To differentiate high- from 

low-charge smectite and to study the layer charge distribution, different clay fractions were 

saturated with KCl (1M) (Barshad and Kishk, 1970) and with MgCl2 (1M) (Harward et al., 

1968) during 24 hours (S:L=3.57 g/L). The clay samples saturated were analysed by XRD 

in air-dried (AD) conditions. After X-ray run in AD, the K-saturated clay fractions were heated 

at 300 ºC during 2 h, solvated with ethylene glycol (EG) and then analysed by XRD. By 

contrast, the Mg2+-saturated clay fractions followed a glycerol treatment before XRD 

analysis. The Greene-Kelly test (Greene-Kelly,1952) allows to distinguished beidellite from 

montmorillonite. The test started with Li+ saturation of <2 µm clay fractions, adding 0.050 g 

of clay into 14 mL of LiCl (1M) solution, during 24 h, followed by heating at 300 ºC during 

6h, and glycerol treatment. The Li+ irreversible migrated to the octahedral sheet converts 

montmorillonite to a non-expandable structure upon treatment with glycerol. In this case, the 

XRD analyses were carried out after heating and glycerol treatment.  

The XRD method is based on the observation that XRD peaks are broadened 

regularly as a function of decreasing crystallite size. This effect permits accurate 
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measurement of mean crystallite sizes for periodic crystals that range from about 2 nm to 

about 100 nm. The Bertaut-Warren-Averbach (BWA) analysis was performed in the 3 to 6 

º2 range using the MudMaster computer program (Drits et al., 1998). The program includes 

corrections of the diffracted intensity (I()) for the Lorentz-polarization (Lp) and the structural 

(G) factors, which are necessary for clays. A combined LpG2 factor was calculated for each 

sample accounting for its Fe content. 

 

3.2.4. Infrared absorption spectroscopy  

The infrared (FTIR) spectra of Li-, Na- and K-smectite were obtained by using KBr 

pellets, which were firstly prepared by mixing 1 mg smectite with 200 mg KBr. The powder 

mixtures were then inserted in molds and pressed at 10 tons/cm2 to obtain the transparent 

pellets. The samples were analyzed with a Bruker Tensor 27 spectrometer. The infrared 

spectra in transmission mode were recorded in the 4000–400 cm−1 frequency region. The 

measurements of the adsorption bands integrated intensity were made using OPUS 

software supplied by the Bruker instrument. 

 

3.2.5. Electron microprobe analysis 

Polished sample surfaces were prepared from the <2 µm clay fractions, which were 

previously pressed in pellets with diameter of 3 mm with a PIKE Hand Press Kit 161-1024 

(Pike technologies). The epoxy resin was prepared using the Araldite EAY 103-1 and a 

HY956-KG hardener (9:1 ratio) and then dispersed in a holder of 13 mm. The pellets were 

located in the epoxy resin, dried during 24 h and subsequently polished using the 30, 10 

and 2 µm micro-finishing films under dry conditions. The major elements of minerals were 

determined using a Jeol Hyperprobe JXA-8500F electron microprobe operated at 15 kV 

accelerating voltage and 10 nA beam current. Detection limits (3τ) above mean background 

were 0.03 wt.% for most oxides with counting times of 80 s. Standards used include albite 

(NaKα), orthoclase (AlKα, SiKα, KKα), apatite (CaKα, PKα), MgO (MgKα), MnTiO3 (MnKα), 

TiO2 (TiKα), Fe2O3 (FeKα). 
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3.2.6. Atomic absorption spectroscopy 

Chemical analyses of Sr2+ aqueous solutions were carried out by atomic absorption 

spectroscopy using a flame absorption spectrometer Perkin Elmer, AAnalyst 200 model with 

a Strontium hallow cathode lamp, wavelength 460.73 nm, air flow 5.2 L/min and acetylene 

flow 2.5 L/min. The 5 mL of the acidified strontium solution was mixed with 750 μL of 

lanthanum chloride (LaCl3.7H2O) solution previously prepared (176 g of LaCl3×7H2O and 

19.1 g of KCl diluted in 1000 mL of deionised water). 

 

 

3.2.7. Inductively coupled plasma-mass spectrometry  

The UO2
2+ aqueous solutions obtained after batch experiments were analysed by 

inductively coupled plasma-mass spectrometry (ICP-MS). The uranium concentrations in 

acidified solutions were determined by external standard calibration method using an 

inductively coupled plasma-mass spectrometry (ICP-MS) (THERMO X series ELEMENT2 

and Amiga series, JobinYvon equipments). Calibration was done in each analytical session 

by the external standard method. Also, major elements of smectite and composite material 

were analyzed by ICP-MS.  

 

3.2.8. X-ray photoelectron spectroscopy 

Uranyl-clay samples obtained after batch experiments were analysed by X-ray 

photoelectron spectroscopy (XPS). XPS spectra were recorded using a Physical Electronics 

PHI 5701 spectrometer with a non-monochromatic Al Kα radiation (300 W, 15 kV, hν = 

1486.6 eV) as the excitation source. Spectra were recorded at 45° take-off angle by a 

concentric hemispherical analyzer operating in the constant pass energy mode at 25.9 eV, 

using a 720 mm diameter analysis area. Under these conditions the Au 4f7/2 line was 

recorded with 1.16 eV FWHM at a binding energy of 84.0 eV. The spectrometer energy scale 

was calibrated using Cu 2p3/2, Ag 3d5/2 and Au 4f7/2 photoelectron lines at 932.7, 368.3 and 

84.0 eV, respectively. Charge referencing was done against adventitious carbon (C1s 284.8 

eV). Powdered solids were mounted on a sample holder without adhesive tape and kept 

overnight in high vacuum in the preparation chamber before they were transferred to the 

analysis chamber of the spectrometer. Each region was scanned with several sweeps until 

a good signal to noise ratio was observed. The pressure in the analysis chamber was 
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maintained lower than 10−9 Torr. A PHI ACCESS ESCA-V6.0 F software package was used 

for acquisition and data analysis. A Shirley-type background was subtracted from the 

signals. Recorded spectra were always fitted using Gauss–Lorentz curves in order to 

determine more accurately the binding energy of the different element core levels. The 

accuracy of binding energy (BE's) values was within ± 0.1 eV. 
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4. Clay liners reactivity and behavior during 

metal and actinide sorption experiments at 

variable pH, ionic strength and concentrations 

 

4.1. Introduction 

Natural and inexpensive materials, such as bentonite rocks, having the right physical 

and chemical properties to act as liner/backfill/buffer, can be useful as additional barriers to 

stabilize the surrounding environment, restrict the access of groundwater to the waste 

packages and reduce by sorption the rate of eventual radionuclide migration from the waste. 

To qualify the layer silicates as candidate buffer material few major criteria are requested 

such as: high swelling pressure, good sorption and fixation and long-term stability under 

repository conditions. The results obtained on layer silicates collected from several 

Portuguese geological formations confirm the presence of interstratified structures having 

two or three components, including smectite and illite. 

 

 

4.2. Metal and actinide selected in this study 

The radioactive wastes produced in Portugal result from the use of radioactive 

materials in the medicine, industry, research and education. The main radionuclides (sealed 

sources) present in these wastes are: 137Cs, 60Co, 55Fe, 90Sr, 241Am, 238U and 226Ra.  

 

 

4.2.1. Strontium 

Safety assessment of low and intermediate level waste (LILW) repositories requires 

the understanding of radionuclides sorption–desorption mechanisms, mainly the degree of 

interaction between radionuclides and mineral surfaces.  

Among the different radionuclides that are part of the Portuguese radwastes 

inventory the 137Cs and 90Sr are the most important from the radiological point of view due 

to its high radiotoxicity. 
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4.2.2. Uranium 

4.2.2.1. Uranium mining operations as source of radioactive 

contamination 

The recovery of uranium using physical and chemical processes, such as the 

conventional mining processes (open pit and underground) to excavate the ore and the acid 

leaching to separate uranium from the host rock, released large quantities of solid and liquid 

materials (waste piles, mill tailings, acid mine drainage and sludge from acid water 

neutralization) that are potential radiation sources (Merkel and Arab, 2014; Nero et al., 

2005). Several studies have confirmed that the high level of radiation impact is mainly 

caused by the hydrological system contamination, either by radionuclides and heavy metals 

leaching from the uranium ore or by the percolation of radioactive particles from the mining 

tailings (IAEA, 1999; Lollar, 2005; Merkel et al., 2012). After the closure of uranium mines, 

the groundwater level is gradually restored, representing an additional source of 

radionuclide contamination resulted from the contact between the mineralized rocks, which 

kept dried during the mining activities, and groundwater (Committee on Uranium Mining in 

Virginia et al., 2012). The radioactive contamination of hydrological systems is a source of 

especial concern once it could end up in drinking water or could be accumulated in the food 

chain, representing a serious risk for the public health (Campbell, 2009). Fig.7 shows the 

different sources of contamination of hydrological systems. 

 

Fig.7 - Different sources of contamination of hydrological systems caused by mining activities. 
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4.2.2.2. Uranium properties and their mobility in the environment 

Uranium fuel is one of the main four worldwide energy resources and is mainly used 

to produce energy and nuclear weapons (Murray and Holbert, 2015). There are three natural 

uranium isotopes 238U (t1/2=4.5x109 y), 235U (7.0x108 y) and 234U (2.5x105 y), whose 

radioactive decay is characterized by alpha emission and weak gamma radiation. The 238U 

and 234U isotopes are dominant in natural waters (L'Annunziata, 2012), whereas the 

abundance of 235U in the environment is only 0.75%. 

Discharges of U, either by their exploitation or by nuclear industries, generated a 

global concern in the environmental authorities due to the serious risk of surface water and 

groundwater contamination (Falck, 2015; Kayzar et al., 2014; Zachara et al., 2013). 

Exposure to U is associated to chemical and radiological toxicity, and the risks to human 

health were investigated by many researchers (Gupta and Singh, 2003; Janardhan and 

Fesmire, 2010; Keith et al., 2015; Merkel et al., 2012; Siegel and Bryan, 2014; Yang and 

Zaoui, 2013). It was generally concluded that when ingested, uranium may cause severe 

damage to the kidney cells (Nordberg et al., 2014).  Uranium was considered the only 

radionuclide for which the chemical toxicity has been identified to be comparable to or 

greater than their radiotoxicity (Jiang and Aschner, 2015; Lagauzère et al., 2009). Thus, 

EPA has established a concentration of 30μg/L as the maximum contaminant level (MCL) 

for uranium in drinking water (Campbell and Ingram, 2014; Merkel et al., 2012).  

The mobility of uranium in aqueous systems is highly dependent on chemical, 

physical and biological processes (Campbell, 2009). Uranium occurs in valences of III, IV, 

V and VI but only U(IV) and U(VI) are dominant in the environment, where their solubility is 

influenced by the oxidation state. The uranium mobility is higher at oxidative conditions 

(U(VI)), once it tends to be converted into uranyl ions (UO2
2+) which in contact with water 

form cationic, anionic and neutral complexes with high solubility (Merkel and Hasche-Berger, 

2008). When U(VI) is reduced to U(IV), either by abiotic (chemical) or biotic (microbiological) 

processes, it tends to precipitate as uraninite (UO2). The biological actions involved in this 

process are triggered by several metal reducing and sulphate-reducing bacteria (e.g. 

Geobacter, Shewanella) (Campbell, 2009).  

The water pH conditions also affect the uranium mobility as it controls the UO2
2+ 

aqueous species formed. In acidic conditions (pH<4) UO2
2+ is the dominant species in 

solution, whereas from near neutral pH conditions UO2
2+ polynuclear species (e.g. 

[(UO2)3(OH)5]+) start to form and are dominant at pH 6-7. (Chisholm-Brause et al., 1994). 

From neutral to alkaline conditions and in the presence of carbonates or atmospheric CO2 
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(g), it tends to form cationic, anionic and neutral UO2

2+-carbonate complexes which increase 

the U(VI) mobility in water (Sukla et al., 2015).  Depending on the U(VI) concentration and 

the pH conditions in solution, schoepite and other U(VI) oxide precipitates may be formed, 

reducing the U(VI) mobility (Guillaumont et al., 2003). 

It is also necessary take into account that the adsorption of UO2
2+, especially in acidic 

conditions, on the organic matter, silicates, clays and/or iron and manganese 

oxy(hydroxides), and the composition of natural waters may delay significantly the U(VI) 

transport (Campbell, 2009). In the presence of carbonates and phosphates in solution, UO2
2+ 

may precipitate (e.g. Ca(UO2)2(PO4)2.nH2O, autunite), contributing to reduce their mobility 

in the environment (Selim, 2015). Depending on the environmental conditions and the 

sediments composition, the concentration of U(VI) in the sediments and suspended solids 

may be several orders of magnitude higher than in the surrounding water, due to the higher 

tendency of U(VI) be adsorbed on the surface of the sediments and colloidal particles 

(Merkel and Hasche-Berger, 2008). These solid phases present their higher adsorption 

capacity between pH 5 and 7, whereas at pH<3 and pH>7 the adsorption capacity is reduced 

(Atwood, 2013).  

The U(VI) mobility restrictions due to physical processes are frequently ignored. 

However, it is important to take into account that the physical properties of soil, such as the 

particles size, hydraulic conductivity and lithology, also have great implications in the U(VI) 

transport in the environment (Iskandar and Kirkham, 2001). 

 

 

4.2.2.3. Uranium contamination in Portugal 

The uranium exploitation in Portugal has undergone a significant development after 

world war two, when the nuclear fission chain reaction was controlled and the price of 

uranium was valued in the international market (Duarte et al., 2005). A total of 60 mines (45 

open pits and 15 underground operations) located in the granite massif of the Iberian 

Messeta and its edge, in the centre-north regions of Portugal, were explored between 1907 

with the Urgeiriça ore discovery and 2001 with the closure of the uranium mines that still 

remained in activity (Sevilha and Quinta do Bispo mines) (Batista and Martins, 2008; 

Carvalho, 2014). According to Cerveira (1951), the uraniferous Portuguese veins 

approached the more productive uranium ore deposits of the world, which justifies their high 

economic interest at that time. The uraniferous ore deposits of greater economic value are 

associated with (1) epithermal quartz veins from Beira Baixa and Beira Alta regions that 
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occur within Hercynian calc-alkaline granites and metamorphosed schists and greywackes, 

near the margins of the granites; (2) supergene impregnation along faults and sheared 

zones throughout quartz, aplite and pegmatite veins, and also the basement granitic and 

perigranitic zones and dolerite dykes; (3) lacustrine deposits composed mainly by 

sandstones where uranium phosphates occurred (Cerveira, 1951). 

Most of Portuguese uranium deposits that were exploited and later abandoned were 

not subject to any recovery intervention. After uranium mining activities has ceased in 

Portugal, about 4370 tons of U3O8 and 60 Mtons of solid waste (15 Mtons in Urgeiriça – 

milling tailings) were produced. The great number of abandoned uranium mines, as well as, 

the major threat to public health led the Portuguese government to assume the remediation 

actions for environment safety in the areas of major concern. The decree-law no. 198-

A/2001 reveals the awareness of the current risk situation and the huge necessity in to find 

efficient methods to recover the environmental balance of the areas affected by the mining 

exploitation, mainly in Viseu and Guarda districts, which were in state of degradation and 

abandonment. According to the law No. 11/87 of 7 April, the objectives for the recovery and 

environmental monitoring of the degraded areas should be defined. It is intended to 

introduce a new life cycle of a uranium mine and processing facility, including, after the 

mining activities, two new crucial steps: 

 Reclamation: Procedures adopted after the mining activities that comprise the 

decontamination and clean-up, the demolition of buildings and other facilities, and 

the waste disposal on-site and/or off-site. 

 Long-term stewardship: The government is responsible for the enforcement of 

institutional controls or other restrictions in order to ensure maintenance and long-

term protection of the environment and public health. It should include the 

maintenance of tailing covers and water treatment systems, or other clean-up 

technologies, and ensure the continuous monitoring of terrestrial, aquatic and 

atmospheric levels of contamination. 

The “Empresa de Desenvolvimento Mineiro” (EDM) was nominated as the 

government agency responsible for the management of the recovery process in the mining 

areas.  EDM has assumed the remediation work on 14 closed mine sites between 2002 and 

2008, which involved an investment of more than 45 million euros. These interventions were 

mainly intended to demonstrate the agreement with the regulations (decree-law no. 34/92, 

4 of December), ensuring that the environmental, radiological or chemical contamination 

was not exceeding the standards, and to control the ecosystems contamination and the 
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radiation exposed to the critical population. The obligation to environmental monitoring in 

the area of influence of mining of radioactive ore, including the phases of operation, closure 

and rehabilitation as provided in the Decree Law 165/2002, Arto 14, point o) is currently 

allocated to IST (Instituto Superior Técnico). 

 

4.2.2.3.1. Cases of Study: Urgeiriça, Cunha Baixa and Quinta do Bispo 

uranium mining areas 

During several decades, the contamination of Mondego river tributary has occurred 

by successive discharges of radioactive wastewater that resulted primarily from the pH 

neutralization treatment of AMD. This process also generated large quantities of radioactive 

sludge with high concentrations of uranium, radium and lead (Urgeiriça mine: 50 kBq/kg), 

which were an additional and indirect source of water contamination. The higher contribution 

to the river contamination came from the Urgeiriça, Quinta da Bispo and Cunha Baixa 

uranium mines that produced more than 13 Mtons of mining and milling tailings and wastes, 

subsequently deposited near to the old mining sites. The Urgeiriça mine, located in the 

village of Canas de Senhorim, was the most important complex operating in Portugal, once 

most of the uranium exploited from the locally mined uranium or from the remaining 

radioactive mineral mining areas in the central-north region of the country, were processed 

and produced in its Chemical Treatment Facility (CTF). About 1.460.000 m3 of mining tailings 

were deposited there and acted as a source of radiation, particularly from 238U and 230Th, 

which contributed to significant levels of contamination mainly in the stream sediments of 

the Ribeira da Pantanha, resulted by surface run-off and percolation of water through mining 

wastes. Therefore, the surface radiometry and external radiation before remediation process 

detected at some points 15,000 shocks per second (SPP2 scintillometer) and 7.5µGy/h 

(mini-instruments). Neves et al. (2012a, b), have also detected high concentrations of 

uranium in leaf vegetables like lettuce (5,373 μg/kg), cabbage (255 μg/kg), and potato with 

peel (589 μg/kg). At that point, the need for action was urgent and the remediation process 

took place in the Urgeiriça mine area between 2006 and 2008, with the main purpose of 

mitigate the radiological contamination of pluvial waters, due to the percolation of waste 

particles previously deposited, and surface and subterranean aquifers through run-offs. For 

this propose, the implementation of tailings management systems, usually denominated as 

engineered barriers or covers, was developed in order to isolate tailings from the 
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environment and control the mobility of metals and radioactive contaminants, for at least 200 

years and possibly up to 1000 years. These waste containment structures are usually 

constructed from clay (clay liners) and their life time is highly dependent on the temperature, 

the natural forces that gradually degrade these structures and the chemical incompatibility 

that increases the hydraulic conductivity and is mainly influenced by three main factors: (1) 

the type and properties of the liquid, (2) the type and properties of the soil, and (3) the 

physical conditions imposed on the clay barrier. Before their application in the Urgeiriça mine 

area, the materials used for sealing proposes were tested and qualified. Fig.8 shows the 

cover system adopted in the containment and sealing project in the Urgeiriça mine. 

The coverage of mining tailings and treatment of radioactive waste water, controlled 

the radon air surface contamination and prevented the discharges of radioactive AMD in 

surface stream (EDM, 2011). In general, it controlled the radiation exposure in the 

environment, reducing significantly the radiometry and external radiations measured to 300 

cps and 0.35 µGy/h, respectively, after remediation process. An integrated project solution, 

which involved water measurement and control systems, in terms of levels and 

characteristics of its leaches, dust, and exhaled radon were also developed in order to 

ensure the continuous monitoring of terrestrial, aquatic and atmospheric levels of 

contamination/radiation. The analysis of water samples collected in 2008 in the stream of 

Ribeira da Pantanha have still detected high levels of contamination by thorium (230Th) and 

radon (222Rn), and high concentrations of 238U and 222Rn in the downstream of the waste 

piles. It continuous to be a situation of high concern since the remediation strategy did not 

avoid the continuous discharges of radioactive wastewater in Mondego river tributary. The 

vegetables from small agriculture productions, near to the Urgeiriça mine area, which were 

irrigated from Pantanha streams, also revealed higher radionuclide concentrations when 

compared to other agriculture productions that were irrigated with non-contaminated water 

sources. The impact of the contamination levels recorded after remediation in the public 

health of population living near to mine area, remains a subject of strong controversy and 

discussion. 

 



54 FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  
in the sealing process under extreme conditions of pH 

 
 

 

Fig.8 - Cover system adopted for sealing proposes in Urgeiriça mine. 

 

 

Cunha Baixa village is located approximately 20 km southeast of Viseu. The uranium 

exploitation ceased in 1993 and a preliminary of its chemical environmental impact was 

started. In this case, it was concluded that the main contaminants in the surface and 

groundwater that were detected until 1-1.5 km from the contaminated mining sites (sulphate, 

manganese, aluminium and uranium) may cause serious health consequences to the Cunha 

Baixa village habitants (Neves and Matias, 2007). Therefore, these waters were not 

recommended for irrigation or livestock watering. The remediation process in the Cunha 

Baixa mine area mainly consisted in the recovery of contaminated soils through the 

deposition of organic matter (manure) in the soils, in order to reduce the bioavailability of 

contaminants. It was also constructed a dam to store rainwater in order to prevent the 

irrigation with contaminated water from private wells. The long-term stewardship was 

provided by the installation of dosimeters and dust meters near to the houses, in order to 

control the fluxes of radon gas, the potential alpha energy of the progeny of 222Rn and of 

thorium 230Th and the concentration of long-life radionuclides of the decay series of uranium 

and thorium in the dust particles (Pereira et al., 2013). 

The Quinta do Bispo uranium mine has ceased the mining activities in 2001. As 

previously detected in the Urgeiriça and Cunha Baixa mining areas, it was also found in this 

area acid mine waters characterized by elevated radionuclide concentrations that reached 

to 170 Bq/L, resulted from the use of sulphuric acid for in situ leaching of uranium from the 
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host rock (Carvalho et al., 2005a). Although the remediation actions in this area did not start 

yet, a chemical treatment plant is currently running to treat the AMD before releasing it in 

the environment (Pereira et al., 2013). The treatment adopted in Quinta do Bispo, such as 

in Urgeiriça and Cunha Baixa pretends to remove metals and other chemical compounds by 

means of physical and chemical processes that consist on decanting the precipitates 

previously formed after the addition of lime and barium chloride. This process is usually used 

to neutralize the acid effluents resulted from AMD and to remove sulphides, uranium, radium 

and other heavy metals commonly present in the mine water. EDM has followed this 

treatment system for six years, during which has noted significant reductions in uranium, 

radium and manganese concentrations in the neutralized waters. Nevertheless, nothing was 

mentioned regarding to the radioactive sludge that is characterized by high concentrations 

of uranium, radium and lead and is usually accumulated during these operations, 

representing an additional source of water contamination. Although we do not have access 

to recent water analysis in this area, it is expectable a similar situation as detected in the 

Urgeiriça mine area, once the same treatment procedure was adopted. 

 

4.2.2.3.2. Case of Study: The Old Senhora das Fontes Uranium mining 

area 

The old Senhora das Fontes was an underground mine but open pit mining was 

carried out in the 1980s. The uranium was mainly processed in this mining area for 5 years, 

while the Urgeiriça mine has temporarily ceased their activities for maintenance (European 

Comission, 2011). It was in activity between 1967 and 1982 and remained abandoned for 

more than 25 years, where were left about 33.800m3 of radioactive waste that was 

continuously exposed to the external geodynamic processes and released in the 

environment (European Comission, 2011; Neiva et al., 2015). The remediation activities took 

place between 2010 and 2011. The radioactive materials was covered and isolated by a 

geomembrane in order to ensure that no water was infiltrated or escaped to the surroundings 

(European Comission, 2011). The remobilization of mine dumps and pyrite and chalcopyrite 

exposures led to a relevant decrease of  uranium concentration in the surface and 

groundwater at the north part of the mining area, whereas in the south and southeast parts 

there was an increase of contamination by uranium (Neiva et al., 2015). In general, after 

remediation process there was a decrease in pH and an increase in Eh of surface water and 

groundwater, and, at the same time, the concentration of uranium has increased from 83 
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μg/L and 116 μg/L in the surface water and groundwater, respectively, to 183 μg/L and 272 

μg/L in the former and latter, respectively (Neiva et al., 2015). Considering these results, it 

may be necessary to review the main remediation proposals defined by EDM, in order to 

find an efficient solution that would definitely prevent the continuous radiation exposure to 

the near population. Neiva et al. (2015) have suggested a detailed study of the geochemical 

water spatial distribution and a radiological characterization, taking into account that after 

decades of abandon the materials distribution left around the mine was probably changed. 

 

 

4.2.2.3.3. Cases of Study: Pinhal do Souto e Vale de Abrutiga uranium 

mining areas 

The Vale de Abrutiga (VA) uranium mine located in Tábua, Coimbra district, near to 

the Aguieira dam reservoir, was exploited by open pit mining between 1982 and 1989. This 

deposit occurs in quartz veins in the intersection of two faults systems, where the 

precipitation of saleeite and meta-saleeite in the intersection at the surface of iron minerals 

has contributed to uranium retention and to uranium phosphate mineralization (Cabral Pinto 

and Silva, 2007; Cabral Pinto et al., 2008). After mining operations, about 462.000 m3 of 

radioactive waste were produced (European Comission, 2011). The surface and 

groundwater were considered not appropriated for human consumption or irrigation, due to 

their acidic conditions and high concentrations of U, SO4, Zn, Fe, Mn, Ra, Cu, Th and Pb. It 

was also concluded that the stream sediments had high geoaccumulation indices of U, Fe, 

Ag, Zn, Cr, Co, and Pb (Cabral Pinto et al., 2004). 

The remediation process was carried out in 2008 and was mainly intended to the 

repackaging, stabilization and drainage of the mining tailings and landscape design, as well 

as, the environmental monitoring (LCW, 2008). A water treatment plant consisting in 3 

agitator tanks were also installed, and, at periodic intervals, water is brought up and treated 

with barium sulphate and lime. Periodic measurements are carried out on the water sources 

across the rehabilitated mine by EDM's subcontractor (European Comission, 2011). The 

European Commission report of 2011 revealed that the verification team has detected 

several problems regarding to the sampling method and has requested the revision of these 

procedures and the work of EDM’s subcontractor (European Comission, 2011).  

The Pinhal do Souto (PS) uranium deposit located at the western end of the village 

of Tragos (Mangualde), Viseu district, was exploited underground between 1978 and 1989 
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and produced 93,091 kg U3O8. The mineralization is mainly characterized by autunite and 

torbernite formed in quartz veins that intersects two-mica granites containing 10 ppm of U 

and uraninite (Neiva et al., 2014). Previous research based on the analysis of soil and water 

samples collected in 2011, have revealed that soils, stream sediments and waters were 

contaminated and were not prepared for human exploitation or consumption (Neiva et al., 

2014). The uranium concentrations detected in the mining area were up to 485.20 mg/kg in 

Fe-oxides precipitate, 336.79 mg/kg in soils, 35.68 mg/kg in stream sediments and, in the 

wet season, were up to 104.42 µg/L in water. The total amount of radioactive waste 

produced was about 42.000 m3 and no recovery operations have been developed so far 

(European Comission, 2011; Neiva et al., 2014). 

Neiva et al. (2014) have compared both Pinhal do Souto and Vale de Abrutiga mine 

legacies. They were both closed down in 1989, but PS was exploited for four more years 

and produced more 3000 kg of U3O8, but significant less quantify of radioactive waste 

(42,000 m3), when compared to the same produced by VA mining activities (462,000 m3). 

The environment impact in the water and stream sediments cause by VA mining activities 

was more significant due to the higher proportion of sulphides in the quartz veins, which in 

contact with water is oxidized to SO4
2-, reducing significantly the water pH conditions and 

contributing to the AMD consequences.  

The open pit exploitation in the VA area have favoured more the alteration than the 

underground exploitation in the PS area (Neiva et al., 2014). Therefore, secondary uranium 

minerals that tend to retain acidity and metals should be more abundant in the VA quartz 

veins and may have been dissolved in the water streams, mainly in the wet season, 

contributing to the higher level of contamination in the VA area. According to the chemical 

analysis results provided by Neiva et al. (2014), the water from VA area contain higher 

concentration of U (Surface water – 74.83 μg/L(U); groundwater – 104.42 μg/L(U)), Pb and 

Cu than that from PS area (Surface water – 18,660 μg/L(U); groundwater – 1000 μg/L(U)), 

as well as, elevated concentrations of SO4
2-, Mn, Fe and Ra and is not recommended for 

human consumption or irrigation, whereas from PS area is also contaminated with NO2
-, Cr, 

As, Cd and Ni and is not recommended for human consumption (Neiva et al., 2014; 

Portuguese Decree, 2007). 
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4.3. Interaction between radionuclides and smectite surface 

Smectite play an important role in the retardation of radionuclides in the natural 

environment due to their capacity to adsorb metals ions either by ion-exchange at the 

permanent-charge sites or by surface complexation at the amphoteric or surface-hydroxyl 

sites (Atwood, 2013; Sparks, 2003).   

Sorption mechanisms involving physical and chemical processes, such as, 

adsorption, surface precipitation and polymerization are common in the interaction between 

contaminants and mineral surfaces (Bauer and Velde, 2014). Generally, adsorption refers 

to the process through which a chemical substance reacts at the interface between two 

contiguous phases (Sposito, 2004). This process is described by adsorption isotherms, 

which are defined by the relation between the amount of adsorbate on the surface and the 

equilibrium concentration of the adsorptive at constant temperature (Maurer, 2000; Sparks, 

2003). According to the IUPAC recommendations (Thommes et al., 2015), based on the 

Brunauer et al. (1940) classification, six different types of isotherms may be identified (Fig.9): 

The type I isotherm is associated with the chemical adsorption of microporous solids, in 

which the maximum adsorption capacity corresponds to the formation of a monolayer 

(Lowell et al., 2012); The type II and III isotherms are represented by multi-layer adsorption 

and the adsorbed quantity tends to ∞, when p/p0 ratio tends to 1 (Suzuki, 1993); The type 

IV isotherm is associated with mesoporous and macroporous solids and is described by the 

increased uptake of adsorbate as the pores are being filled, resulted by the increase of 

pressure (Hubbard, 2002); The type V isotherm corresponds to microporous and 

mesoporous solids and is characterized by an inflection point at relatively high pressure, and 

type VI isotherm is described by layer-by-layer adsorption onto non-porous solids with 

uniform surface (Aligizaki, 2005; Hubbard, 2002; Thommes et al., 2015). The adsorption of 

metals on unmodified clay minerals are usually described by type I and type II isotherms, 

from which different adsorption isotherms/models were developed to describe in detail this 

process: Langmuir isotherm assumes a monolayer adsorption where all the sorption sites 

are energetically equivalent. It predicts a maximum adsorption capacity, as the saturation 

point approaches, and is characterized by the linear behavior between the dissolved and 

sorbed concentrations for lower concentrations range (Langmuir, 1916); Freundlich 

isotherm assumes multi-layer formation on heterogeneous sites (Brebbia and Popov, 2011). 

It is described by the linear calibration that represents the logarithm of the sorption 

concentration as function of the logarithm of the dissolved concentration; Sips isotherm 
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combines both Langmuir and Freundlich isotherms and is characterized by heterogeneous 

adsorption. At lower sorption concentrations it behaves as Freundlich isotherm, and as the 

saturation point approaches it predicts a maximum adsorption capacity characteristic of the 

Langmuir isotherm (Maurer, 2000; Toth, 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9 - Six main types of adsorption isotherms according to the IUPAC classification. 

 

 

4.3.1. Mechanisms of adsorption of radionuclides on clay minerals 

Radionuclides and metals may be retained on clay through five main processes: 1) 

adsorption, 2) surface precipitation, 3) surface cluster formation, 4) coprecipitation or 5) 

diffusion into an existing mineral structure (Lal, 2006). Regarding to the adsorption process, 

three distinct mechanisms may be identified: outer-sphere complexation, inner-sphere 

complexation, and adsorption of diffusion-layer ions (Lal, 2006; White, 2013). The outer-

sphere complexation is characterized by weak electrostatic interactions which include a 

water molecule positioned between the metal and the clay surface, whereas inner-sphere 

complexation involves strong and direct bonding to the surface oxygens previously ionized 

(Bergaya and Lagaly, 2013; Sparks, 2003).  The outer-sphere complexation is a rapid and 

reversible process, whereas inner-sphere complexation is an irreversible process 

characterized by covalent and electrostatic bondings (Brantley et al., 2007; Chorover and 

Brusseau, 2008). The adsorption of diffuse-layer ions are associated with the accumulated 
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ions away from the surface that does not interact directly with the clay surface, but are 

permanently moving on the diffuse double layer (Lal, 2006).  

Specifically, the adsorption of radionuclides may occur at different sites on smectite 

particles surface by means of different mechanisms of complexation, depending on the pH 

and ionic strength conditions as well as the type of metal and species involved (Wypych and 

Satyanarayana, 2004). Generally, the adsorption by ion-exchange is characterized by weak 

electrostatic interactions between the exchangeable cations and the permanently charged 

sites (outer-sphere complexation), which makes the radionuclide adsorption reversible and 

contributes to the strong competition between cations for the exchangeable sites (Bauer and 

Velde, 2014). The preference of smectite for cations absorbed by ion-exchange depends on 

the size and the charge of the ion. The affinity increases as smaller is the ion size and higher 

is the ion charge, due to the greater density of charge per unit volume of ions with smaller 

ionic radii (Bohn et al., 2015).   Regarding to the adsorption of radionuclides on the external 

sites (Hydroxyl groups) of smectite, there is major contribution from the pH and ionic strength 

conditions, and the bonding strength is highly dependent of the type of radionuclide involved 

in the surface complexation (Selim and Sparks, 2001). The type of sites involved, as well 

as, the mechanism of surface complexation are following described for both Sr2+ and UO2
2+ 

on smectite: 

 Previous extended X-ray absorption fine structure (EXAFS) studies of Sr2+ adsorbed 

on smectite have confirmed that Sr2+ retains its primary hydration sheath and only 

forms outer-sphere complexes with the surface hydroxyl sites of smectite, regardless 

the solution pH and ionic strength (Jenne, 1998). Identical experiments of Sr2+ 

adsorbed on illite have also confirmed that at pH<12.5 it remains forming outer-

sphere complexes, which suggests that the increase of layer charge does not 

influence the mechanism of adsorption in this specific case (Fuller et al., 2016). In 

the case of Illite, Sr2+ was only forming inner-sphere complexes with the surface 

hydroxyl sites at pH>12.5. It was also observed in this experiments that the amount 

of Sr2+ adsorbed, at moderate pH conditions, decreased as increasing of ionic 

strength, due to competition between the Na+ and Sr2+ for the sorption sites (Fuller 

et al., 2016). However, the amount of Sr2+ adsorbed remained high as increasing of 

pH and ionic strength, suggesting that the increase of ionic strength, as increasing 

of pH, is less significant (Fuller et al., 2016; Galamboš et al., 2013; Galamboš et al., 

2009; Missana and García-Gutiérrez, 2007). 
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 EXAFS studies of UO2
2+ sorbed on Ca-smectite indicated that the mechanism of 

adsorption and the coordination geometry of UO2
2+ depends on the surface 

coverage. In this study, different surface binding sites were found as increasing of 

UO2
2+ concentration (Chisholm-Brause et al., 1994). The EXAFS results have also 

revealed that at low pH and low ionic strength UO2
2+ is adsorbed by ion exchange 

through the formation of outer-sphere complexes with the fixed charge sites in the 

interlayer region of smectite, whereas at higher pH and ionic strength an inner-

sphere coordination through specific coordination at silanol and aluminol sites was 

observed (Sylwester et al., 2000). More recently, additional spectroscopic 

information also suggested the presence of different surface complexes on smectite 

(outer-sphere and inner-sphere complexation) as increasing of pH and ionic strength 

and for distinct UO2
2+ concentrations (Chisholm-Brause et al., 2001; Marques 

Fernandes et al., 2012).  

 

 

4.3.1.1. Surface complexation modeling 

A more detailed interpretation of the behavior of radionuclide sorption on smectite 

may be provided by the surface complexation modeling, which consists on the formation of 

surface complexes between the radionuclide and the surface groups of smectite (Poinssot 

and Geckeis, 2012).  The development of surface complexation models (SCM) predicts the 

behavior of radionuclides sorption on smectite through the optimization of different surface 

complexation constants, previously published and obtained for these specific reactions, and 

the use of non-adjustable parameters (protolysis reactions, site capacities, selectivity 

coefficients) that were previously determined for smectite (Kim, 2001; Zachara and 

McKinley, 1993). This simplifications have been adopted in order to reduce the complexity 

of the modelling process. It is pretended the standardization of SCM, developing a “unique 

model” that is based on thermodynamic approaches and parameter optimization (Tabatabai 

and Sparks, 2005; Turner et al., 1996). In this way, it is possible to reduce the number of 

adjustable parameters and provide a set of uniform parameters based on common reference 

values. 

Generally, the surface complexation models combined both cation exchange and 

surface complexation on the hydroxyl groups of smectite, considering the protonation and 

deprotonation of the edge amphoteric sites of smectite. The cation exchange on the 

permanently charge planar sites (low pH) are usually modeled taking into account the 
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adsorbent CEC (eq/kg) and the selectivity coefficient for each ion exchange process 

occurring on the planar sites. For another hand, the surface complexation modeling 

assumes that metal uptake on the edge surface sites, occurs on two types of surface sites, 

named aluminol (AlOH) and silanol (SiOH) sites (McKinley et al., 1995; Turner et al., 1996; 

Zachara and McKinley, 1993). Previous studies have demonstrated satisfactory modelling 

of the UO2
2+ sorption on low charge smectite from near neutral pH to alkaline conditions, in 

the presence and absence of CO2 (g) (Korichi and Bensmaili, 2009; Marques Fernandes et 

al., 2012; Zachara and McKinley, 1993).  

Models based on surface complexation reactions have been intensively studied 

(Frimmel et al., 2007). Electric double-layer models (EDL models) such as constant-

capacitance model (CCM), diffuse double-layer model (DLM) and triple-layer model (TLM) 

are used to describe the adsorption of different contaminants on clay minerals surface, and 

assume that the particle surface charge and electrical potential result from surface 

complexation of protons and other sorbates (Sparks, 1998). The different EDL models are 

characterized by the stated relationships between surface potential and surface charge, and 

are distinguished by the position of the adsorbed species in the double-layer (Jenne, 1998). 

The diffuse-layer and constant capacitance models assume that the adsorbed species are 

positioned at the shear plane, whereas triple-layer model assumes that the cations are 

adsorbed at the shear plane or in a more distant plane (Jenne, 1998). The three models 

assume that the surface charge (σ0) is balanced by counterions charge. The DLM considers 

that the counterions charges (σd) are located in the diffuse part of the EDL and the 

electroneutrality constrain is σ0 + σd = 0 (Toth, 2002). In the case of CCM the electrical 

potential relationship is linear (σ0 = ε0.εr.k.κ.ψ0) (Toth, 2002). 
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4.4. Structural characterization and reactivity study of smectite 

from bentonite rocks of Portugal  

Adapted from Vanessa Guimarães, Fernando Rocha, Iuliu Bobos 

Submitted to Journal of Clay Minerals 

 

Abstract 

The reactivity of smectite and the structural changes produced after thermal 

treatments (300ºC) of Li+, K+ and Na+ saturated smectite, characterized by heterogeneous 

structures, were studied for smectite BA1, PS2 and PS3. The layer charge and charge 

distribution were also evaluated through the solvation properties of the expandable Li- and 

K-smectite samples in Glycerol (GLY) and Ethylene Glycol (EG), respectively. The XRD 

results revealed a partial-swelling to 13.63 Å, 13.48 Å and 14.30 Å, for samples BA1, PS2 

and PS3, respectively, after K+-exchange and EG solvation, indicating the formation of only 

a monolayer EG complex (1-EG). It was expected for samples BA1 and PS2 considering 

the layer charges calculated by the chemical formula method (-1.38 and -1.31). However, 

the layer charge of sample PS3 was overestimated by the chemical formula method and re-

predicted by the XRD results. 

The infrared spectroscopy results indicated that only Li+ ions had capacity to migrate 

and be fixed on the hexagonal holes in the octahedral sheet of smectite samples. The 

decrease of layer charge involved in this process was characterized by significantly 

structural changes that were mainly evidenced by changes in the Si-O stretching bands and 

–OH bending bands. This process was also confirmed by the XRD results which showed a 

total collapse of the basal spacings to ≈9.60 Å. After Glycerol solvation, the basal spacing 

of samples BA1 and PS2 have partially expanded, confirming that part of layer charge 

resides in the tetrahedral sheets, whereas the basal spacing of sample PS3 remained 

collapsed. Both Infrared spectroscopy and XRD results suggested that the layer charge of 

sample PS3 was neutralized by Li+ ions. 

 

Keywords: smectite, heterogeneous structure, X-ray diffraction Infrared spectroscopy, 

bentonite, Portugal 
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4.4.1. Introduction 

Smectite clay is widely used as “buffer” barrier in engineered radioactive waste 

containment systems, owing to their low permeability and high sorption capacity (Pusch 

1994; Madsen 1998). The performance of the engineering barrier in a high-level waste 

repository is highly affected by structural changes caused by alteration of the original 

smectite (Meunier et al. 1992; Lee et al., 2010). One of the most unwanted reaction is the 

smectite illitization (Inoue et al., 1992), which may cause a negative impact on smectite 

buffer. The effect of temperature is reflected by increase of smectite surface charge, induced 

by silica for aluminium substitution in the tetrahedral sheet, affecting also the cation 

exchange capacity (CEC) and their swelling properties (Christidis et al., 2006 Ferrage et al., 

2005; Ferrage et al., 2007; Laird, 2006). Long-term stability of smectite after waste 

emplacement is low because the buffer material will be exposed to a maximum temperature 

of 150 ºC at the surface of the waste package, pressure in the range of 100 to 300 bars and 

groundwaters of various compositions depending of geological environment (Proust et al., 

1990). Detailed studies of the reactivity of dioctahedral smectite have shown that under 

hydrothermal conditions imply the formation of high- and low-charge layers in different 

proportions from the smectite (Bouchet et al., 1988) and progressive formation of illite-

montmorillonite mixed layers (Eberl, 1978; Inoue et al., 1992).  

Smectite is the general term for swelling clay and can refer to either montmorillonite 

or beidellite. The structural features of smectites and illite-smectite (I-S) mixed layers from 

bentonite deposits have shown charge heterogeneities as revealed by K or alkylammonium 

saturation tests (Howard, 1981; Talibudeen and Goulding, 1983; Cetin and Huff, 1995). 

Structural heterogeneities are due to contrasting chemical composition of octahedral and 

tetrahedral sheets from one layer to the other (Cuadros and Altaner, 1998), which may also 

influence the expandability and total surface area of expandable layer silicates (Laird, 1999). 

Specifically, the distribution of high- and low-charge layers in the stacking may lead to mixed-

layered sequences involving more than two layer types (Foscolos and Kodama, 1974; 

Cradwick and Wilson, 1978). 

The layer charge and charge distribution of smectite has been studied by X-ray 

diffraction and infrared spectroscopy analyses by means of thermal treatments of smectite 

samples previously saturated with different inorganic ions (K+, Mg2+, Li+) and further 

saturated with organic solvents (Christidis and Eberl, 2003; Madejová et al., 1999).  
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The main aim of this work is to understand the structure of three smectite samples 

(BA1, PS2 and PS3) collected from the bentonite rocks of Portugal, in order to predict the 

possible changes on sorption mechanism caused by structural modification of smectite 

minerals during alteration. Smectite samples studied in this work were previously used for 

Sr2+ and UO2
2+ sorption experiments in batch and using a continuous stirred flow-through 

reactor at pH 4 and 6 (Guimarães et al. 2015, 2016a, 2016b).   

 

 

4.4.2. Materials and Methods 

4.4.2.1. Materials 

Clay minerals selection and preparation. Three selected bentonite rocks (BA1, PS2 

and PS3) were collected from two different regions of Portugal: Benavila region (BA1) and 

Porto Santo Island, Madeira archipelago (PS2 and PS3). The rocks were gently crushed 

and then, treated chemically following the Jackson’s (1975) technique to removed 

carbonates and Fe and Al oxyhydroxides. The samples were treated with Na–acetate 

(NaOAc) to remove carbonate (pH = 5.5; 80 oC). Both Fe- and Al-oxyhydroxides were 

removed using Na-dithionite and Na-citrate (pH = 7; T = 80 oC). After each treatment the 

samples were washed three times with deionized water and dyalized until no salts were 

identified.  

The <2 µm fractions were obtained by sedimentation according to Stocks law. The 

clay fractions were concentrated by centrifugation and re-dispersed with an ultrasonic probe. 

The <2 µm clay fractions were studied by X-ray diffraction (XRD), infrared-spectroscopy and 

electron microprobe analysis. The <2 µm clay fractions were prepared as oriented 

specimens on glass slide and then, were X-ray run in air-dried (AD) and saturated with 

ethylene-glycol (EG) vapor during 24 h. 

 

4.4.2.2. Experimental Procedures 

K+- and Mg2+-saturation clay fractions. The structural behaviour of smectite samples 

was verified using the well-known chemical protocol to differentiate high- from low-charge 

smectite and to distinguish beidellite from montmorillonite. The <2 µm clay fractions were 

saturated with 1M KCl to differentiate high- from low-charge smectite (Barshad and Kishk, 

1970). The X-ray diffraction analysis was carried out on K-saturated clay fractions heated to 

300 ºC during 2 hour and then solvated with ethylene glycol (EG).  
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Also, different aliquots with 1M MgCl2 (S:L=3.57 g/L) during 24 hours were used for 

clay saturation (Harward et al., 1968). The Mg2+-saturated clay fractions were XRD analysed 

before and after glycerol treatment.  

Li+-saturation clay fractions. The Greene-Kelly test (Greene-Kelly, 1952) allowed to 

distinguish beidellite from montmorillonite. The <2 µm clay fractions were Li+ saturated by 

adding 0.050 g of clay into 14 mL of 1M LiCl solution during 24 hours and then heated at 

300 ºC during 6h. The XRD analysis were carried out on oriented specimens of <2 µm clay 

fractions after Li+ saturation and heat at 300 ºC, and after glycerol solvation. 

Ca2+ and Na+ homoionic exchange. Behind these protocols, the <2 µm smectite 

samples were homoionic exchange with 1M CaCl2 and 1M NaCl solutions, in order to 

remove the interlayer ion, where the salt excess was removed by washing with distilled 

water.  

Treatment of smectite clay fractions in alkaline and acid solutions. The <2 µm clay 

fractions were saturated with acidic and alkaline solutions, where the pH was previously 

fixed using HCL 1M and NaOH 1M.  

 

4.4.2.3. Methods and analytical techniques 

Cation exchange capacity. The <2 µm clay fractions were Sr2+ saturated and 

prepared in order to determine the cation exchange capacity (CEC). The experiments were 

carried out by adding 0.050 grams of smectite into the polypropylene centrifuge tubes with 

14.00 mL of different stock solutions at different Sr2+ concentrations, ranged between 5x10-

4 M and 1.50x10-2 M. Suspensions were shaken for 34 hours, then centrifuged, separated 

and the solutions resulted were preserved by adding HNO3 (65%) and stored at 4 ºC for 

subsequent chemical analyses. The CEC was determined by Sr2+ adsorption tests at pH=4. 

After Sr2+ saturated the <2µm clay fractions the Sr2+-aqueous solutions were analysed by 

atomic absorption spectrometry (AAS). The CEC value was estimated from the maximum 

amount of Sr2+ adsorbed according with the following relation: 

CEC(meq/g)=qSr2+(mmol/g)*2.  

The Brunauer-Emmett-Teller specific surface area (BET). The BET surface area of 

the <2µm clay fractions was characterized by nitrogen adsorption-desorption measurements 

with a Micromeritics Tristar II analyser. The samples were degassed at 200 ºC 

overnight before the measurements were taken. The surface area was calculated based on 

the adsorption data in the relative partial pressure range of 0.05–0.2, and the pore size 
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distributions were determined based on the Barrett–Joyner–Halender (BJH) adsorption 

curve.  

X-ray diffraction. The structural characterization of the 2 m clay fractions was 

performed by X-ray diffraction (XRD) using a Rigaku Geigerflex machine equipped with a 

CuK radiation and a scanning speed of 1° 2/min in the range 2–50°2θ. The oriented 

specimens of the <2 µm clay fractions prepared on glass slide were X-ray diffraction 

analysed in air-dried (AD) condition and saturated in ethylene-glycol (EG) vapour during 24 

h. Prior to XRD analysis, the smectite heterogeneity was studied using several chemical 

treatments previously described.  

Infrared Spectroscopy. The infrared (IR) spectroscopy in transmission mode was 

carried out with a Bruker Tensor 27 spectrometer. The samples were firstly prepared by 

mixing 1 mg smectite with 200 mg KBr and then, the powder mixtures were inserted in a 

holder and pressed at 10 tons/cm2 to obtain the transparent pellet. The infrared spectra in 

transmission mode were recorded in the 4000–400 cm− 1 frequency region. The 

measurements of the adsorption bands integrated intensity were made using OPUS 

software supplied by the Bruker instrument.  

Electron microprobe analysis. The <2 µm clay fractions, which were previously 

pressed in pellets with diameter of 3 mm with a PIKE Hand Press Kit 161 – 1024 (Pike 

technologies). The pellets were located in the epoxy resin, dried during 24 h and 

subsequently polished using the 30, 10 and 2 µm microfinishing films under dry conditions. 

The epoxy resin was prepared using the Araldite EAY 103-1 and a HY956-KG hardener (9:1 

ratio) and then dispersed in a holder of 13 mm. The major elements of minerals were 

determined using a Jeol Hyperprobe JXA-8500F electron microprobe operated at 15 kV 

accelerating voltage and 10 nA beam current. Detection limits (3) above mean background 

were 0.03 wt.% for most oxides with counting times of 80 s. Standards used include albite 

(NaKa), orthoclase (AlK, SiK, KK), apatite (CaK, PK), MgO (MgK), MnTiO3 (MnK), 

TiO2 (TiK), Fe2O3 (FeK). 

Atomic absorption spectrometry. Chemical analyses of Sr2+ aqueous solutions were 

carried out by atomic absorption spectroscopy using a flame absorption spectrometer Perkin 

Elmer, AAnalyst 200 model with a Strontium hallow cathode lamp, wavelength 460.73 nm, 

air flow 5.2 L/min and acetylene flow 2.5 L/min. The 5 mL of the acidified strontium solution 

was mixed with 750 μL of lanthanum chloride (LaCl3.7H2O) solution previously prepared 

(176 g of LaCl3.7H2O and 19.1 g of KCl diluted in 1000 mL of deionised water). 
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4.4.3. Results and Discussion  

4.4.3.1. Physical properties and crystal chemistry of smectite samples 

Cation exchange capacity, BET and crystal chemistry corresponding to the three 

selected samples are shown in Table 5. The influence of charge distribution of selected 

smectite samples was evaluated taking into account the ratio between the CEC values and 

the respective layer charge deficits (Table 5).  

 

 

Table 5. Chemical composition, crystal chemistry, cation exchange capacity and BET of smectite 
samples. 

Oxides  
Mass (%) 

BA1 PS2 PS3 

SiO2 52.26 51.18 55.34 

Al2O3 20.33 17.51 18.57 

Fe2O3 6.96 6.10 8.08 

MnO --- 0.22 0.08 

MgO 3.17 3.57 4.26 

CaO 3.58 1.78 2.07 

Na2O 1.48 2.65 2.28 

K2O  --- 0.85 1.64 

H2O 12.22 16.13 7.70 

Total 100.00 100.00 100.00 

                                                  Nº atoms/O10(OH)2 

Si  3.64 3.75 3.70 

Al  1.30 1.26 1.16 

Al  0.36 0.25 0.30 

Fe 0.36 0.34 0.41 

Mg 0.33 0.39 0.43 

Ca 0.27 0.14 0.15 

Na 0.20 0.37 0.30 

                  K --- 0.08 0.14 

Charge deficit/O10(OH)2 
-0.69 

(48%O;52%T) 

-0.66 
(62%O;38%T) 

-0.73 
(59%O;41%T) 

CEC (meq/g) 0.96 1.04 0.81 

SBET (m2/g) 12 26 84 
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Different charge layers reveal different compositions regarding to the degree of 

octahedral and tetrahedral substitutions occurring on smectite layers. Higher proportions of 

tetrahedral substitution (-0.37/(Si,Al)4O10) correspond to sample BA1, whereas the lower 

tetrahedral charge deficit and higher octahedral substitutions were found in samples PS2 (-

0.26/(Si,Al)4O10) and PS3 (-0.30/(Si,Al)4O10). Sample BA1 has higher charge than PS2 but 

lower CEC. The lower proportion of tetrahedral substitutions of PS2 improved the adsorption 

on interlayer sites, contrary to what is observed for sample PS3 (CEC=0.81 meq/g). Usually, 

a decrease of CEC does occur as the percentage of illite layers increases in the randomly 

interstratified structure of I/S formed. Sample PS3 has higher proportion of illite interstratified 

layers into a randomly 2W/1W-smectite with a montmorillonitic character. 

 

 

4.4.3.2. X-ray diffraction  

Air-dried and EG solvation. The <2µm fractions of samples BA1, PS2 and PS3 were 

X-ray run in AD and after EG solvation conditions (Figs. 10a, 11a and 12a).  

Sample BA1. The 001 reflection occurs at 14.47 Å in AD and expanded to 16.29 Å 

after the EG treatment confirming the presence of a lower proportion of one-water smectite 

(1WS) layers interstratified with two-water smectite (2WS) layers (15 Å) (Fig. 10a). 

Sample PS2. The XRD pattern shows a 001 reflection at 12.45 Å and after EG the 

001 peak expanded to 15.10 Å. This reveals a higher content of 1WS layers interstratified 

with 2WS layers (Fig. 2a).  

Sample PS3. The 001 peak occurs at 13.90 Å, and expanded to 16.50 Å after EG 

saturation (Fig. 3a). 

K+-saturation. The XRD patterns of K+-saturated smectite samples and heated at 

300 ºC show the 001 peak collapse at 10.07 Å (BA1), 10.12 Å (PS2) and 10.25 Å (PS3) 

(Figs.  10c, 11c and 12c). Smectite samples were further EG solvated during 24 hours at 60 

ºC, in order to study the swelling properties of distinct K+ saturated smectite. The XRD 

patterns reveal a partial swelling to 13.63 Å, 13.48 Å and 14.30 Å for samples BA1, PS2 and 

PS3, respectively. A monolayer EG complex (1-EG) was formed after K+-exchange, heated 

at 300 ºC and EG solvation, revealing that the 2:1 layers failed to form 2-EG layer complex, 

as usually observed for low-charge montmorillonite.  
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Fig.10 - XRD patterns of samples BA1. a) air-dried and ethylene glycol solvation; b) Li-saturation (Greene-Kelly test); c) K-
saturation and heat at 300 ºC; d) Mg-saturation and glycerol solvation. 

 

 

Three different layers at 17 Å, 14 Å and 10 Å may be formed if the layer charge 

corresponds to -0.28, -0.60 and -1.00 eq./O10(OH)2, respectively (Tettenhorst and Johns, 

1966). In this way, the presence of only one fraction at the 001 reflection (1-EG layer 

complex), for each K-smectite, suggests that their different 2:1 layers have similar charges. 

Mg2+-saturation. After Mg2+ saturation and glycerol solvation, the basal spacing 

expanded to 16.65 Å (BA1) and to 17.31 Å (PS2 and PS3) (Figs. 10d, 11d and 12d). The 

Mg-saturation test confirmed that no vermiculite layers are present in smectite structures. 

Greene-Kelly test. The most used method to distinguish beidellite from 

montmorillonite is based on the Hofmann-Klemen effect which consists on the reduction of 

the octahedral layer charge compromising the hydration, solvation and expansion properties 
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of smectite (Greene-Kelly, 1952). The XRD patterns (Figs.10b, 11b and 12b) show changes 

of the 001 basal spacing of smectite samples after Li+ saturation and heating to 300 ᵒC.  

 

 

Fig.11 - XRD patterns of sample PS2.  a) air-dried and ethylene glycol solvation; b) Li-saturation (Greene-Kelly test); c) K-
saturation and heat at 300 ºC; d) Mg-saturation and glycerol solvation. 

 

 

The 001 basal plane spacing collapsed to 9.66 Å, 9.51 Å and 9.55 Å for samples 

BA1, PS2 and PS3 (Figs.10b, 11b and 12b), which suggests that the Li+ ions have been 

attracted to the negative charges sites. The magnitude of octahedral and tetrahedral 

substitutions affects the glycerol solvation process, once the re-expansion until 16.5-17 Å 

will only occur if the layer charge is mainly concentrated on the tetrahedral sheet. The 

thermal treatment of smectite saturated by cations of small radius triggers the migration of 



FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  

in the sealing process under extreme conditions of pH 

77 

 

 

Li+ ions from the interlayer positions to the vacant octahedral sites, resulting into a marked 

decrease of its net layer charge and its cation exchange capacity. According to Schultz 

(1969), the percentage of re-expansion peak ratios (18:9.6 Å) may be divided in three 

different classes in the montmorillonite-beidellite series: <30% re-expansion, 

montmorillonite is dominant; 30-60% re-expansion, an interstratified structure 

montmorillonite-beidellite is dominant; >60% re-expansion, beidellite is dominant. 

 

Fig.12 - XRD patterns of sample PS3.  a) air-dried and ethylene glycol solvation; b) Li-saturation (Green-Kelly test); c) K-
saturation and heat at 300 ºC; d) Mg-saturation and glycerol solvation. 

 

 

 

After Glycerol solvation, the presence of a beidellitic component (16.82 Å = beidellite) 

interstratified with 2W/1W-smectite (9.66 Å = 2W smectite) was identified for Sample BA1. 
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The peak at 14.41 Å represents a mixed structure between beidellite (16.82Å) and 

montmorillonite (9.66 Å), assumed as 1W-beidellite, characterized by isomorphic 

substitutions on the octahedral and tetrahedral sheets. Part of smectite layers is of beidellite-

like character (16.82 Å) with predominance of net layer charge located in the tetrahedral 

sheet (Fig.10). The existence of these layers is attributed to the heterogeneous distribution 

of layer charge on smectite structure (Lagaly, 1979; Malla and Douglas, 1987; Petit et al., 

1998).   

After Glycerol solvation most of layers remained collapsed at 9.40 Å for Sample PS2, 

and few layers expanded to 16.50 Å (Fig.11), confirming the presence of beidellite-like 

layers, where the layer charge on tetrahedral sheet is dominant. The basal spacing of 

Sample PS3 did not expand after Glycerol treatment, suggesting a 2W-smectite structure 

(Ca,Na-montmorillonite) with a net layer charge on the octahedral sheet that was totally 

compensated by Li+ ions (Fig.12). In this case, the tetrahedral charge calculated by the 

chemical formula method was compensated by the presence of illite interstratified, where K+ 

ions were fixed into the hexagonal cavities. 

Assuming that the octahedral charge was neutralized by Li+ ions and the remaining 

charge is located in the tetrahedral sheet, it is possible to segregate the tetrahedral charge 

according to the results obtained after Glycerol solvation process. According to Calvet and 

Prost (1971), when the remaining tetrahedral charge is higher than 0.38/O20(OH)4 smectite 

expands to 16.5-17 Å after Glycerol treatment. If the tetrahedral charge is between 0.23 and 

0.38/O20(OH)4, smectite has a random interstratified structure with collapsed, expanded to 

14 Å, and expanded to 16.5-17 Å layers. Contrary, smectite has only collapsed layers (≈9.6 

Å) after Glycerol solvation whether the tetrahedral layer charge is <0.23/O20(OH)4. 

Considering it, the interstratified structure of smectite BA1 is characterized by the presence 

of tetrahedral sheets with charges between 0.23 and 0.38/O20(OH)4, with higher proportion 

of expanded layers, whereas smectite PS2 has a lower proportion of expanded layers to 

16.5 Å, with tetrahedral charges >0.38/O20(OH)4. Smectite PS3 has no expanded layers, 

which means that the tetrahedral charges are lower than 0.23/O20(OH)4 (Fig.12). 

 

Acid and alkaline treatment. The <2µm fractions of sample BA1 were chemical 

treated in acid and alkaline solution and then XRD run. The intensity of the 001 peak 

decreased and expanded few Å in both acid (pH = 2) and alkaline (pH = 11) environment 

(Fig.13).  
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Fig.13 - XRD patterns of sample BA1 treated at acid (pH = 2) and alkaline (pH=11) conditions. 

 

 

The expansion observed is related with the particle charge. At both extreme pH 

conditions, the clay mineral particles acquire total positive (pH=2) or negative charge 

(pH=11), depending on the solution pH, which contributes to increase the repulsion between 

subsequent layers, and therefore, to increase their interlayer distances. The structure of 

smectite is conserved and no structural damage were observed. Also the samples PS2 and 

PS3 revealed the same behaviour.  

 

Fig.14 - XRD patterns of Ca-saturated smectite sample (BA1) treated at acid (pH = 2) and alkaline (pH=11) conditions. 
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Also, Ca-saturated smectite sample was treated with acid and alkaline solutions. In 

this case, the XRD patterns (Fig.14) does not show additional expansion in acidic and 

alkaline conditions, when compared to the results obtained after Ca2+ saturation at neutral 

pH (Fig.15), probably due to the presence of more Ca2+ in the interlayer which may have 

restricted the swelling capacity. A shoulder of the 001 peak is well evidenced in these 

samples after EG salvation. The shoulder at 14 Å is probably associated with some 

unexpandable smectite layers. 

 

Ca2+- and Na+-saturation. The XRD patterns obtained in AD conditions and after EG 

solvation of oriented specimens of the Ca- and Na-saturated smectite samples are shown 

in Fig. 14. The 001 peak of the XRD patterns of Ca2+-saturated samples (BA1, PS2 and 

PS3) in air-dried conditions occurs at 14.60 Å, 14. 47 Å and 14.40 Å, whereas after EG 

treatment expanded to 16.20 Å, 16.20 Å and 16.35 Å. The 001 peak of Ca-smectite occurs 

at 15 Å for 100% Ca-exchange, and we noted that few smectite layers remain inaccessible 

after subsequent Ca-exchange.  

Na+-saturated samples show the 001 peak at 12.61 Å, 12.45 Å and 12.75Å, which 

expanded after EG solvation to 17.76 Å, 17.15 Å and 16.86 Å.  Contrary to what was 

observed for Ca-smectite samples, Na-exchange is 100% for the three smectite 

samples. The 001 peak of Ca-saturated smectite solvated with EG corresponding to 

samples PS2 and PS3 is very broad confirming an interstratification between 2W-smectite 

and K-I. By contrast, the 001 peak of sample BA1 is sharp confirming a pure smectite, but 

with distinct layers (montmorillonite and beidellite). 
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Fig.15 - XRD patterns of Ca2+ and Na+-saturated smectite samples (BA1, PS2 and PS3) in air-dried conditions and after 
ethylene glycol solvation. 
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4.4.3.2.1. Interpretation 

Sample BA1. The crystal chemical composition of the <2µm clay fraction confirmed 

the presence of Na+ as exchangeable cation, where the presence of few Na-montmorillonite 

layers interstratified with Ca-montmorillonite is confirmed by the position of 001 peak in air-

dried at 14.47 Å and not to 15 Å typical for 100 % Ca-montmorillonite. Two-waters (2W) 

smectite (Ca-montmorillonite) interstratified with 1-water (1W) smectite (Na-montmorillonite) 

characterizes sample BA1. 

The 001 peak collapsed to 10.07 Å after K+ saturation and heat at 300 ºC (2h), and 

partially expanded to 13.63 Å after EG solvation, confirming a 2W/1W-smectite randomly 

interstratified structure. The Mg-saturation test confirmed no vermiculite layers in smectite 

structure. The Green-Kelly test confirms the presence of a beidellitic component (16.82 Å = 

beidellite) interstratified with 2W/1W-smectite (9.66 Å = 2W smectite). The peak at 14.41 Å 

represents a mixed structure between beidellite (16.82 Å) and 2W-smectite (9.66 Å), 

assumed as 1W-beidellite. Part of smectite layers is of beidellitic character (16.80 Å) with 

more than 50% of net layer charge location in the tetrahedral sheet. Similar experimental 

conditions were reported by Schultz (1969) and by Sato et al. (1992), whose results revealed 

that the basal spacings have expanded between 13 Å and 16 Å, when the layer charge was 

higher than 0.43 eq./O10(OH)2, and to 14 Å for layer charges ranging between 0.57 – 0.63 

eq./O10(OH)2, with tetrahedral charge higher than 0.70 eq./O20(OH)4. 

Sample PS2. The 12.45 Å peak which expanded at 15.10 Å corresponds to a 

randomly mixed layers K-illite/2W/1W-smectite or K-illite/(Na,Ca)-montmorillonite (R0, 85-

90%S). After K-saturation the 001 peak collapsed to 10.12 Å and expanded at 13.48 Å after 

300 ºC heated and EG solvation, where a randomly interstratified structure is formed with 

2W/1W-smectite. The Mg-test confirms the absence of vermiculite layers. The smectite 

layers are of beidellitic and montmorillonitic character with net layer charge in both 

tetrahedral and octahedral sheets, as indicated by the Greene-Kelly test. 

Sample PS2 seems to have the same smectite layers as sample BA1, excepted by 

the presence of K-illite layers randomly interstratified with 2W/1W-smectite with beidellitic 

character. 

Sample PS3. XRD pattern corresponds to a randomly interstratified structure of K-

I/1W/2W-smectite (R=0; 80%S), where no beidellitic layers did occur. 

Conclusion. The XRD patterns of smectite samples studied correspond to a 

randomly interstratified structure with a tendency towards segregation into two components: 
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12 Å Na-smectite and 15 Å Ca-smectite layers. The low-charge and high-charge smectite 

layers may be distinguished by their swelling and collapse behavior after saturation with K+ 

and EG solvation (Schultz, 1969). After K+ saturation at heat at 300ᵒC (2h) there is a collapse 

to 10 Å, which is shifted to near 14 Å after EG solvation if the layer charge is less than 

0.57/(Si,Al)4O10. The tetrahedral layer charge measured in samples analyzed ranges from -

0.37 to 0.30 and - 0.26/(Si,Al)4O10. The Mg-saturation test confirmed the absence of 

vermiculite layers in the samples studied. 

Montmorillonite was distinguished from beidellite layers taking into account their 

swelling properties after octahedral neutralization with Li+ and heat treatment (Greene-Kelly, 

1952). The samples BA1 and PS2 correspond to 2W-smectite with beidellitic character 

interstratified with 1W-smectite. Few K-I layers are also randomly interstratified with 2W/1W-

smectite in sample PS2. Sample PS3 is a randomly interstratified I/S structure (R=0), where 

smectite is constituted by a randomly 2W/1W smectite with a montmorillonitic character 

(substitutions on the octahedral sheet). 

Considering the previous characterization, smectite structures are represented in 

Fig.16, where the different types of layers described above are randomly interstratified. The 

calculated amount of negative layer charge was estimated from the crystal chemistry 

information of each clay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.16 - Idealization of smectite structure samples used in sorption experiments: a) BA1: beidellite and low-charge 
montmorillonite interstratified structure; b) PS2: beidellite, illite and low-charge montmorillonite randomly interstratified 

structure; c) PS3: illite and low-charge montmorillonite randomly interstratified structure. 
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4.4.3.3. Infrared spectroscopy 

 

4.4.3.3.1. Characterization of vibrational planes of smectite samples 

The following vibrational planes are discussed in this work: i) The OH- stretching 

vibrations occur in the frequency range between 3700 cm-1 and 3500 cm-1; ii) The Si-O 

stretching vibrations and M-OH bending modes and lattice deformations are between 1100 

cm-1 and 550 cm-1. The bending modes associated with the Al2OH, AlFeOH and AlMgOH, 

depend on the degree of isomorphic substitutions on the octahedral sheet and are usually 

present in the IR spectrum of smectite. The vibration frequencies ranges vary between 912 

and 935 cm-1 for the Al2OH band and correspond to 868-890 cm-1 and to 832-848 cm-1 for 

the AlFeOH and AlMgOH vibration modes; iii) The bending vibrations assigned to the Si-O 

are represented in the range between 600 cm-1 to 400 cm-1, where the Al-O-Si bending 

frequencies appears between 515 cm-1 and 525 cm-1 and the Si-O-Si mode occurs at about 

465 cm-1.  

Vibrational planes of air-dried samples. The OH- and Si-O stretching vibrations and 

M-OH bending vibrations are close for the three smectite samples. However, the bending 

vibrations assigned to Si-O, Al-O-Si and Si-O-Si show different in-plane vibration 

frequencies, caused probably by different proportions of isomorphic substitutions on the 

tetrahedral sheets. These substitutions affected the Al-O-Si and Si-O-Si bending modes, 

which decreased their frequencies as increasing of Al3+ for Si4+ in the tetrahedral sheet. The 

Al-O-Si band occurs at 515 cm-1 (BA1), 522 cm-1 (PS2) and 519 cm-1 (PS3), whereas the Si-

O-Si band arises at 459 cm-1 (BA1), 467 cm-1 (PS2) and 465 cm-1 (PS3). The interatomic 

distances and bond strengths are changed for structures where isomorphic substitutions 

occur, increasing the distortion in the local bonding environment and decreasing the 

vibration frequencies (Gates, 2005). The stretching vibration and bending modes of air-dried 

smectite samples are resumed in Table 6. 

 

Vibrational planes of specimens in acid and alkaline environment. No structural 

modifications were observed than the vibrational planes previously discussed in air-dried.  
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Table 6. Vibration planes of smectite in the region 1100 - 400 cm-1. 

Vibration modes 
Wavenumber (cm-1) 

BA1 PS2 PS3 

Si-O 1030 1030 1030 

Al2OH 915 915 916 

AlFeOH 873 872 875 

AlMgOH 840 835 838 

M-O 625 624 624 

Al-O-Si 515 522 519 

Si-O-Si 459 467 465 

 

 

Vibrational planes of Li-smectite and K-, Na-smectite after thermal treatment at 300 

ºC. The charge neutralization and irreversible collapse of smectite layers depend on the size 

of the interlayer cation (Karakassides et al., 1999; Madejová et al., 1996). The IR spectra 

obtained for Li-smectite revealed structural modifications in the region between 1200 cm-1 

and 400 cm-1 after the heating treatment. The Li+ (1.80 Å) has capacity to migrate and to be 

fixed into the hexagonal holes of the octahedral sheet (2.52 Å). The main structural changes 

occurred on different smectite samples after heated at 300 ºC are shown in Fig.17. In the 

case of K- and Na-smectite there are no structural modifications. 

The structural changes of Li-smectite are clearly evidenced by the vibrations 

corresponding to the M-OH and Si(Al)-O-Si bending modes and the Si-OH stretching modes 

(Figs. 17 and 18), which suggests that both octahedral and tetrahedral layers were 

influenced. The IR spectra reveal a shift of the main M-OH bending vibrations to higher 

frequencies due to the movement of dehydrated Li+ on the hexagonal holes. The IR 

spectrum of sample BA1 show that the Al-OH band shifted from 915 cm-1 to 923 cm-1, 

involving a significant decrease of vibration intensity. The same behaviour is observed for 

the AlFeOH and AlMgOH bending vibrations, which shifted from 873 cm-1 to 877 cm-1 and 

from 840 cm-1 to 849 cm-1, respectively. The decrease of intensity of the OH- bending 

vibrations was especially observed in the IR spectra of samples PS2 and PS3, which 

hampered the analysis of structural changes. In the case of sample PS3, the AlMgOH band 

shifted from 838 cm-1 to 848 cm-1, whereas the Al2OH and AlFeOH bands are not 

distinguished after Li+ fixation. The decrease of intensity of the OH- bending vibrations of 

sample PS2 was even more pronounced and only the shift from 835cm-1 to 846 cm-1, 

assigned to the AlMgOH bending mode, was slightly detected. A new band was detected at 
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800 cm-1 for all smectite samples and was assigned to the AlMgLiOH bending mode 

(Madejová et al., 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.17 - Infrared spectra of Li-, K- and Na-smectite (BA1, PS2 and PS3) after heating at 300ᵒC during 6 hours. The black 
lines correspond to the IR spectra of air dried smectite. 

 

 

The wavenumbers of Al2OH and AlMgOH increase as decreasing of layer charge in 

the charge reduced-montmorillonite, involving a decrease in the respective intensities as 

increase of Li+ fixed on the hexagonal holes of the octahedral sheets (Calvet and Prost, 

1971; Madejová et al., 1996). These conclusions are in agreement with our results, once 

samples PS2 and PS3 have the higher proportions of negative charge on the octahedral 
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sheet, 62% and 59%, respectively, and probably the higher proportion of Li+ fixed, which 

justifies the lower intensities observed in the OH- bending vibrations.  

The structural changes occurred in the tetrahedral sheet are described by the 

increase of vibration frequencies of Si-O stretching modes, traduced by the shifts from 1030 

cm-1 to 1044 cm-1 and from 1105 cm-1 to 1120 cm-1 observed for all Li-smectite samples after 

heating process (Fig.18). The vibration band associated with Si-O-Si bending mode has also 

shifted from 459 cm-1 to 463 cm-1 for sample BA1, whereas for samples PS2 and PS3 shifted 

from 467 cm-1 to 478 cm-1 and from 465 cm-1 to 471 cm-1, respectively. In this case, the 

higher variation observed for sample PS2, may be also related with the higher proportion of 

Li+ probably fixed on the hexagonal holes in the octahedral sheet, once it was previously 

admitted that the presence of Li+ ions either in the hexagonal holes (octahedral) and/or in 

the ditrigonal cavities on tetrahedral sheets triggers structural changes in the Si-OH groups, 

affecting the Si-O vibration frequencies.  

The Li+ fixation caused changes in the electric field surrounded the apical oxygens 

that connect the octahedral and tetrahedral sheets, influencing the Si-O bond distances and 

the respective IR vibration frequencies (Gates et al. 2000). During this process, the layer 

charge is reduced and the mineral structure becomes more pyrophyllite-like. The IR spectra 

obtained after the Li+ saturation and 300ºC heated (6h) was compared with the IR spectrum 

of pyrophyllite (Al2(Si4O10)(OH)2) (Fig.18). The shifted bands corresponding to the stretching 

and bending vibration of Si-O show identical frequencies as those of pyrophyllite (1120 cm-

1, 1044 cm-1 and 475 cm-1). New bands assigned to the Al-O-Si bending modes of 

pyrophyllite appeared also in the  IR spectra of smectite between 350 and 650 cm-1. The 

similar vibrations were confirmed by other investigators, who claimed that smectite structure 

become to a pyrophyllite-like structure after Li+ fixation process (Gates, 2005; Gournis et al., 

2008; Karakassides et al., 1999; Komadel et al., 2005; Madejová et al., 1996; Mavedová et 

al., 2000). 

The heating process of Li-smectite samples was followed during 6 hours. The 

samples were analysed after 30 minutes, 3 hours and 6 hours. The IR spectra of sample 

BA1 confirm that the structural changes have occurred successively. The Si-O stretching 

and bending bands and the OH- bending bands were successively shifted for Sample BA1, 

whereas it is observed a total shift of the same vibration bands in the IR spectra of samples 

PS2 and PS3. The higher proportion of tetrahedral charge of smectite BA1 may have 

influenced this process, making the Li+ migration process slower. The evolution of the 

heating process on Li-smectite samples also shows that the AlMgOH band had a strongly 
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decrease of intensity after 30 minutes, among the other OH- bending modes, but after 3h 

and 6h it is evidenced a successively increase of their intensity. It is also observed a 

successively increase of intensity of Al-Mg-Li-OH band at 800 cm-1, as increasing of Li+ 

migration and fixation  (Fig.18). 

 

 

 

Fig.18 - Infrared spectra of Li-smectite (BA1, PS2 and PS3) after 30 min., 3h and 6 h of heating at 300ᵒC. Comparing with 
pyrophyllite IR spectra. The black lines correspond to the IR spectra of air dried smectite. 
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Vibrational planes of glycerol solvated smectite. The glycerol solvation of smectite 

samples was also followed by FTIR spectroscopy (Fig.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.19 - Infrared spectra of Li-smectite (BA1, PS2 and PS3) after heating at 300ᵒC during 6 h before and after glycerol 
solvation. 

 

 

After this process, the Si-OH stretching vibration, at 1044 cm-1, did not suffer any 

alteration in all smectite spectra, suggesting that the structural changes occurred on 

smectite after Li+ fixation are irreversible.  
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The IR spectra of samples BA1 and PS2 show characteristic bands of glycerol that 

confirms their adsorption in the interlayer of smectite, whereas the IR spectra of sample PS3 

does not reveal the presence of glycerol on smectite structure (Fig.19). These results are in 

agreement with our previous XRD results, which revealed that sample PS3 was the only 

smectite that did not expand after Li+ saturation (300 ºC) and Glycerol solvation, confirming 

the total charge neutralization promoted by Li+ fixation. This behaviour is identical with the 

observed for pyrophyllite, where there is no charge deficit, once Glycerol will only be 

adsorbed if the tetrahedral charge is higher 0.23/O10(OH)2. 

 

4.4.3.4. Conclusion 

The reactivity of smectite and the structural changes generated after saturation with 

K+, Mg2+, Ca2+ and Na+, and Green-Kelly test reflect heterogeneous structures consisting of 

beidellite interstratified with 2W/1W-montmorillonite (sample BA1), 2W/1W-montmorillonite 

randomly interstratified with K-I (sample PS2) and were studied for smectite. The XRD 

results revealed the basal spacing collapse to 10.07 Å (BA1), 10.12 Å (PS2) and 10.25 Å 

(PS3) after K+ saturation and heating process, indicating the total dehydration of smectite. 

They expanded to 13.63 Å, 13.48 Å and 14.30 Å, for samples BA1, PS2 and PS3, 

respectively, after EG solvation, indicating the formation of only a monolayer EG complex 

(1-EG). It suggests that the different 2:1 layers have similar layer charges and uniform 

charge distribution. The infrared spectroscopy results indicated that only Li+ ions had 

capacity to migrate and be fixed on the hexagonal holes in the octahedral sheet of smectite 

samples. This process was also confirmed by the XRD results which showed a total collapse 

of the basal spacings to ≈9.60 Å after heating process. The decrease of layer charge 

involved in this process was characterized by significantly structural changes that were 

mainly evidenced by changes in the Si-O stretching bands and OH- bending bands. The 

wavenumbers of Al2OH and AlMgOH increase as decreasing of layer charge in the charge 

reduced-smectite, involving a decrease in the respective band intensities, mainly for 

samples PS2 and PS3, which were associated with the higher proportions of negative 

charge on the octahedral sheets, 62% and 59%, respectively. 

During Li+ fixation process, the layer charge was reduced and the mineral structure 

became more pyrophyllite-like. Changes in the electric field surrounded the apical oxygens 

influenced the Si-O bond distances and the respective IR vibration frequencies. The IR 

spectra obtained after thermal process revealed that the shifted bands, corresponding to the 
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stretching and bending vibration of Si-OH groups, have identical frequencies when 

compared to the same obtained for pyrophyllite (1120 cm-1, 1044 cm-1 and 475 cm-1). 

After Glycerol solvation of Li-smectite, the Si-OH stretching vibration (1044 cm-1) did 

not suffer any alteration in all smectite spectra, suggesting that the structural changes 

occurred on smectite after Li+ fixation are irreversible. The IR spectra of samples BA1 and 

PS2 showed characteristic bands of Glycerol that confirmed their adsorption in the interlayer 

of smectite, whereas the IR spectra of sample PS3 did not reveal the presence of Glycerol 

on smectite structure. These results are in agreement with our previous XRD results, which 

revealed that sample PS3 did not expand after Li+ saturation (300ºC) and Glycerol solvation, 

confirming the total charge neutralization promoted by Li+ fixation. 

The XRD results also revealed that the basal spacing of samples BA1 and PS2 have 

partially expanded, after Glycerol solvation, confirming that part of layer charge resides in 

the tetrahedral sheets, whereas the basal spacing of sample PS3 remained collapsed. The 

interstratified structure of smectite BA1 is characterized by the presence of tetrahedral 

sheets with charges between 0.23 and 0.38/O10(OH)2, with higher proportion of expanded 

layers, whereas smectite PS2 has a lower proportion of expanded layers to 16.5 Å, with 

tetrahedral charges >0.38/O10(OH)2. Smectite PS3 has no expanded layers, which means 

that the tetrahedral charges are lower than 0.23/O10(OH)2.  
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4.5. Influence of pH, concentration and ionic strength during batch 

and flow-through continuous stirred reactor experiments of Sr2+-

adsorption onto montmorillonite 

Adapted from Vanessa Guimarães, Manuel Azenha, Fernando Rocha, Fernando 

Silva, Iuliu Bobos 

Journal of Radioanalytical and Nuclear Chemistry (2015), 303(3), 2243-2255 

 

 

ABSTRACT  

The adsorption experiments using the 2 m clay fractions of montmorillonite were 

carried out in batch and continous flow-through stirred reactor. Flow-through experiments 

were carried out at different pH (4 and 8), concentrations (7.00 mgSr2+/L, 27.00 mgSr2+/L 

and 34 mgSr2+/L) and ionic strengths ([KNO3]=1011 mg/L and [KNO3]=101.1 mg/L). Also, 

distinct pH (4 and 8) and variable solution concentrations (15 mgSr2+/L and 860 mgSr2+/L) 

were used for batch experiments. The amount of Sr2+ adsorbed increased as increasing of 

Sr2+ concentration during the flow-through experiments. The gradient of concentration acted 

as an increasing driving force resulting in an increasing equilibrium sorption until the steady-

state equilibrium was reached. The Sr2+ amount desorbed at pH 4 is only half of the amount 

desorbed at pH 8, reveling that at pH 4 enhanced the retention of Sr2+ onto montmorillonite. 

The largest adsorption value was obtained at pH 8.0 ([KNO3]=101.1 mg/L) with 

q0=41.49 mgSr2+/g from the Langmuir and Freundlich adsorption isotherms. The pseudo-

first order model fitted better our experimental data.  

These findings allow a better prediction of the hazardous trace elements sorption in 

compacted clay liners used for environmental protection. 

 

 

Keywords: Montmorillonite; Strontium ion; Batch and flow-through experiments; 

Breakthrough curves; Sorption vs. desorption; Kinetics models. 

 

4.5.1. Introduction 

Strontium is the fifteenth most abundant element present in the earth’s crust and the 

10th most abundant element in seawater (Chegrouche et al., 2009; Dimović et al., 2009). 
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The 16 isotopes of strontium are well known, where four of them are stable, while twelve 

others are radioactive. The 90Sr is a by-product of the fission of uranium and plutonium in 

nuclear reactors and in nuclear weapons, being considered by the U.S. Environmental 

Protection Agency as the most important radioactive isotope present in the environment 

(Başçetin and Atun, 2006; Dimović et al., 2009; Khan et al., 1995; Sureda et al., 2010). Due 

to its high mobility, the 90Sr is one of the most hazardous radionuclides having a long term 

radiation hazard (Zhu and Shaw, 2000). The 90Sr with a half-life of 28 years emits β radiation, 

being employed as a radioactive tracer in medical (eye diseases and bone cancer) and 

agricultural studies (EPA, 2009). 

The problem of environmental protection is the safety storage of radioactive waste 

of nuclear power plants in geological repositories, using multibarrier concept to ensure the 

convenient protection (Chorover et al., 2003; Ahmad, S., 1995; Nemes et al., 2005; 

Mahoney and Langmuir, 1991; Rafferty et al., 1981). 

Montmorillonite has a great potential as adsorbent, being a subject of interest in 

several research areas, due to its large specific surface area, chemical and mechanical 

stability, high cation exchange capacity (CEC) and low cost (Başçetin and Atun, 2006; 

Chorover et al., 2003; Khan et al., 1995; Ahmad, S., 1995). Previous kinetic studies of Sr2+ 

adsorption onto montmorillonite were performed using batch and column experiments 

(Mahoney and Langmuir, 1991; Nemes et al., 2005; Rafferty et al., 1981). However, some 

drawbacks are associated with these techniques, concerning to “particle concentration 

effect” associated to the dependence on the solid concentration, which contributes to 

insufficient prewashing of the soil with the background electrolyte solution. Other 

disadvantage is the incomplete removal of pre-adsorbed ions, which triggers a major source 

of error in sorption processes. To avoid these problems and to identify the factors 

responsible for deviations in sorption parameters under different experimental conditions, 

we used in this study a simple flow-through reactor that provides an intensive prewashing 

procedure and a convenient stirring during all the adsorption process. 

Several experimental conditions were taken into account in this work to evaluate the 

adsorption and desorption of Sr2+ onto montmorillonite, such as: contact time, pH, Sr2+ 

concentrations and ionic strength. The adsorption and desorption of Sr2+ onto 

montmorillonite surfaces with high deficit charge was carried out in extreme pH conditions 

and different ionic strength and concentrations. The kinetic data were achieved using a 

continuously stirred flow-through reactor (CSTR) that facilitates an intensive pre-washing 

and a good preconditioning of montmorillonite, providing an appropriate control of the 
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chemical conditions imposed during our experiments (Grolimund et al., 1995). Breakthrough 

studies were carried out to evaluate the effect of pH, concentration and ionic strength during 

adsorption-desorption on the shape of breakthrough curves. Several models were used to 

test the kinetic behavior of Sr2+ adsorption onto montmorillonite, where batch experiments 

were performed to obtain the sorption equilibrium data, examining the Sr2+ sorption behavior 

onto montmorillonite under equilibrium and isothermal conditions. 

 

4.5.2. Experimental 

 

4.5.2.1. Materials and Techniques 

Adsorption experiments were carried out on the 2m clay fractions extracted by 

sedimentation from bentonite rocks (Madeira Arquipelago, Portugal). The pH was measured 

with a pH meter (Corning 240) calibrated with buffer solutions (pH 4, 7, and 10 Merck). 

Cation exchange capacity (CEC) of selected samples was determined using ammonia as 

exchanged cation and an ammonia-specific electrode (Davis and Worrall, 1971). BET 

multipoint surface area (Gemini 2370 V5, Micromeritics) of selected samples was also 

carried out by measuring the volume of a mixture of He/N2 adsorbed at five different 

pressures. Prior to He/N2 adsorption, the samples were de-aired at 200 °C for 10 h 

(Brunauer et al., 1938). 

The 2 m clay fractions were analyzed by X-ray diffraction (XRD) using a Philips 

X’Pert machine equipped with a CuK radiation and a scanning speed of 1° 2/min.  

Chemical analysis were carried out by atomic absorption spectroscopy using a flame 

absorption spectrometer Perkin Elmer, AAnalyst 200 model with a Strontium hallow cathode 

lamp, wavelength 460.73 nm, air flow 5.2 L/min and acetylene flow 2.5 L/min. The 5 mL of 

the acidified strontium solution was mixed with 750 μL of lanthanum chloride (LaCl3.7H2O) 

solution previously prepared (176 g of LaCl3.7H2O and 19.1 g of KCl diluted in 1000 mL of 

deionised water). 

 

 

4.5.2.2. Kinetics Experiments  

The adsorption kinetic studies were carried out on montmorillonite suspension at 

different Sr2+ concentrations (7.00 mgSr2+/L, 27.00 mgSr2+/L and 34.00 mgSr2+/L) and 

variable pH (4 and 8) using a continuous stirred flow through reactor with a volume of 37.3 



FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  

in the sealing process under extreme conditions of pH 

99 

 

 

cm3 and loaded with 0.50 g of clay. Strontium solutions were prepared from Sr(NO3)2 (p.a., 

Merck), by dissolving the exact quantities of salt in distilled water. The initial pH values of 

the solutions in the sorption experiments were adjusted by adding HNO3 (1M) or KOH (1M). 

Input solution flowed through 0.45 µm Millipore membranes (Merck KGaA) at room 

temperature with a flow rate of 0.8 mL/min during 34 hours (28 pore volumes) and some 

samples were collected at time intervals for further chemical analysis. The system was 

previously preconditioned with a solution of KNO3 ([KNO3
-]=1011 mg/L; pH 4 or 8) until the 

system reached a steady state. After this, the Sr2+ solution was pumped into the reactor until 

the clay system became saturated and then, reverted to the original blank solution for 

desorption experiments. In this last step, the experiments were followed for 10 hours, where 

the samples were collected at time intervals for further chemical analysis. The collected 

samples were preserved by adding HNO3 (65%) and stored at 4 ºC. 

The adsorption and kinetics experiments were carried out in equilibrium conditions 

with the atmospheric CO2 (pCO2=10-3.5 bar). 

 

4.5.2.2.1. Modeling of mass balance 

The continuously stirred flow technique used in this work has several advantages 

over the continuously flow techniques, because it avoids problems related to sample 

dispersion and significant transport effects. Under these conditions, the concentration of the 

adsorptive in the reactor is equal to the effluent concentration (Sparks, 2003). The efficiency 

of the mixing conditions may be tested by comparing the metal concentrations obtained in 

the end of the process, when no montmorillonite is loaded into the reactor, with the values 

predicted by the theoretical curve for an inert specie in a continuously stirred flow-through 

reactor obtained, as a function of time, by Eq. 1(Tertre et al., 2013): 

 

              
RQt/V

Sr0

Mn
2

exp1
C

Sr 







              (1) 

 

 

where [Sr2+]n-M is the concentration of the output solution at time t in the absence of 

montmorillonite, C0-Sr is the Sr2+ concentration of the input solution that is pumped through    
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the reactor during the adsorption process. Q is the flow rate, t is the time and VR is the volume 

of the reactor. 

The amount of Sr2+ adsorbed, or desorbed, was obtained by taking into account the 

area between the breakthrough curve measured with montmorillonite and the theoretical 

curve measured in the absence of montmorillonite. This amount was calculated according 

to the following equation [22]: 
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where i
RNV  and 

1i
RNV  are the numbers of pore volumes at times ti and ti+1, calculated by 

the ratio between the total volume of solution pumped through the reactor during each time 

period and the volume of the reactor (VR). In this case, one pore volume corresponds to 80 

minutes. 

The  iM2Sr   and   1i

M
2Sr

 correspond to the output Sr2+ concentration of each sample 

collected successively at times ti and ti+1. The  i M-n
2Sr   and   1i

M-n
2Sr


 represent the 

concentrations of the output solution at time ti and time ti+1 in the absence of montmorillonite. 

VR is the reactor volume (37.3 cm3) and m is the mass of montmorillonite in the reactor (0.5 

g).  

 

4.5.2.2.2. Kinetic models  

The adsorption is one of the most applied methods for environmental remediation, 

where the kinetics models were applied to describe adsorption reaction and diffusion 

processes. The adsorption mechanism is described using the following reaction-controlled 

models: pseudo-first order model or pseudo-second order model, where the interaction 

between Sr2+ and the binding sites controls the rate of the process. Also the transport-

controlled models, such as liquid-film diffusion, parabolic diffusion and intra-particle 

diffusion, are used to describe the kinetic phenomenon of ion-exchange (time independent) 

depending of (1) ions diffusion in the aqueous solution, (2) film diffusion at the solid-liquid 

interface, (3) intra-particle diffusion on pore surfaces and (4) inter-particle diffusion along the 

solid particles (Selim, 2012; Sparks, 2003). 
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The pseudo-first order model (Ho and McKay, 1999) curves was obtained by plotting 

log (q0 – qt) vs. time using Eq. 3: 
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where qt  is the amount of Sr2+ on clay at time t (mg/g), obtained by eq. 2, q
∞
 is the amount 

of Sr2+ on clay at equilibrium (mg/g) and k1 (min-1) is the first order adsorption rate constant 

and is obtained by Eq. 4: 
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Pseudo-second order model (Ghaedi et al., 2012; Rahman et al., 2010; Zhang and 

Hou, 2008) is derived on the basis of the sorption capacity of the solid and could be 

expressed by the linear Eq. 5: 
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where qt is the amount of Sr2+ on clay at time t (mg/g), q
∞
 is the amount of Sr2+ on clay at 

equilibrium (mg/g) and k2 is the constant rate of pseudo-second order adsorption (g/mg min).  

The kinetic intra-particle model has been extensively used to describe sorption rates 

in various types of materials (Baral et al., 2008; Mall et al., 2006; Rahman et al., 2010). In 

this case, uptake varies with t1/2 rather than with the contact time, according to Eq. 6:  
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where Ki is the intra-particle diffusion rate constant (mg/gmin1/2) and qt is the amount of Sr2+ 

on clay at time t (mg/g). In the adsorption mechanism following the intra-particle diffusion 

process, the plot of qt versus t1/2 should be a straight line passing through the origin with a 

slope Ki. 

The liquid film diffusion model (Eq. 7) describes the kinetic phenomenon when the 

flow of the reactants through the liquid film surrounding the adsorbent particles is the slowest 

process determining kinetics of the rate process (Ames, 1962; Bhattacharyya and Gupta, 

2006, 2008; Rahman et al., 2008; Susmita Sen and G, 2009; Zhang and Hou, 2008). 

   

                                                            tKln(F) fd                  (7) 

 

where F is the fractional attainment of equilibrium (=qt/q∞
) and Kfd is the film diffusion rate 

constant (Bhattacharyya and Gupta, 2008; Ekpete, 2012). 

 

Batch Experiments 

Batch experiments were carried out to investigate Sr2+ adsorption onto 

montmorillonite surface under different pH conditions (4 and 8), concentrations and ionic 

strength. The experiments were carried out by adding 0.050 grams of montmorillonite into 

the polypropylene centrifuge tubes with 14.00 mL of different stock solutions at different Sr2+ 

concentrations, ranged between 15 mgSr2+/L and 860 mgSr2+/L.  

Suspensions were shaken for 34 hours, then centrifuged, separated and the 

solutions resulted were preserved by adding HNO3 (65%) and stored at 4 ºC for subsequent 

chemical analysis. 

 

 

 Modeling of the isotherms 

The Langmuir theoretical model can be represented in several ways. Langmuir 

isotherm could be arranged in its linear form using Eq. 8: 
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where qe (mg/g) and Ce (mg/L) are the equilibrium concentrations of Sr2+ in the solid and the 

liquid phase, respectively, qm (mg/g) is the maximum sorption capacity, and KL (L/g) is the 

Langmuir constant related to the energy of adsorption. qe is obtained according to Eq. 9: 

 

                  
m

V
*CCq fie                   (9) 

 

 

where Ci and Cf are the concentrations of Sr2+ in the beginning and the end of the adsorption 

process, V is the solution volume used during batch experiments (14.00 mL) and m is the 

mass of clay used (0.050 g). 

The equilibrium parameter constant (RL) used as an indicator to assess the extent of 

adsorption was calculated using the Langmuir constant (Dimović et al., 2009; Eba, 2010; 

Kannan and Sundaram, 2001; Rahman et al., 2010) according with Eq. 10: 

    

        
0L

L
CK1

1
R


                (10) 

 

 where C0 (mg/L) is the initial concentration. Depending on the RL value, there are four 

possibilities for adsorption: (1) favorable adsorption if 0<RL<1, (2) unfavorable adsorption 

when RL>1, (3) linear adsorption for RL=1 and (4) irreversible adsorption for RL=0. 

The linear equation of Freundlich sorption isotherm (Jinsheng et al., 2010) is 

expressed as Eq. 11: 
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where Kf and n are Freundlich adsorption isotherm constants, being indicative of the extent 

of the adsorption and the degree of nonlinearity between solution concentration and 

adsorption.          
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4.5.3. Results and Discussions 

 

4.5.3.1. Surface properties and mineralogy of selected material 

Mineralogy of clay fractions was studied by XRD and chemical analyses. The X-ray 

pattern identified only montmorillonite in the 2m clay fractions. Crystal chemistry of 

montmorillonite show a negative total charge of - 0.12 to – 0.15 per O10(OH)2. BET surface 

area ranges from 128 to 136 m2g-1 and CEC measurement gave values from 96 to 114  

1.6 meq 100g-1.  

 

 

4.5.3.2. Continuous stirred flow-through experiments 

The influence of pH and Sr2+ concentration during the adsorption and desorption 

processes was evaluated by the flow-through experiments. The breakthrough curves 

(BTC’s) were obtained at different Sr2+ concentrations during the input solutions and different 

pH conditions (pH 4 and pH 8) (Fig.20). The S-shaped BTC’s represent a typical plot of the 

ratio of outlet to inlet solute concentration in the fluid as a function of time. For each 

experiment there are two different BTC’s corresponding to the adsorption process followed 

by the desorption process. Both phases were separated by an equilibrium period, when the 

saturation did occurred. To achieve the amounts of Sr2+ adsorbed or desorbed, the area 

between the theoretical BTC and each experimental BTC was taken into account. The 

results show that the amount of Sr2+ retained on the surface of montmorillonite increased as 

increasing the Sr2+ concentration at both pH conditions (Fig.20). Increasing concentration 

gradient acts as increasing driving force, which results in increasing equilibrium sorption until 

the saturation of montmorillonite.  

Despite the amount of Sr2+ adsorbed on clay is higher at elevated initial Sr2+ 

concentrations, a higher amount of Sr2+ remained in solution during the continuous flow 

process, which didn’t contribute to the Sr2+ retardation. The input amount of Sr2+ adsorbed 

on clay surface and the variation of the distribution coefficient (Kd) during the adsorption 

process are shown in Fig.21, where the Kd parameter is related with the Sr2+ partitioning 

between the solid and the aqueous phase. A faster decrease of Kd values occur when the 

Sr2+ concentration increased and the pH decreased. We assumed that the adjustment of 

concentration and pH is critical for the retention and longer control of contaminant. The best 
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performance was obtained with lower Sr2+ concentration (7.00 mg Sr2+/L) and higher pH 

(pH=8), where the Sr2+ retention was between 95% and 100% during 9 hours. 

The effect of pH on Sr2+ adsorption onto montmorillonite (Fig.20) under identical 

conditions shows that the amounts of Sr2+ adsorbed at pH 4 was 80% of the amounts 

adsorbed at pH 8 after 34 hours (28 pore volumes). The main contribution was attributed to 

the high permanent negative charge on the basal planes of montmorillonite. However, 

additional polar sites situated at the broken edges of octahedral and tetrahedral sheets are 

conditionally charged by direct H+ or OH- transferred from aqueous phase, depending on the 

pH, influencing the adsorption process. Therefore, the adsorption is higher as increasing the 

pH and more negative sites are available for metal uptake. There is a less competition 

between the hydrogen ions and the metal ions on the clay surface sorption sites. The results 

obtained are shown in Fig. 20. 

 

 

Table 7. Amounts of Sr2+ adsorbed/desorbed and total amounts of Sr2+ retained by montmorillonite. 

pH Cin (mgSr2+/L) qads (mgSr2+/g) qdes (mgSr2+/g) Desorved (%) qretained (mgSr2+/g) 

8 

7.00 13.89 1.82 13.10 12.07 

27.00 33.36 7.30 21.88 26.06 

34.00 42.13 9.65 22.91 32.48 

4 

7.00 11.53 0.670 5.81 10.86 

27.00 27.13 2.77 10.21 24.36 

34.00 31.89 3.21 10.07 28.68 

 

 

Montmorillonite was submitted to desorption after the previous adsorption process. 

The behavior of desorption breakthrough curves at pH 4 and 8 is shown in Fig.20. The 

amounts of Sr2+ desorbed after 10 hours (36 pore volumes) are shown in Table 7. A 

significant amount of Sr2+ is still released by clay at pH 8 toward the end of the desorption 

process. At pH 4, the desorbed amounts are significantly lower from 32 pore volumes (300 

min) and approximately half of that at 36 pore volumes. Thus, the Sr2+ amount retained on 

clay surface was slightly lower at pH 4 after desorption period studied with tendency to 

increase since the desorption process was incomplete at pH 8. 
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Fig.20 - Break-through curves corresponding to adsorption processes at different Sr2+ concentrations and different pH. 

 

 

Despite the interlayer sites being more abundant than edge surface sites, the 

adsorption properties of montmorillonite are connected with the edge surface sites. 

Therefore, two possible situations are accounted during the adsorption/desorption 

processes: 

Edge surface sites of silanol and aluminol sheets are the dominant adsorption sites 

at pH 8, where the ionic reaction occurs between the surface edges and the structure 

forming the double-layer at the solution-solid interface. The edges sites (SOH) are partially 

hydrolyzed to SO- and different surface reactions may occur on the “O” plane (Eslinger and 

Pevear, 1988; Marimon, 2002; Parker and Rae, 1998): 

 

                                 ≡SOH + Sr2+ ↔  ≡SOSr+ + H+                 (i) 

                                 ≡SOH + SrOH+ ↔ ≡SOSrOH + H+             (ii) 

 ≡SO- + Sr2+ ↔ ≡SOSr+                           (iii) 
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   ≡SO- + SrOH+ ↔ ≡SOSrOH                    (IV) 

 

Permanent-charge sites of the interlayer basal planes are also evolved in the 

adsorption process at pH 8. The Sr2+ cations adsorbed by silanol may be envisaged as an 

ion exchange between a hydrated cation (i.e., Ca2+) and a hydrated proton held in the outer 

Helmholtz layer (Malatti et al., 1974). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.21 - Distribution Coefficients and ratio qads/qinput (%), during the adsorption process. 
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The inner-sphere complexes, formed on the “O” plane, are strongly linked to surface 

and are more difficult to be removed from that. During the desorption process the K+ is 

adsorbed onto surface sites and the Sr2+ ions that form outer-sphere complexes on the “O” 

plane and β plane are more easily replaceable by K+ due to their lower bonding energies 

associated to weak electrostatic interactions with the surface sites. K+ is preferentially 

adsorbed on montmorillonite over other common cations since it loses more easily their 

hydrated water, being more strongly fixed (Eslinger and Pevear, 1988; Parker and Rae, 

1998). 

The adsorption is mainly on the interlayer sites at pH 4, since the charge deficit on 

clay surface is essentially due to permanent charge. Sr2+ has a low hydration enthalpies and 

small ionic radius, being strongly bonded to water molecules forming complexes that are 

weakly bonded to basal oxygens (Velde and Meunier, 2008). 

The ionic concentration is higher at pH 4 and there is a less tendency for the cations 

to diffuse away from the surface, which contributes to double layer compression and, 

therefore, to approach clay layers due to less repulsion on double layer. It was assumed 

that the entry of K+ ions into the structure is hampered (Eslinger and Pevear, 1988; Parker 

and Rae, 1998). Otherwise, the ionic radius of K+ is higher than Sr2+ and Ca2+, and their 

hydration sphere is smaller. Thus, the cation exchange between Sr2+, Ca2+ and K+ triggers 

the collapse of structure, hindering the entry of more K+ and contributing to Sr2+ retention in 

the interlayer (Howard, 1981). 

 

 

4.5.3.3.  Sorption kinetics 

The results achieved during the adsorption process were used to test the Sr2+ 

adsorption kinetics onto montmorillonite and to determine the kinetic parameters.  

According to experimental data (Fig.20) two phases of reaction are distinguished: an 

initial rapid phase, where large amount of Sr2+ ions was uptaken by montmorillonite, followed 

by a long plateau phase extended to several hours. These different behavior is commonly 

observed in similar experimental kinetic studies, which shows that adsorption of Sr2+ onto 

mineral surface is a complex process that may be associated with more than one 

mechanism of multiple chemical and physical processes. Thus, the previous described 

kinetic models were applied in order to achieve the mechanism/s that control/s the kinetics 

of sorption process. 
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Fig.22 - Kinetic modeling of the sorption of Sr2+ onto montmorillonite. Pseudo-first order model for adsorption process at pH 
4and pH8, at different Sr2+ concentrations. 

 

 

 

Pseudo-first order model used to describe the adsorption of liquid-solid systems 

based on the adsorption capacity assumes that the reaction rate is limited by only one 

process or mechanism on a single class of sorbing sites and all sites are time dependent 

(Bhattacharyya and Gupta, 2006; Rahman et al., 2010).  

The pseudo-first order model curves were obtained by plotting 

log 1 tq

q

 
 

  vs. time 

(Fig.22) using Eq. 3 (Ho and McKay, 1998). The graphic representation should give a linear 

trace from which the values of k1 and q0 can be determined from the slope and intercept. It’s 

common to describe the “goodness-of-fit” of both linear and nonlinear regressions in terms 

of square of correlation coefficient (r2=1; perfect “goodness-of-fit”). 

The results show that the pseudo-first order model presents the best overall 

goodness-of-fit of experimental data (Tables 8 and 9), confirming that the interaction 

between Sr2+ and the binding sites has an important role in the rate of the process. The 

model was employed under different pH conditions and concentrations in order to evaluate 

the influence of these variables on sorption rates. It was found that there is an increase of 

sorption rates with an increase of Sr2+ concentration and a decrease of pH from 8 to 4. The 

competition between H+ and Sr2+ is higher at pH 4 and the variation of Sr2+ adsorbed over 
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the time is greater, contributing to higher sorption rates. It was also concluded that the good 

fit performed by pseudo-first order model is not modified by the change of Sr2+ concentration. 

 

 

Table 8. Kinetic models parameters for Sr2+ adsorption onto montmorillonite at pH 8. 

 

 

Consistently a good goodness-of-fit is obtained with the first order model, and a worst 

goodness-of-fit was observed for the pseudo-second order model (Fig.23) when entire range 

was considered. There is a linear behavior from t=825 min, suggesting that the second order 

model may be appropriate to explain the kinetics of the second phase of the adsorption 

process. 

The intra-particle model assumes the transport from the aqueous phase to the 

surface of the solid. The relatively high values of linear correlation coefficients suggest a 

large amount of Sr2+ diffused into the sorbent pores, until t=705 min (Fig.24). However, there 

is a deviation of straight lines from the origin for all the concentration level, caused by the 

difference of mass transfer rate between the initial and final stage of adsorption. This 

situation indicates that the intra-particle diffusion is not the main controlling mechanism 

(Bhattacharyya and Gupta, 2006; Mall et al., 2006). 

Model Time scale Parameter 
Strontium concentration (mg/L) 

7.00 27.00 34.00 

Pseudo-first-order 
To 1365 min  
(18.2 pore 
volumes) 

K1 (min-1) 0.0019 0.0022 0.0023 

R2 0.995 0.999 0.999 

Equation  y=-0.00084x+0.141 y=-0.00094x+0.0782 y=-0.000979x+0.0812 

Pseudo-second-order 

Entire range 

K2 (g/mgmin) 24921 20944 14598 

R2 0.406 0.834 0.845 

Equation y=0.0252x+79.25 y=-0.0185x+19.68 y=0.0151x+14.85 

From 825 min 
 (11.0 pore 
volumes) 

K2 (g/mgmin) 2280 4050 2600 

R2 0.996 0.999 0.999 

Equation y=0.0542x+35.15 y=0.0250x+10.062 y=0.0201x+7.2296 

Intra-particle Model 
To 705 min  
(9.4 pore 
volumes) 

Ki 0.508 1.44 1.84 

R2 0.986 0.996 0.996 

Equation y=0.508x-5.14 y=1.436x-12.73 y=1.841x-16.15 

Liquid Film Diffusion 
To 285 min 
(3.7 pore 
volumes) 

Kfd 0.0085 0.0084 0.0084 

R2 0.958 0.957 0.956 

Equation y=0.0085x-3.81 y=0.0084-3.37 y=0.0084x-3.35 
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Fig.23 - Kinetic modelling of the sorption of Sr2+ onto montmorillonite. Pseudo-second order model for adsorption process at 
pH 4and pH8, at different Sr2+ concentrations. 

 

 

 

 

 

 

 

Fig.24 - Kinetic modelling of the sorption of Sr2+ onto montmorillonite. Intra-particle model for adsorption process at pH 4and 
pH8, at different Sr2+ concentrations. 
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Fig.25 - Kinetic modelling of the sorption of Sr2+ onto montmorillonite. Film diffusion model for adsorption process at pH 4and 
pH8, at different Sr2+ concentrations. 

 

 

 

 

Table 9. Kinetic models parameters for Sr2+ adsorption onto montmorillonite at pH 4. 

Model Time scale Parameter 
Strontium concentration (mg/L) 

7.00 27.00 34.00 

Pseudo-first-order 
To 1365 min  
(18.2 pore 
volumes) 

K1 (min-1) 0.0020 0.0023 0.0024 

R2 0.995 0.999 0.998 

Equation  y=-0.00096x+0.142 y=-0.00100x+0.0592 y=-0.00104x+0.0422 

Pseudo-second-order 

Entire range 

K2 (g/mgmin) 149602 13941 9320 

R2 0.609 0.920 0.936 

Equation y=0.0402x+77.55 y=-0.0258x+18.97 y=0.0229x+14.61 

From 825 min 
 (11.0 pore 
volumes) 

K2 (g/mgmin) 14622 3160 2436 

R2 0.998 0.999 1.000 

Equation y=0.0703x+32.06 y=0.0318x+10.025 y=0.0273x+8.155 

Intra-particle Model 
To 705 min  
(9.4 pore 
volumes) 

Ki 0.465 1.173 1.396 

R2 0.992 0.992 0.986 

Equation y=0.465x-4.58 y=1.173x-9.21 y=1.396x-10.40 

Liquid Film Diffusion 
To 285 min 
(3.7 pore 
volumes) 

Kfd 0.0085 0.0081 0.0080 

R2 0.957 0.951 0.950 

Equation y=0.0085x-3.62 y=0.0081-3.10 y=0.0080x-3.02 
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Liquid diffusion becomes the rate controlling cation exchange mechanism, when 

diffusion of the cation across the surrounding film is slower than cation diffusion within the 

particle (Ames, 1962). In order, the liquid film diffusion model was applied to investigate the 

influence of transporting the Sr2+ ions from the liquid phase up to the solid phase boundary 

and their role in the adsorption process (Ames, 1962; Bhattacharyya and Gupta, 2006, 2008; 

Susmita Sen and G, 2009; Zhang and Hou, 2008). 

A linear plot of ln(F) vs. time with zero intercept suggests that the kinetic of the 

sorption process is controlled by diffusion through the liquid surrounding the solid sorbent 

(Bhattacharyya and Gupta, 2008; Ekpete, 2012). The reasonable linear (R2=0.950 to 

R2=0.958 until t=285 min) behavior observed, with the goodness-of-fit improving as Sr2+ 

concentration decreases at both pH’s (Tables 8 and 9), shows that diffusion from the liquid 

phase might have a considerable role on the adsorption until t=285 min of the interaction 

process (Fig.25). 

 

 

4.5.3.4. Sorption isotherm analysis 

Batch equilibrium experiments were used to measure the Sr2+ uptake by 

montmorillonite under different pH and ionic strength conditions. The amount of Sr2+ 

removed from the solution was plotted as a function of the Sr2+ concentration remained in 

solution (Coles and Yong, 2006). The results of the sorption experiments achieved for 

different Sr2+ concentrations are shown in Fig.26. The sorption isotherm shows an increase 

of the amount of Sr2+ adsorbed with the increase of initial Sr2+ concentration until the steady 

state of equilibrium is reached. No considerable effect on the Sr2+ amount adsorbed has 

been achieved due to a full occupancy of available active sites onto montmorillonite surface. 

The adsorption isotherms of Langmuir and Freundlich were applied to describe the 

adsorption equilibrium (Mall et al., 2006). The equilibrium is obtained when occur a 

monolayer formation on the sorbent and all the sorption sites are considered identical and 

energetically equivalent due to its homogeneous structure (Dimović et al., 2009; Kütahyali 

et al., 2012; Mall et al., 2006; Oubagaranadin and Murthy, 2010; Piccin et al., 2012; Sdiri et 

al., 2011). The slope (1/KLqmCe) and the intercept (1/qm) of the plot 1/qe vs. 1/Ce, sorption 

capacity and Langmuir constant are shown in Table 10. The linear fit of the Sr2+ sorption 

using Langmuir isotherm is shown in Fig.27. 
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Fig.26 - Behavior of experimental isotherm data for sorption of Sr2+. 

 

 

 

 

Table 10. Isothermic models parameters for Sr2+ adsorption onto Montmorillonite. 

Model Parameter 
pH 8 pH 4 

[KNO3]=101.1mg/L [KNO3]=1011mg/L [KNO3]=101.1mg/L [KNO3]=1011mg/L 

Langmuir Isotherm 

qm 41.49 33.22 35.59 32.89 

KL 17.37 9.910 12.10 13.45 

R2 0.998 0.990 0.996 0.990 

Equation y=1.39x+0.0241 y=3.04x+0.0301 y=2.32x+0.0281 y=2.26x+0.0304 

Freundlich Isotherm 

n 4.64 3.14 3.38 3.61 

KF 9.64 3.82 4.89 5.14 

R2 0.915 0.982 0.961 0.976 

Equation y=0.215x+2.266 y=0.318x+1.339 y=0.296+1.588 y=0.277x+1.638 
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The “goodness-of-fit” of experimental data towards the linear form of Langmuir model 

illustrate higher values of the correlation coefficients (R2), between 0.990 and 0.998, 

showing a good representation of experimental data. The RL values determined are lesser 

than 1 and greater than 0, indicating a favorable Sr2+ sorption isotherms onto 

montmorillonite. 

Two relevant data were obtained from the Langmuir isotherm: i) the maximum 

amount of Sr2+ adsorbed by montmorillonite is closely the same (from 33.22 mgSr2+/g – pH=8 

to 32.89 mgSr2+/g – pH=4) at higher ionic strength ([KNO3]=1011 mg/L) and different pH (4 

and 8); ii) there is a decrease in the amount of metal adsorbed at pH 4 (from 41.49 mgSr2+/g 

– pH=8  to 35.59 mgSr2+/g – pH=4), at lower ionic strength ([KNO3]=10-3 M), which means 

that with an increase of ionic strength the amount of Sr2+ adsorbed decreased, and the 

difference between the amounts of Sr2+ ions adsorbed at different pH is less significant. This 

situation could be explained by the competition between K+ and Sr2+ for sorption sites. At 

pH 8, the edge sites will be occupied by K+, due to their lower bonding energies and their 

higher capacity to lose more easily their hydrated water. Thus, Sr2+ was probably adsorbed 

by ionic exchange mechanism in the interlayer space, showing an identical behavior to the 

adsorption at pH 4 (Eslinger and Pevear, 1988; Parker and Rae, 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.27 - Langmuir isotherms for Sr2+ adsorption onto montmorillonite under different experimental conditions. 
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The Freundlich sorption model describes the sorption of solutes from liquid to solid 

surfaces. Adsorbents that follow the Freundlich isotherm equation are assumed to have a 

heterogeneous surface consisting of sites with different exponential distribution and 

energies (Akar et al., 2009; Inglezakis and Poulopoulos, 2006; Oladoja, 2008). The 

Freundlich isotherm is linear if 1/n=1 and, as 1/n decreases the isotherm becomes more 

nonlinear (Atun and Kaplan, 1996; Coles and Yong, 2006). 

The linear fit of the Sr2+ sorption experimental data obtained using Freundlich 

isotherm is shown in Fig.28. The calculated correlation factors (Table 10) confirm a poor 

agreement between theoretical model and our experimental results, compared to Langmuir 

model, indicating that the sorbent structure seems to be homogeneous, with similar and 

energetically equivalent sorption sites. The adsorption intensity given by the Freundlich 

coefficient (n) is >1 in the cases studied and the Freundlich coefficient lies between 3.82 

(Lg-1) and 9.64 (Lg-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.28 - Freundlich isotherms for Sr2+ adsorption onto montmorillonite under different experimental conditions. 
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4.5.4. Conclusion 

The results obtained proved that sorption-desorption behavior of montmorillonite 

depend on the solid/solution ratio, where more negative sites become available for the Sr2+ 

ions sorption as pH increases. The amount of Sr2+ adsorbed increased as increasing the 

Sr2+ concentration during the flow-through experiments. The gradient of concentration acted 

as an increasing driving force resulting in an increasing of equilibrium sorption until the 

steady-state equilibrium was reached. The Sr2+ amount desorbed at pH 4 was about half of 

the amount desorbed at pH 8, reveling that at pH 4 enhanced the retention of Sr2+ onto 

montmorillonite. 

The pseudo-first order model has the best fit of experimental data during all the 

adsorption process, confirming that the interaction between Sr2+ and the binding sites has 

an important role in the rate of the process.  

The effect of pH and ionic strength was evaluated during batch experiments, under 

equilibrium and isothermal conditions. The adsorption was higher at pH 8 and lower ionic 

strength ([KNO3]=101.1 mg/L) with a maximum adsorption capacity of 41.49 mgSr2+/g.  

However, the effect of pH in adsorption becomes less significant as ionic strength increases 

(from 33.22 mgSr2+/g – pH=8 to 32.89 mgSr2+/g – pH=4, at higher ionic strength 

([KNO3]=1011 mg/L) and different pH (4 and 8)). The correlation coefficients indicated that 

the Langmuir model fits better the experimental data than the Freundlich model, indicating 

that sorbent structure seems to be homogeneous, with similar and energetically equivalent 

sorption sites. 

The results obtained prove a better prediction of the hazardous trace elements 

sorption in compacted clay rocks liners in competition with the variation of chemical 

environment.  
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ABSTRACT 

The <2 µm clay fractions of three smectite samples (BA1, PS2 and PS3) were 

submitted to UO2
2+ sorption experiments at pH 4 (0.1 mM) and pH 6 (0.2M) in a continuous 

stirred flow-through reactor. The aim was to evaluate the influence of heterogeneous 

structure of smectite during the adsorption and desorption processes, where the 

breakthrough curves (BTCs) were used to model the mass balance. Kinetic models were 

applied to describe the adsorption – desorption kinetics for a liquid-solid system. Sample 

PS2 (K-Illite/beidellite/Na,Ca-montmorillonite) adsorbed at pH 4 more 34% and 138% of 

UO2
2+ than samples BA1 (beidellite/Ca,Na-montmorillonite) and PS3 (K-illite/Na,Ca-

montmorillonite) where the dominant mechanism was the ion-exchange (outer-sphere 

complexation). The UO2
2+ amount adsorbed at pH6 decreased significantly, indicating 

changes in the sorption mechanism. The desorption experiments at pH 4 suggested a 

complete reversibility of the UO2
2+ previously adsorbed, whereas lower reversibility of the 

UO2
2+ previously adsorbed and a stronger complexation occurred at pH 6. The kinetics was 

highly influenced by the structural properties of heterogeneous smectite and the surface 

complexation mechanism involved. Samples submitted to sorption experiments at pH 4 and 

6 were analysed by XPS. Two binding energies were identified at pH 4, 380.8±0.3 eV and 

382.4±0.3 eV, before and after desorption processes. The proportion of the higher binding 

energy component decreased after desorption process, suggesting that the UO2
2+ weakly 

adsorbed was previously desorbed. The results obtained at pH 6 show two different binding 

energies for smectite samples, 380.3±0.3 eV and 381.8±0.3 eV, whose proportions 

remained unchanged before and after desorption process, indicating the higher retention of 

UO2
2+ on smectite. 

 



122 FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  
in the sealing process under extreme conditions of pH 

 
Keywords: Heterogeneous smectite, Continuous stirred flow-through reactor, Adsorption 

and desorption, X-photoelectron spectroscopy. 

 

4.6.1. Introduction 

The long-term storage and safe disposal of nuclear waste is successfully provided 

by the materials selected for engineering barriers in deep geological repositories (Apted and 

Ahn, 2010). The structural and physico-chemical changes of clay mineral properties due to 

thermal, chemical and biological factors may affect the performance of the engineered clay 

barriers in short- and long-term design life periods (Duro et al., 2014; Kaufhold and 

Dohrmann, 2010; Lee et al., 2010). 

Smectite clay is widely used for sealing purposes in repositories owing to its low 

permeability and high sorption capacity (Lee et al., 2010; Parker and Rae, 1998; Pusch et 

al., 2015; Galamboš et al., 2011). A negative impact on smectite buffer is the smectite 

illitization (Inoue et al., 1992), being one of the most unwanted reactions. The reduction of 

hydration capacity and the welding of particle stacks affect the expandability and plasticity 

of smectite (Kaufhold and Dohrmann, 2010; Lee et al., 2010). Changes in the pH and ionic 

strength as a result of chemical and biological processes in the repository environment, will 

affect the aqueous speciation of radionuclides and the surface complexation process 

(Poinssot and Geckeis, 2012; Seaman and Roberts, 2012; Galamboš et al., 2011).  

The UO2
2+ retardation is controlled by its interaction with smectite, depending to the 

UO2
2+ mobility in solution through the near-field adsorbent (Lujanienė et al., 2012; Miller et 

al., 2000). Two main mechanisms of UO2
2+ adsorption on smectite are reported in literature: 

ion-exchange through outer-sphere complexation at low pH and low ionic strength and inner-

sphere complexation on the edge sites at near neutral pH and high ionic strength controls 

the sorption mechanism (Chisholm-Brause et al., 2001; Hennig et al., 2002; Korichi and 

Bensmaili, 2009; Marques Fernandes et al., 2012; Schindler et al., 2015; Sylwester et al., 

2000). Free uranyl ion UO2(H2O)5
2+ is the dominant specie up to pH≈5, whereas the UO2

2+ 

polynuclear species are dominant as pH increases (Bachmaf and Merkel, 2011). 

The UO2
2+ sorption on smectite is governed by adsorption and desorption from 

multiple sites with different kinetics (Bachmaf and Merkel, 2011; Bachmaf et al., 2008; 

Campos et al., 2013; Missana et al., 2004; Wang et al., 2013). There is a lack of information 

relatively to the UO2
2+ desorption kinetics and the contaminant reversibility in different 
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environmental conditions, despite the kinetics of adsorption was well studied in batch 

conditions (Bachmaf and Merkel, 2011; Missana et al., 2004).  

One of the main problems regarding to desorption experiments is the re-suspension 

of the solid particles that remains compacted at the bottom of the tube (Missana et al., 2004). 

This disadvantage is overcome by the continuous stirred tank reactors where the desorbed 

species are continuously removed from the system, avoiding reverse reactions and 

enhancing the study of desorption kinetics phenomena (Grolimund, 1998; Sparks, 1999). 

The continuous stirred flow-through method combines the advantages of batch and flow-

through methods, which represents a powerful tool to identify the factors responsible for 

apparent deviations in sorption parameters measured under distinct environmental 

conditions (Brantley et al., 2007; Fernández-Calviño et al., 2010; Grolimund, 1998; 

Helfferich, 2004). 

Several drawbacks were identified during UO2
2+ sorption in batch reactors regarding 

to the high dependency of the sorbent sorption behavior on the solid concentration (particle 

concentration effect) and the permanent accumulation of solutes, released by the adsorbent, 

which increases the risk of precipitation of secondary phases (Brantley et al., 2007; 

Grolimund, 1998). 

The purpose of this study is to improve the characterization of the UO2
2+ retardation 

onto smectite through the adsorption and desorption experiments using a continuous stirred 

tank reactor. In our experiments three different smectite samples characterized by 

heterogeneous structures, with distinct proportions of tetrahedral and octahedral 

substitutions, were used. The kinetic of sorption process was interpreted by the reaction-

controlled model (pseudo-first order and pseudo-second order) and diffusion-controlled 

model (intra-particle diffusion and liquid-film diffusion).  

Previous studies revealed that multiple surface species are involved on the 

interaction between UO2
2+ and smectite, resulted from ion exchange on planar sites at acid 

pH and surface coordination reactions at the edge sites from near neutral pH at high ionic 

strengths (McKinley et al., 1995; Missana et al., 2004; Sylwester et al., 2000; Zachara and 

McKinley, 1993). In this way, different pH and ionic strengths were imposed during the flow-

through experiments (pH 4, I=1x10-4; pH=6, I=0.2) to study the effect of each surface 

mechanism on the UO2
2+ reversibility. The influence of the structural changes of smectite 

during the adsorption and desorption processes were also taken into account. The results 

of the surface complexation mechanism in distinct environment conditions were supported 

by XPS data. 
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4.6.2. Materials and Methods  

 

4.6.2.1. Materials 

Clay minerals selection and preparation. Three selected bentonite rocks (BA1, PS2 

and PS3) were collected from two different regions of Portugal: Benavila region (BA1) and 

Porto Santo Island, Madeira archipelago (PS2 and PS3). Adsorption experiments were 

preceded by separation and purification process, where carbonate was removed from the 

selected samples according to Jackson’s method (1975). The <2 µm fractions were obtained 

by sedimentation from the purified samples, according to Stocks law. Previously sorption 

experiments, the <2 µm clay fractions were studied by X-ray diffraction (XRD), infrared-

spectroscopy and electron microprobe analysis. The <2 µm clay fractions were analysed by 

XRD in air-dried and ethylene-glycol conditions. Structural behavior of smectite samples 

was verified using several well-known protocols used to differentiate high- from low-charge 

smectite (Barshad, 1960; Harward, 1967; Jackson and Barak, 2005) and to distinguish 

beidellite from montmorillonite (Greene-Kelly, 1952). The detailed results of these 

experiments were discussed in Guimarães et al. (2015a-submitted). 

Structural characterization of the <2 µm clay fractions. Sample BA1 corresponds to 

an interstratified structure composed of beidellite/(Ca,Na)-montmorillonite (2-waters). 

Sample PS2 corresponds to K-illite/beidellite/(Na,Ca)-montmorillonite (R0, 85-90%S). 

Sample PS3 corresponds to a randomly interstratified structure of K-illite/(Na,Ca)-

montmorillonite  (R=0; 70%S), where no beidellitic layers did occur.  

Chemical characterization. Crystal chemistry of the <2 µm clay fractions obtained by 

electron microprobe is given in Table 11. 

 

Table 11. Physicochemical properties of clay minerals. 

Sample Structural Formula 
SBET 

 (m2/g) 
CEC 

(meq/g) 
Charge 
Def./Uc 

BA1 Ca0.53Na0.40(Al2.61Fe0.73Mg0.66)(Si7.28Al0.72)O20(OH)4 12 0.96 
- 1.38 
48%O 
52%T 

PS2 Ca0.27Na0.74K0.16(Al2.52Fe0.67Mg0.78)(Si7.50Al0.50)O20(OH)4 26 1.04 
- 1.31 
62%O 
38%T 

PS3 Ca0.30Na0.59K0.28(Al2.33Fe0.81Mg0.85)(Si7.40Al0.60)O20(OH)4 84 0.81 
- 1.45 
59%O 
41%T 
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4.6.2.1.1. Methods and analytical techniques 

Cation exchange capacity. The <2 µm clay fractions were Sr2+ saturated in order to 

determine the cation exchange capacity (CEC). The experiments were carried out by adding 

0.050 grams of smectite into the polypropylene centrifuge tubes with 14.00 mL of different 

stock solutions at different Sr2+ concentrations, ranged between 5x10-4 M and 1.50x10-2 

M.  Suspensions were shaken for 34 hours, then centrifuged, separated and the solutions 

resulted were preserved by adding HNO3 (65%) and stored at 4 ºC for subsequent chemical 

analyses. The CEC was determined by Sr2+ adsorption tests at pH=4. The Sr2+-aqueous 

solutions of the <2µm clay fractions Sr2+ saturated were analysed by atomic absorption 

spectrometry (AAS). The CEC value was estimated from the maximum amount of Sr2+ 

adsorbed in these conditions, taking into account the following relation: 

CEC(meq/g)=qSr2+(mmol/g)*2.  

The Brunauer-Emmett-Teller specific surface area (BET). The BET surface area of 

the <2µm clay fractions was carried out using nitrogen adsorption-desorption measurements 

with a Micromeritics Tristar II analyser. The samples were degassed at 200 ºC 

overnight before the measurements were taken. The surface area was calculated based on 

the adsorption data in the relative partial pressure range of 0.05-0.2, and the pore size 

distributions were determined based on the Barrett–Joyner–Halender (BJH) adsorption 

curve.  

Electron microprobe analysis. Polished sample surfaces were prepared from the <2 

µm clay fractions, which were previously pressed in pellets with diameter of 3 mm with a 

PIKE Hand Press Kit 161-1024 (Pike technologies). The epoxy resin was prepared using 

the Araldite EAY 103-1 and a HY956-KG hardener (9:1 ratio) and then dispersed in a holder 

of 13 mm. The pellets were located in the epoxy resin, dried during 24 h and subsequently 

polished using the 30, 10 and 2 µm micro-finishing films under dry conditions. The major 

elements of minerals were determined using a Jeol Hyperprobe JXA-8500F electron 

microprobe operated at 15 kV accelerating voltage and 10 nA beam current. Detection limits 

(3τ) above mean background were 0.03 wt.% for most oxides with counting times of 80 s. 

Standards used include albite (NaK), orthoclase (AlKα, SiKα, KKα), apatite (CaKα, PKα), 

MgO (MgKα), MnTiO3 (MnKα), TiO2 (TiKα), Fe2O3 (FeKα). 

Atomic absorption spectrometry.  Chemical analyses of Sr2+ aqueous solutions were 

carried out by atomic absorption spectroscopy using a flame absorption spectrometer Perkin 

Elmer, AAnalyst 200 model with a Strontium hallow cathode lamp, wavelength 460.73 nm, 
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air flow 5.2 L/min and acetylene flow 2.5 L/min. The 5 mL of the acidified strontium solution 

was mixed with 750 μL of lanthanum chloride (LaCl3.7H2O) solution previously prepared 

(176 g of LaCl3×7H2O and 19.1 g of KCl diluted in 1000 mL of deionised water). 

Inductively coupled plasma-mass spectrometry. The UO2
2+ aqueous solutions 

obtained after batch experiments were analysed by inductively coupled plasma-mass 

spectrometry (ICP-MS). The uranium concentrations in acidified solutions were determined 

by external standard calibration method using an inductively coupled plasma-mass 

spectrometry (ICP-MS) (THERMO X series ELEMENT2 and Amiga series, JobinYvon 

equipments). Calibration was done in each analytical session by the external standard 

method. Also, major elements of smectite and composite material were analyzed by ICP-

MS.  

X-ray photoelectron spectroscopy. Uranyl-clay samples obtained after batch 

experiments were analysed by X-ray photoelectron spectroscopy (XPS). XPS spectra were 

recorded using a Physical Electronics PHI 5701 spectrometer with a non-monochromatic Al 

Kα radiation (300 W, 15 kV, hν = 1486.6 eV) as the excitation source. Spectra were recorded 

at 45° take-off angle by a concentric hemispherical analyzer operating in the constant pass 

energy mode at 25.9 eV, using a 720 mm diameter analysis area. Under these conditions 

the Au 4f7/2 line was recorded with 1.16 eV FWHM at a binding energy of 84.0 eV. The 

spectrometer energy scale was calibrated using Cu 2p3/2, Ag 3d5/2 and Au 4f7/2 photoelectron 

lines at 932.7, 368.3 and 84.0 eV, respectively. Charge referencing was done against 

adventitious carbon (C1s 284.8 eV). Powdered solids were mounted on a sample holder 

without adhesive tape and kept overnight in high vacuum in the preparation chamber before 

they were transferred to the analysis chamber of the spectrometer. Each region was 

scanned with several sweeps until a good signal to noise ratio was observed. The pressure 

in the analysis chamber was maintained lower than 10−9 Torr. A PHI ACCESS ESCA-V6.0 

F software package was used for acquisition and data analysis. A Shirley-type background 

was subtracted from the signals. Recorded spectra were always fitted using Gauss–Lorentz 

curves in order to determine more accurately the binding energy of the different element 

core levels. The accuracy of binding energy (BE's) values was within ± 0.1 eV. 
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4.6.3. Kinetics of sorption processes 

Stirred flow-through reactor and flow-through experiments  

The sorption kinetic studies were carried out on smectite suspensions at pH 4 and 

pH 6 using a uranyl acetate solution [UO2(CH3COO)2×2H2O] with a concentration of 

1.00x10-4 M, including different sodium chloride (NaCl) concentrations: 0.1mM and 0.2M, 

respectively. The continuous stirred tank reactor with a volume of 37.3 cm3 was previously 

loaded with 0.55 g of clay suspension pre-washed with a solution of NaCl (0.1M), where the 

flux flowed during 24 h through the 0.45 µm Millipore membranes with a flow rate of 0.7 

mL/min. The process assumes a perfect mixing when the chamber and effluent 

concentrations are equal and transport (diffusion) phenomena is minimized significantly 

(Denbigh and Turner, 1984). However, the use of sorbents (e.g. smectite, vermiculite) that 

contain internal sites for sorption that are not easily accessible may affect the diffusion 

process, and even using a continuous stirred system, diffusion may not be completely 

eliminated (Sparks, 1989). Washing was followed using a continuous flow-through sorption 

process during 34 hours where the UO2
2+ solution was pumped into the reactor at the same 

flow until the clay system became saturated. After this, the clay system was reverted to the 

blank solution with a concentration of 1mM of NaCl for desorption experiments. In this last 

step, the experiments were followed for 10 hours, where the samples were collected at time 

intervals for further chemical analysis. The collected samples were preserved by adding 

HNO3 (65%) and then stored at 4ºC. The adsorption and kinetics experiments were carried 

out in equilibrium conditions with the atmospheric CO2 (pCO2=10-3.5 bar). 

 

4.6.3.1. Modelling of mass balance 

The breakthrough experiments are used to measure the adsorption and desorption 

of contaminant species in the presence of suspended adsorbents (Grolimund et al., 1995). 

Assuming a perfect mixing, the concentration of the adsorptive in the reactor should be equal 

to the effluent concentration (Fernández-Calviño et al., 2010; Grolimund et al., 1995; Tertre 

et al., 2013). The efficiency of the mixing conditions may be tested by comparing the metal 

concentrations obtained in the end of the process, when no smectite is loaded into the 

reactor with the values predicted by the theoretical curve for an inert specie in a continuously 

stirred flow-through reactor. This represents the evolution in time of the outlet concentration, 

[UO2
2+]n-M, after a step-wise increase of the input concentration from 0 to C0, obtained by Eq. 

1 (Villermaux, 1985): 
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where is the concentration of the output solution at time t in the absence of 

smectite, is the UO2
2+ concentration of the input solution that is pumped through the 

reactor during the adsorption process. Q is the flow rate, t is the time and VR is the volume 

of the reactor. 

The amount of UO2
2+ adsorbed, or desorbed, was obtained by taking into account 

the area between the breakthrough curve measured with smectite and the theoretical curve 

measured in the absence of smectite. This amount was calculated according to the mass 

balance proposed to stirred tank reactors, following Eq. 2 (Villermaux, 1985). 
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where  and are the number of pore volumes at times ti and ti+1, calculated by the 

ratio between the total volume of solution pumped through the reactor during each time 

period and the volume of the reactor (VR). In this case, one pore volume corresponds to 58 

minutes. 

The  and  correspond to the output UO2
2+ concentration of each 

sample collected successively at times ti and ti+1. The  and  represent 

the concentrations of the output solution at time ti and time ti+1 in the absence of smectite. 

VR is the reactor volume (37.3 cm3) and m is the mass of smectite in the reactor (0.55 g). 

The same analytical calculus was used by several authors in different sorption experiments 

using clay minerals (Fernández-Calviño et al., 2010; Guimarães et al., 2015; Tertre et al., 

2013). 
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4.6.3.2. Kinetic models 

Several models are frequently applied to describe sorption kinetics for a liquid-solid 

system. Reaction-controlled models such as pseudo-first order model or pseudo-second 

order model assume that the interaction between UO2
2+ and the binding sites controls the 

rate of the process (Ismadji et al., 2015; Sparks, 2013). Both models were obtained by non-

linear regression, given by Eqs. 3 and 4 (Ho and McKay, 1998; Lagergren, 1898): 
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where qt and qe are the amount of solute adsorbed at time t and at equilibrium (mol/Kg), 

respectively, calculated according to Eq. 2. k1 is the rate constant of pseudo-first order in 

min-1 and k2 is the rate constant of pseudo-second order in kg/mol•min. 

Additionally, diffusion-controlled models, such as liquid-film diffusion and intra-

particle diffusion, are also frequently used to describe the kinetic phenomenon of ion-

exchange (time independent) depending of (1) ions diffusion in the aqueous solution, (2) film 

diffusion at the solid-liquid interface, (3) intra-particle diffusion on pore surfaces and (4) inter-

particle diffusion along the solid particles (Selim, 2012; Sparks, 1989). 

The kinetic intra-particle model has been extensively used to describe sorption rates 

in various types of materials (Tsai et al., 2005; Weber and Morris, 1963). In this case, uptake 

varies with t1/2 rather than with the contact time according to Eq. 5:  

   

                            
5.0

it tKq                        (5) 

 

where Ki is the intra-particle diffusion rate constant (mol/kgmin0.5) and qt is the amount of 

UO2
2+ on clay at time t (mol/kg). In the adsorption mechanism following the intra-particle 

diffusion process, the plot of qt versus t1/2 should be a straight line passing through the origin 

with a slope Ki. 
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The liquid film diffusion model (Eq. 6) describes the kinetic phenomenon when the 

flow of the reactants through the liquid film surrounding the adsorbent particles is the slowest 

process determining the kinetics of the rate process (Bhattacharyya and Gupta, 2008): 

 

                               tKF1ln fd                    (6) 

  

where F is the fractional attainment of equilibrium (=qt/qe) and Kfd is the film diffusion rate 

constant (min-1). 

 

 

4.6.4. Results and Discussion 

4.6.4.1. Influence of heterogeneous layers and layer charge location 

distributions  

The effect of layer charge distributed between tetrahedral and/or octahedral sheets 

of smectite was taken into account in sorption experiment. Different charge layers reveal 

different compositions regarding to the degree of octahedral and tetrahedral substitutions 

occurring in smectite layers. Also, the influence of charge distribution of selected smectite 

samples was evaluated taking into account the ratio between the CEC values and the 

respective layer charge deficits (Table 11).  

Higher proportions of tetrahedral substitution (-0.37/(Si,Al)4O10) attributed to 

beidellite layers correspond to sample BA1, whereas the lower tetrahedral charge deficits 

and higher octahedral substitutions were found in samples PS2 (-0.26/(Si,Al)4O10) and PS3 

(-0.30/(Si,Al)4O10). Reduced interlayer distances induced by the increase of layer 

substitutions and by the proximity between the charge deficit of tetrahedral sheet and the 

contaminant, restrict the ion-exchanges process hampering the UO2
2+ uptake. Therefore, 

sample BA1 has higher charge than PS2 but lower CEC value (Table 11).   

A hypothetic structure of smectite samples used in sorption experiments is shown in 

Fig.29, where both layer-types and charge layers are shown for each smectite sample used 

in sorption experiments according with structural and chemical data obtained by XRD and 

EMPA.  
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Fig.29 -Idealization of smectite structures: a) BA1 structure that results from interstratification between beidellite and low 

charge montmorillonite; b) PS2 interstratified structure that consists on Beidellite, Illite and low charge montmorillonite; c) PS3 

structure composed by illite and low charge montmorillonite interstratified. 

  

 

The lower proportion of tetrahedral substitutions of PS2 improved the adsorption on 

interlayer sites, contrary to what is observed for sample PS3 (CEC=0.81 meq/g). Usually, a 

decrease of CEC does occur as the percentage of illite layers increases in the randomly 

interstratified structure of I/S formed. Sample PS3 has higher proportion of illite interstratified 

layers into a randomly 2W/1W-smectite with montmorillonitic character. The lower number 

of available sites for ion-exchange favored the decrease of UO2
2+ adsorbed.  

 

 

4.6.4.2. Uranyl aqueous speciation 

The aqueous speciation of UO2
2+ was calculated using PHREEQC 3.12-8538 code 

(Parkhurst and Appelo, 2013) taking into account the experimental conditions used in the 

acidic and alkaline range. The aqueous uranyl hydrolysis and carbonate complexation 

constants were implemented from the Nuclear Energy Agency (NEA-TDB). The distribution 

of aqueous species from pH 3 to pH 6, using 1.00x10-4M of U(VI) and NaCl, and from pH 5 

to pH 9, using 1.00x10-4M of U(VI) and 0.2M of NaCl, is shown in Fig.30.   
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Fig.30 - Distribution of uranyl aqueous species: a) from pH 3 to pH 6, using 1.00x10-4M (UO2
2+) and 2.00x10-2M (NaCl) and 

b) from pH 5 to pH 9, using 1.00x10-4M (UO2
2+) and 2.00x10-1M (NaCl), considering the atmospheric CO2 effect (P=39 Pa). 

 

 

The major specie up to pH 4.5 is UO2
2+, whereas the polynuclear species are 

dominant at pH>4.7 and at near neutral pH. In the presence of CO2 (g), uranyl carbonate 

species start to be formed from near neutral pH, becoming the predominant species in 

alkaline conditions (Fig.30). The negative charge of uranyl carbonate complexes will 

compromise the adsorption on the partially ionized edge sites (Greathouse and Cygan, 

2006; Pabalan and Turner, 1996). Under the imposed experimental conditions, the UO2
2+ is 

under-saturated in solution and precipitation did not occur.  

 

 

4.6.4.3. Continuous stirred flow-through experiments 

Continuous stirred flow-through experiment was performed in order to investigate 

the kinetics of the UO2
2+ adsorption and desorption processes using different heterogeneous 

smectite samples, where the attention was focused on the UO2
2+ irreversibility. The 

experimental conditions imposed were: pH 4 and low ionic strength ([NaCl]=1x10-4) and pH 

6 and high ionic strength ([NaCl]=0.2). 

The S-shaped of BTCs represents a typical plot of the ratio of outlet to inlet solute 

concentration in the fluid as a function of pore volume. The theoretical BTC corresponds to 

the amount of UO2
2+ detected in the absence of smectite. Two different BTCs (for each 
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sample) corresponding to the adsorption - desorption process were obtained (Figs.31 and 

32). Both phases are separated by an equilibrium period that started when the maximum 

adsorption capacity of smectite was reached. The BTCs are shifted down relatively to the 

theoretical curve (blank curve) indicating retention of UO2
2+ during the adsorption process. 

The amounts of UO2
2+ adsorbed or desorbed corresponding to the area between the 

theoretical BTC and each experimental BTC were calculated using Eq. 2, where the 

retention capacities are shown in Table 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.31 - Breakthrough curves corresponding to the flow-through reactor experiments occurred at pH 4 ([U(VI)]=1.0x10-4M). 
The blank curve corresponds to the theoretical BTC for an inert specie. The pore volume corresponds to the number of 

reactor volumes that have passed through the reactor. 

 

 

 

 Table 12. Amounts of UO2
2+ adsorbed and desorbed from smectite samples and respective 

retention capacities. 

Sample 
qadsorbed (molKg-1) qdesorbed (molKg-1) Retention (%) 

pH 4 pH 6 pH 4 pH 6 pH 4 pH 6 

BA1 0.18 0.05 0.02 0.02 87 68 

PS2 0.23 0.08 0.04 0.02 85 80 

PS3 0.10 0.06 0.02 0.02 82 71 
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Fig.32 - Breakthrough curves corresponding to the flow-through reactor experiments occurred at pH 6 ([U(VI)]=1.00x10-4M). 
The blank curve corresponds to the theoretical BTC for an inert specie. The pore volume corresponds to the number of 

reactor volumes that have passed through the reactor. 

 

 

 

4.6.4.3.1. Adsorption experiments 

The kinetic sorption data obtained at pH 4 reveal a significant difference of the 

adsorbed amount by each smectite sample during the adsorption process, which affected 

directly the behavior of the BTCs. Different performances of smectite samples were 

observed until 5 pore volumes (300 min), where the UO2
2+ removal effectiveness was always 

above 90% for sample PS2 and from 91% to 62% for sample BA1 and 85% to 31% for 

sample PS3, respectively. The BTCs corresponding to samples BA1 and PS2 are identical 

from 12 pore volumes, where 40% of the UO2
2+ present in the input solution was adsorbed 

by both samples. By contrast, the sharpest BTC that describes the adsorption of sample 

PS3 reveals the lower effectiveness for UO2
2+ uptake, as compared with sample BA1 and 

PS2. The equilibrium was reached after 32 hours of adsorption for all smectite samples, 

where the amount of UO2
2+ adsorbed was calculated for each sample (Table 12). Higher 

adsorption capacity was found for PS2 at pH 4 (0.23 mol/kg), which adsorbed more 34% 
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and 138% than the amounts adsorbed by samples BA1 (0.18 mol/kg) and PS3 (0.10 mol/kg), 

respectively.  

The amounts of UO2
2+ adsorbed correspond to 38% (BA1), 45% (PS2) and 24% 

(PS3) of the total CEC for each sample. The lower ratio obtained for PS3 suggests that the 

ion-exchange process is not only dependent of the adsorption capacity of smectite and, 

structural properties or chemical and physical mechanisms occurring during the uptake 

should be considered to explain the restricted adsorption. Sample PS3 consists of an 

interstratified structure (I/S) with about 30% of illite layers. The exchange and surface 

properties are affected by structural micro-organization, which is characterized by a high 

relative amount of external surface area as compared to internal surface area (intra-particle) 

(Huang et al., 2011; Robert et al., 1991). The higher external surface of sample PS3, when 

compared to BA1 and PS2, is confirmed by smectite BET surface areas (Table 11). In this 

case, the increase of the external to internal (interlayer) surface ratio may have enhanced 

the interaction between UO2
2+ and the edge sites, reducing the amount adsorbed.  

The BTCs obtained at pH 6 show a quicker adsorption until 6 pore volumes (≈360 

min) for the three different smectite samples, where about 85% of the total amount of UO2
2+ 

adsorbed were uptaken until this point. The results reveal a significant decrease in the 

number of sites available for adsorption, which was expected taking into account the 

alteration of the adsorption mechanism from pH 4 to pH 6. The fast interaction observed 

was also expectable because the adsorption has mainly occurred in the external sites of 

smectite, where the edge groups are much more accessible for the interaction with the UO2
2+ 

polynuclear species. In this case, the equilibrium was reached after 25 hours of adsorption 

and the amounts adsorbed were calculated (Table 12).  

Sample PS2 has also the highest adsorption capacity at pH 6, adsorbing 0.08 mol/kg, 

which means more 51% of the amount adsorbed by BA1 (0.05 molkg-1) and more 26% than 

PS3 (0.06 mol/kg). Assuming that the adsorption on the edge sites was the main adsorption 

mechanism at near neutral pH and high ionic strength (I=0.2), two main factors may be 

responsible for the adsorption capacity: 

(1) The reactivity of the surface groups is influenced by the degree of isomorphic 

substitutions. Thus, the octahedral substitution of Al3+ for Fe3+ increases the reactivity of the 

edge sites, whereas the Al3+ for Mg2+ has the opposite tendency (Avena et al., 2003; Bourg 

et al., 2007). No significant differences were found regarding to Mg2+ proportions in smectite 

samples. By contrast, higher proportion of Fe3+ (28%) in the octahedral sheet of sample PS3 
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was measured, comparing to samples BA1 and PS2 (18% of Fe3+), enhancing the UO2

2+ 

uptake.  

(2) The increase of the attraction between the metal lattice and the surface oxygens 

enhances the ionization of the hydroxyl groups (Froideval et al., 2003). The charge density 

depends to the external surface area of smectite and influences the number of ionized 

hydroxyl groups due to repulsions between electrostatic charges (Papirer, 2000). The 

charge densities of our samples (BA1, PS2 and PS3) correspond to 4.82, 2.41 and 0.59 

(sites/nm2). The higher charge density of sample BA1 suggests an increase of electrostatic 

repulsions, decreasing the surface groups stability, which infers on its ability to ionization 

and adsorption and explains the lower amount of UO2
2+ adsorbed as compared with samples 

PS2 and PS3. 

The edge surface sites correspond to 10-20% of the total number of sites available 

for sorption (Anderson and Sposito, 1991; Bergaya and Lagaly, 2013), where the amounts 

of UO2
2+ adsorbed in these conditions correspond to 98-44% (BA1), 137%-61% (PS2) and 

139-62% (PS3) of the edge sites capacity of smectite. In this case, the direct interaction 

adsorbent-adsorbate is controlled by inner-sphere and outer-sphere complexation, where 

inner-sphere complexation dominates when negative charge is situated directly at the 

surface. The excess of UO2
2+ adsorbed, mainly on PS2 and PS3, was attributed to diffuse-

ion swarm adsorption that is characterized by ions free diffusion into and out of the interfacial 

region. Outer-sphere complexation and diffusion-ion swarm results from weak electrostatic 

interactions and it is presumable that part of the UO2
2+ adsorbed will be desorbed.  

 

 

4.6.4.3.2. Desorption experiments 

The sorption irreversibility was evaluated by means of desorption experiments 

occurred during 10 h. The BTCs corresponding to the desorption process at pH 4 and pH 6 

are shown in Figs.31 and 32. In acidic conditions, the desorption process was clearly 

incomplete after 10 hours for samples BA1 and PS2. The desorbed amount of UO2
2+ 

increased as increasing of UO2
2+ previously up-taken by ion-exchange at pH 4, which 

demonstrates an identical behavior between adsorption and desorption processes of BA1 

and PS2, suggesting that the complete reversibility of adsorption process may occur. As 

previously described, the ion-exchange mechanism is characterized by weaker surface 

complexes (outer-sphere complexes) between UO2
2+ and smectite where a total reversibility 
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of adsorption is expected (Chorover and Brusseau, 2008). In this case, the higher proportion 

of tetrahedral charge of samples BA1 and PS2, does not seem to provide additional UO2
2+ 

retention. 

After 10 h of desorption process, the amounts of UO2
2+ desorbed correspond to 0.04 

mol/kg for PS2 and 0.02 mol/kg for BA1 and PS3 (Table 12). However, at this point, only 

3% of the initial concentration UO2
2+ (C/C0) are being desorbed from PS3, and desorption 

process may be considered as concluded. The behavior of adsorption and desorption 

processes of sample PS3 clearly indicates that ion-exchange was not the only adsorption 

mechanism occurring. Moreover, a high retention capacity was obtained,  

82 %, for sample PS3, indicating the irreversibility of the UO2
2+ previously adsorbed. This 

confirms the presence of stronger complexes probably formed on the edge sites of smectite. 

In this way, the assumption that the increase of the external to internal (interlayer) surface 

ratio enhanced the interaction between UO2
2+ and the edge sites of sample PS3 is 

reinforced.  

The results obtained from desorption experiments at pH 6 and high ionic strength 

(0.2) suggest that ion-diffusion swarm and inner-sphere and outer-sphere complexation 

processes occurred on the external surface during the adsorption mechanism, which 

confirms that the extension of the UO2
2+ reversibility is highly influenced by the mechanism 

involved on the uptake process. 

Desorption was concluded after 10 hours and the results indicate that more than 

68% of UO2
2+ was fixed in all smectite samples at pH 6. In these conditions, the amount 

desorbed for all smectite samples was identical (i.e., 0.02 mol/kg), which indicates that there 

is no relationship between the amounts adsorbed and desorbed, as noted in the experiments 

occurred at pH 4. Assuming that the UO2
2+ was retained on the edge sites of smectite, it 

occupancy corresponds to 7.39%, 12.18 and 11.06% of their CEC capacities. The higher 

occupancy of the external sites as compared with similar experiments assigned in batch 

reactors (Guimarães et al., 2015b-submitted), revealed the importance of the continuous 

contact between the renewal contaminant solution and the adsorbent. According to the 

Eigen-Wilkins-Werner mechanism (Chorover and Brusseau, 2008), the conversion from 

outer-sphere to inner-sphere complexation occurs during the adsorption on the amphoteric 

sites of smectite. In this particular case, this process has been potentiated by the continuous 

solution flow, explaining the additional capacity to fix UO2
2+ (Brantley et al., 2007).  

Comparing the experimental desorption curves and the predicted desorption curves 

(Fig.33), calculated assuming the total reversibility of the UO2
2+ previously adsorbed and 
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identical rates for the adsorption and desorption processes, it is possible to confirm an 

effective UO2
2+ retardation at pH 6 and high ionic strength, due to surface complexation. 

 

 

 

Fig.33 - Comparison between experimental desorption curves (pH6 – high I) and predicted desorption curves calculted 
assuming the total reversibily of the uranyl previously adsorbed and identical rates for de adsorption and desorption 

processes. 

 

 

4.6.4.4. Kinetics of Sorption-Desorption 

The adsorption kinetics data were tested by pseudo-first order and pseudo-second 

order models and additionally, by diffusion controlled model for the experimental data 

obtained at pH 4 and low ionic strength. The diffusion effect was ignored at pH 6 and high 

ionic strength, because the main adsorption mechanism occurred in the accessible external 

sites of smectite where inner-sphere complexation prevailed. The experiments performed at 

pH 4 and low ionic strength reveal the most significant differences between the three 

sorbents (samples BA1, PS2 and PS3), suggesting different type of sites involved with 

different capacities and affinities to UO2
2+ sorption that affected the kinetic of adsorption.  

Pseudo-first order and pseudo-second order models were obtained by non-linear 

regression (Eqs. 3 and 4), in order to avoid the distortion of model parameters (Table 13) 

when the non-linear equations are transformed into linear forms. The experimental data 
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were fitted to both models (Figs.34, 35 and 36). The pseudo-first order model provided the 

best fit of the kinetic adsorption data obtained at pH 4 for samples BA1 and PS2. The 

adsorption rate was higher for PS2 (K1=2.02×10-3/min) as compared with BA1 (K1=1.76×10-

3/min), reflecting different surface properties of both smectite and the lower amount 

adsorbed by sample BA1. The limited expansibility of sample BA1, due to the higher 

proportion of tetrahedral substitutions, has probably reduced the rate of the hydrated UO2
2+ 

diffusion into the micro-porous interlayer of smectite particles (Brantley et al., 2007).  

Considering the transport restrictions occurred during the uptake process, the kinetic 

of adsorption was additionally described by diffusion-controlled model. The liquid-film 

diffusion model revealed an unsatisfactory fit of the experimental data for both samples 

(R2<0.97). This suggests that the adsorption kinetic was not affected by film-diffusion and 

the mass transfer (diffusion) of the contaminant from the bulk fluid to the external surface of 

smectite was effectively eliminated by the continuous flow-through stirred system.  

 

 

Table 13. Kinetic parameters obtained from the fit to the flow-through sorption data using different 
kinetic models. 

Model Parameter 

Sample 

BA1 PS2 PS3 

pH 4 pH 6 pH 4 pH 6 pH 4 pH 6 

Pseudo-first order 

qe (mol/Kg) 0.244 0.121 0.304 0.151 0.11 0.131 

K1 (min-1) 1.46x10-3 1.44x10-3 1.65x10-3 2.37x10-3 1.93x10-3 1.97x10-3 

R2 0.987 0.996 0.988 0.985 0.995 0.988 

Pseudo -second order 

qe (mol/Kg) 0.333 0.162 0.406 0.184 0.141 0.164 

K2 (kg/mol*min) 3.69x10-3 7.89x10-3 3.57x10-3 1.40x10-2 1.33x10-2 1.22x10-2 

R2 0.975 0.999 0.974 0.990 0.998 0.996 

Intra-particle diffusion 

Ki 
(mol/kg*min1/2) 

8.30x10-3 3.20x10-3 1.15x10-2 7.60x10-3 4.30x10-3 6.10x10-3 

R2 0.997 0.996 0.995 0.993 0.997 0.996 

Film diffusion 
Kfd 1.35x10-2 1.80x10-2 1.45x10-2 1.37x10-2 1.34x10-2 1.26x10-2 

R2 0.956 0.916 0.9713 0.953 0.951 0.941 
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Fig.34 - Kinetics of adsorption and desorption processes of sample BA1 at pH 4 and 6: fit to PFO and PSO models. 

 

 

 

 

 

Fig.35 - Kinetics of adsorption and desorption processes of sample PS2 at pH 4 and 6: fit to PFO and PSO models. 
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Fig.36 - Kinetics of adsorption and desorption processes of sample PS3 at pH 4 and 6: fit to PFO and PSO models. 

 

 

 

The intra-particle diffusion model shows a good fit to the experimental data until 800 

min (Fig.37), where the diffusion effect was probably more pronounced. The lower diffusion 

rate was obtained for sample BA1 (Ki=8.28×10-3 mol/Kgmin0.5), comparing with sample PS2 

(Ki=1.15x10-2 mol/Kg•min1/2), which is in agreement with our previous conclusions.  

 

 

 

Fig.37 - Kinetics of adsorption at pH 4 and pH 6: fit to intra-particle diffusion model. 
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The results of desorption kinetic data at pH 4 are shown in Figs.34, 35 and 36. 

Desorption curves traduce the UO2
2+ desorbed amounts as a function of time, described 

satisfactorily by the pseudo-first order model (Table 14). The desorption processes 

associated with samples BA1 and PS2 were incomplete and revealed the same behavior: a 

faster desorption kinetic process until 200 min for sample BA1 (K1=2.12×10-2/min1) and until 

260 min for sample PS2 (K1=8.48×10-3/min). A significant amount of UO2
2+ was desorbed 

from the lower affinity sites, followed by a much slower process (Table 14), which may be 

extended for several days until the UO2
2+ will be released.  

The results also show that the amount of UO2
2+ previously adsorbed affects the 

kinetics of desorption. The desorption rate is slower as greater is the amount previously 

adsorbed. However, the reversible sorption concept assumes identical adsorption and 

desorption rates, which is not observed in this case for samples BA1 and PS2. In acid 

conditions, a total reversibility of the adsorption is expected as the mechanism of outer-

sphere complexation prevailed during the ion-exchange process. The higher desorption 

rates obtained have resulted from the fact that desorption has been forced by a Na+-solution 

with a concentration ten times higher (1mM) than the concentration of UO2
2+ used in the 

adsorption experiments (0.1 mM). 

 

 

Table 14. Kinetic parameters obtained from the fit to the flow-through desorption data using the 
pseudo-first order model. 

Model Range Parameter 

Sample 

BA1 PS2 PS3 

pH 4 pH 6 pH 4 pH 6 pH 4 pH 6 

Pseudo-first 
 order 

All range 

qe 
(mol/Kg) 0.0018 0.0003 0.0024 0.0005 0.0006 0.0007 

K1 (min-1) 2.12x10-2 1.98x10-2 8.48x10-3 2.10x10-2 1.41x10-2 2.22x10-2 

R2 0.992 0.996 0.997 0.995 0.988 0.999 

From 200 
min 

qe 
(mol/Kg) 0.0015 0.0003 0.0023 0.0004 0.000001 0.0007 

K1 (min-1) 7.22x10-3 1.01x10-2 6.26x10-3 1.57x10-2 4.86x10-3 2.07x10-2 

R2 0.992 0.996 0.997 0.995 0.988 0.999 

 

 

The results obtained for sample PS3, concerning the adsorption and desorption 

processes at pH 4 (Fig.36), indicate the existence of two distinct adsorption mechanism: ion 

exchange on the surface sites (≡X-) and surface complexation on edge sites (≡SOH), which 
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contributed to the lower amount of UO2
2+ adsorbed and, to the greater retention capacities 

obtained. This confirms the differences of the kinetic of adsorption and desorption processes 

between sample PS3 and samples BA1 and PS2. A faster adsorption until 9 pore volumes 

(≈500 min) corresponding to sample PS3 is followed by a very slow process that precedes 

the equilibrium point. The first step is characterized by a faster UO2
2+ diffusion (Ki=4×10-3 

mol/Kg•min0.5) followed by a slower diffusion step (Ki=2×10-3 mol/Kg.min1/2). Both diffusion 

rates are lower than those obtained for samples BA1 and PS2, suggesting that the ion-

exchange process was indeed hampered. Additionally, the kinetic sorption data was also 

perfectly fitted to pseudo-second order model, indicating a clear change of the kinetic 

mechanism.  

This behavior was also found for the adsorption kinetic results obtained at pH 6 for 

smectite samples, where the best fit obtained correspond to the pseudo-second order 

model. The adsorption kinetic obtained at pH 6 reinforces the assumption that the UO2
2+ 

polynuclear species were mainly adsorbed by inner-sphere complexation on the edge sites 

of smectite. This also confirms the preference of smectite for adsorption on the external 

surface of sample PS3.  

The kinetic model fit to the sorption data obtained at pH 6 is shown in Figs.34, 35 

and 36. According to the model parameters (Table 13), the adsorption rates of samples PS2 

and PS3 are very close, whereas the rate of adsorption of sample BA1 is about half 

comparing with samples PS2 and PS3. It was previously reported that the higher charge 

density, associated with electrostatic repulsions caused by the proximity of the surface 

hydroxyl groups of BA1, has probably influenced their lower adsorption capacity. The slower 

adsorption observed in this conditions confirmed the lower ability for sorption of smectite 

BA1.  

Comparing desorption curves for all samples at pH 6, substantial desorption of the 

UO2
2+ weakly adsorbed was confirmed after 200 min. From this point, smectite revealed a 

great capacity to retain the UO2
2+ previously adsorbed, which resulted in a retention capacity 

higher than 68% for all smectite samples. The pseudo-first order model shows the best fit to 

desorption kinetic data (Figs.34, 35 and 36). Desorption rates obtained are similar for all the 

samples (Table 13), which suggests that the kinetic of desorption process is independent of 

the kinetic of adsorption where significant differences were observed. 

Sample PS3 revealed the most identical behavior between desorption processes 

occurred at pH 4 and pH 6 (Fig.36). The kinetic of desorption was slower at pH 4 

(Kdes=1.40×10-2/min), which is in agreement with the assumption that a fraction of UO2
2+ was 
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adsorbed by ion-exchange in the interlayer space, in contrast with the dominant mechanism 

of adsorption occurred at pH 6, where the inner-sphere complexation on the edge sites of 

smectite was dominant. 

Comparing the desorption processes in both pH conditions of samples BA1 and PS2, 

a more significant difference was found for sample PS2, considering their higher adsorption 

capacity at pH 4, when compared to the other samples, and their lower desorption rate 

(Fig.36). 

 

 

4.6.4.5. X-ray photoelectron spectroscopy 

XPS analysis were carried out in order to obtain chemical information about the 

UO2
2+ surface complexes resulted from the interaction between the UO2

2+ ions and the 

internal and external surface of smectite (Fig.38). The relative atomic abundances in the 

samples were calculated from the area intensities of spectra, divided by the relative atomic 

sensitivity factors for the electron emission lines. The surface compositions of the three 

different smectite samples studied are resumed in Table 15. 

It was previously demonstrated that UO2
2+ interact with different sites of smectite, 

depending on the pH and ionic strength conditions. At pH 4 and low ionic strength, we 

assume that UO2
2+ is adsorbed under different binding strengths through cation exchange 

and inner-sphere complexation on the edge sites of smectite. Our previous results, 

regarding to the UO2
2+ adsorption on smectite in similar conditions, but using a batch reactor 

(Guimarães et al., 2016), revealed that two binding energies at 380.8±0.3 eV and 382.3±0.3 

eV (Fig.38) were obtained after the deconvolution of U4f7/2 peak. These two components are 

influenced by the sorption mechanism on smectite, where the UO2
2+ attraction will depend 

on the distance between the permanent negative charge and the UO2
2+. In this way, the 

lower binding energy was assigned to the stronger attraction between UO2
2+ and smectite 

(inner-sphere complexation on the edge sites) , whereas the other component corresponds 

to the weaker surface interaction (ion-exchange) which implies a lower electron density 

around U(VI) center that hampered the electron removal (Del Nero et al., 2004; Ilton and 

Bagus, 2011). 

The smectite samples submitted to desorption experiments were also analyzed by 

XPS. The binding energies obtained at pH 4 and low ionic strength before and after 

desorption process are shown in Table 16. The results indicate identical binding energies 
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before and after desorption but clearly reveal a decrease in the proportion of component at 

382.4±0.3 eV, suggesting that the UO2
2+ surface complexes more weakly adsorbed were 

also desorbed first, contributing to increase the proportion of the lower binding energy 

component. 

The interaction between aluminol and silanol sites and UO2
2+ polynuclear species 

occurred at pH 6 and high ionic strength was also previously suggested (Guimarães et al., 

2016), where two different components at ≈380.3±0.3 eV and ≈381.8±0.3 eV assigned to 

the adsorption of [UO2(H2O)5]2+ on aluminol and silanol sites were identified after the 

deconvolution of the U4f7/2 peak. The data obtained are in agreement with the previous 

results obtained by Del Nero et al. (2004), Froideval et al. (2003), Drot et al. (2007) and 

Kowal-Fouchard et al. (2004). It was not identified any modification of the binding energies 

before and after desorption process at pH 6 (Table 16). The proportion of both components 

were not affected, indicating that UO2
2+ was retained on the external sites of smectite after 

desorption process. 
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Fig.38 - U4f7/2 XPS spectra of the U(VI)-smectite samples (BA1, PS2 and PS3), obtained from the flow-through reactor 
experiments at pH 4 (low I)  and pH 6 (High I). Curve fit showing a contribution of two components for UO2

2+ ions. 
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Table 15. The element composition in atomic concentration (%) and the Si/U and Al/U atomic ratios 
of the studied samples after UO2

2+ sorption in flow-through conditions. 

 

 

 

 

 

 

 

 

 

 

Table 16. Binding energies and relative proportions of the two components fitted to U4f Spectra, 
obtained from U(VI)-smectite samples. 

 

Smectite 

BE (eV) and Relative proportions (%) – after desorption process 

Experiment pH 4 (I=0.02M) pH6 (I=0.2M) 

 
Compnt. I Compnt. II Compnt. I Compnt. II 

Adsorption  

BA1 382.3 (57%) 380.8 (43%) 381.9 (33%) 380.3 (67%) 

PS2 382.4 (77%) 380.8 (23%) 381.9 (27%) 380.3 (73%) 

PS3 382.3 (71%) 380.8 (29%) 381.7 (30%) 380.3 (70%) 

 
BA1 382.4 (34%) 380.8 (66%) 381.7 (36%) 380.3 (64%) 

Desorption 
PS2 382.3 (47%) 380.8 (53%) 381.7 (34%) 380.3 (66%) 

 
PS3 382.4 (37%)           380.8 (63%) 381.8 (35%)         380.3 (65%) 

 

 

 

4.6.5. Conclusion 

The UO2
2+ adsorption and desorption experiments at pH 4 (low I) and pH 6 (high I) 

using a flow-through reactor were carried out in order to investigate the reversibility of the 

UO2
2+ on smectite and the kinetics of sorption processes when both ion-exchange and inner-

sphere complexation mechanisms did occurred.  The UO2
2+ sorption capacity is dependent 

on the pH conditions and the type of surface complexation of smectite. The ion-exchange 

(outer-sphere complexation) was the dominant mechanism at pH 4, where sample PS2 

revealed the higher adsorption capacity, adsorbing more 34% and 138% of UO2
2+ than 

samples BA1 and PS3, respectively. The desorption experiments occurred at pH 4 were not 

pH Samples 
Atomic concentration (%) 

  
 

Si O Al C U Si/U Al/U 

4 

BA1 19.25 54.61 6.01 19.50 0.31 62 19 

PS2 19.08   55.69    7.62 17.13 0.28 68 27 

PS3 20.52 61.32 7.91 9.59 0.17 121 47 

6 

BA1 20.37 59.27 6.39 9.20 0.07 291 91 

PS2 19.06 61.70 7.92 7.85 0.10 190 79 

PS3 19.18 60.01 7.45 8.97 0.08 239 93 
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completed for samples BA1 and PS2 after 10 hours. However, the results obtained show 

higher reversibility in acidic conditions for both samples, suggesting that the UO2
2+ 

previously adsorbed may be completely desorbed. A different behavior was observed for 

sample PS3, which retained about 82% of the amount of UO2
2+ previously adsorbed. The 

results obtained demonstrated a great influence of the structural changes in the adsorption 

and reversibility of UO2
2+ on smectite.   

The experiments conducted at pH 6 demonstrated a significant decrease of the 

UO2
2+ amount desorbed from the three smectite samples, indicating that the surface 

complexation process was changed. This confirmed that inner-sphere complexation on the 

edge sites of smectite is the dominant mechanism at near neutral pH and high ionic strength. 

Therefore, the number of sites available for sorption decreased, resulting into the lower 

amount adsorbed on all smectite samples. This is reinforced by the higher UO2
2+ retention 

capacities obtained in the end of desorption processes at pH 6, which revealed lower 

reversibility of the UO2
2+ previously adsorbed and stronger complexation. 

The kinetic interpretation revealed that the UO2
2+ sorption on smectite is governed 

by the multiple sites with different kinetics. Pseudo-first order model provided the best fit to 

the experimental data obtained for samples BA1 and PS2 corresponding to the UO2
2+ 

adsorption at pH 4 and lower ionic strength, whereas pseudo-second order model fitted 

better the experimental results obtain during the adsorption at pH 6 and higher ionic strength, 

and the experimental data obtained for sample PS3 at pH 4. Distinct adsorption and 

desorption kinetics behavior of sample PS3 reinforces the assumption that the type of 

surface complexation involved and the different structural properties of smectite affected 

significantly the UO2
2+ irreversibility and the kinetics of sorption processes. 

The XPS results confirm different sorption mechanism involved at both pH 

conditions. Before and after the desorption processes, two different binding energies at 

380.8±0.3 eV and 382.4±0.3 eV were identified at pH 4. The proportion of the higher binding 

energy component decreased after desorption process, suggesting that the UO2
2+ weakly 

adsorbed was previously desorbed. The results obtained at pH 6 reveal two different binding 

energies for smectite samples, 380.3±0.3 eV and 381.8±0.3 eV, whose proportions 

remained unchanged before and after desorption process, indicating the higher retention of 

UO2
2+ on smectite surface. 
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4.7. Influence of pH, layer charge location and crystal thickness 

distribution of U(VI) sorption onto heterogeneous dioctahedral 

smectite 
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Algarra, Fernando Rocha, Iuliu Bobos 

Journal of Hazardous Materials (2016), 317, 246-258 
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ABSTRACT 

The UO2
2+ adsorption on smectite (samples BA1, PS2 and PS3) with a 

heterogeneous structure was investigated at pH 4 (I=0.02M) and pH 6 (I=0.2M) in batch 

experiments, with the aim to evaluate the influence of pH, layer charge and crystal thickness 

distribution. The sorption isotherms of Freundlich, Langmuir and SIPS were used to model 

the sorption experiments. The surface complexation and cation exchange reactions were 

modeled using PHREEQC-code to describe the UO2
2+ sorption on smectite. The amount of 

UO2
2+ adsorbed on smectite samples decreased significantly at pH 6 and higher ionic 

strength, where the sorption mechanism was restricted to the edge sites of smectite. The 

≡AlOUO2
+ and ≡SiOUO2

+ were the major surface species involved. Two different binding 

energy components at 380.8±0.3 and 382.2±0.3 eV assigned to hydrate UO2
2+ adsorbed by 

cation exchange and by inner-sphere complexation on the external sites at pH 4 were 

identified by X-photoelectron spectroscopy after the U4f7/2 peak deconvolution. Two new 

binding energy components at 380.3±0.3 and 381.8±0.3 eV assigned to ≡AlOUO2
+ and 

≡SiOUO2
+ surface species were observed at pH 6. 

 

Keywords: Heterogeneous smectite structure, crystal thickness; batch sorption 

experiments, uranyl surface complexation model, X-ray photoelectron spectroscopy. 

 

 

4.7.1. Introduction 

Smectite clay is widely used as “buffer” barrier in engineered radioactive waste 

containment systems, owing to their low permeability and high sorption capacity (Pusch et 
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al., 2015). The performance of the engineering barrier in a high-level waste repository is 

highly affected by structural changes caused by alteration of the original smectite (Meunier 

et al., 1992; Lee et al., 2010). The effect of temperature is reflected by the increase of 

smectite surface charge, induced by silica for aluminium substitution in the tetrahedral sheet, 

affecting also the cation exchange capacity (CEC) and their swelling properties (Christidis 

et al., 2006; Dazas et al., 2015; Ferrage et al., 2005; Ferrage et al., 2007; Laird, 2006).  

Long-term smectite stability after waste emplacement is low because buffer material 

will be exposed to a maximum temperature of 150 ºC at the surface of the waste package, 

pressure in the range of 100-300 bars and groundwaters of various compositions depending 

to the geological environment (Proust et al., 1990). Detailed studies of the reactivity of 

dioctahedral smectite have shown that the hydrothermal conditions imply the formation of 

high- and low-charge layers in different proportions on smectite (Bouchet et al., 1988) and 

the progressive formation of illite-montmorillonite mixed layers (Eberl, 1978; Inoue et al., 

1992). 

Uranium (U) occurs as uranyl (UO2
2+) ions under oxidizing geochemical conditions 

and acidic aqueous solutions, forming monomers, dimers, and trimers at higher pH 

hydrolyses (Grenthe et al., 1992). The pH dependent adsorption behaviour under these 

conditions is similar to other metal oxides with a cationic adsorption on edge sites at pH 5-6 

and an additional anionic adsorption on the edge sites around pH 8 in systems equilibrated 

with atmospheric CO2 (Chisholm-Brause et al., 2001). Despite the importance of this 

mechanism, there is a limited knowledge about the interaction between UO2
2+ ions and clay 

mineral surfaces (Hudson et al., 1999). The interaction of UO2
2+ ions with smectite clay 

minerals, as potential adsorbent materials with high surface area, were carried out with 

montmorillonite (Campos et al., 2013; Catalano and Brown Jr, 2005; Chisholm-Brause et 

al., 2001; Hennig et al., 2002; Hyun et al., 2001; Kim, 2001; Kowal-Fouchard et al., 2004; 

Marques Fernandes et al., 2012; McKinley et al., 1995; Pabalan and Turner, 1997; Schlegel 

and Descontes, 2009; Sylwester et al., 2000; Tsunashima et al., 1981), tri-smectite (Bauer 

et al., 2001; Giaquinta et al., 1997; Korichi and Bensmaili, 2009) or bentonite rocks (Olguin 

et al., 1997).  

Uranyl sorption onto smectite involves multiple binding sites, including ion exchange 

and edge surface sites. Previous works reported that the adsorption of UO2
2+ on smectite 

follows two main mechanisms: ion-exchange through outer-sphere complexation at low pH 

and low ionic strength, whereas at near-neutral pH and high ionic strength through inner-

sphere complexation on the edge sites controls the sorption mechanism (Chisholm-Brause 
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et al., 2001; Hennig et al., 2002; Korichi and Bensmaili, 2009; Schindler et al., 2015; 

Sylwester et al., 2000; Turner et al., 1996). 

The development of surface complexation models (SCM) predicts the behavior of 

uranyl sorption on different clay minerals by fitting the thermodynamic data obtained from 

reference methods under different environmental conditions (Kim, 2001; Zachara and 

McKinley, 1993). The use of a “unique model” was developed to defend the standardization 

of SCM using thermodynamic approaches and parameter optimization in order to achieve 

the best fit to the experimental sorption data (Bradbury and Baeyens, 2000; Marques 

Fernandes et al., 2012; Pabalan and Turner, 1997; Turner et al., 1996). In this way, it was 

possible to reduce the number of adjustable parameters and provide a set of uniform 

parameters based on common reference values. 

The main aim of this study is to understand the degree of interaction between UO2
2+ 

and dioctahedral smectite with a heterogeneous structure as a function of layer charge 

location and the type of interstratified layers, in order to predict the possible changes on 

sorption mechanism caused by structural modification of smectite during alteration. The 

heterogeneous smectite structure used in sorption experiments represents in fact the first 

alteration stage of smectite exposed to circulation of hydrothermal fluids or as backfilling 

materials in nuclear waste disposal (Meunier et al., 1992).  

The kinetic of sorption-desorption experiments of the UO2
2+ retardation onto smectite 

samples (the same samples were used) using a continuous stirred tank reactor was 

previously interpreted by the reaction-controlled model (pseudo-first order and pseudo-

second order) and diffusion-controlled model (intra-particle diffusion and liquid-film diffusion) 

(Guimarães et al. 2016, in press). The adsorption experiments in this work were carried out 

to evaluate the role of pH, charge location and the crystal thickness distribution of smectite 

on the UO2
2+ sorption mechanism. The pH variation influences the UO2

2+ aqueous speciation 

defining the species involved during the sorption mechanism. Also, it may play an important 

role in the surface sites distribution, controlling the adsorption capacity and the binding 

strength of surface complexes. The adsorption process on different smectite samples was 

simulated using the cation exchange and surface complexation model based on diffuse 

double layer (DDL) (Parkhurst and Appelo, 2013). The UO2
2+ surface species adsorbed on 

smectite at pH 4 and pH 6 were also identified by X-ray photoelectron spectroscopy (XPS) 

experiments. 

 

 



156 FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  
in the sealing process under extreme conditions of pH 

 

4.7.2. Materials and methods 

 

4.7.2.1.  Clay minerals selection and preparation.      

Three selected bentonite rocks (BA1, PS2 and PS3) were collected from two 

different regions of Portugal: Benavila region (BA1) and Porto Santo Island, Madeira 

archipelago (PS2 and PS3). The <2 µm fractions were obtained by sedimentation according 

to Stocks law. Before sorption experiments, the <2 µm clay fractions were studied by X-ray 

diffraction (XRD), infrared-spectroscopy and electron microprobe analysis. The structural 

behaviour of smectite samples was verified using several well-known protocols used to 

differentiate high- from low-charge smectite (Barshad, 1960; Harward, 1967; Jackson and 

Barak, 2005) and to distinguish beidellite from montmorillonite (Greene-Kelly, 1952). The 

detailed results of these experiments were discussed in recent work (Guimarães et al., 

2015a). Sample BA1 corresponds to an interstratified structure composed of 

beidellite/(Ca,Na)-montmorillonite (2-waters). Sample PS2 corresponds to K-

illite/beidellite/(Na,Ca)-montmorillonite (R0, 85-90%S). Sample PS3 corresponds to a 

randomly interstratified structure of K-illite/(Na,Ca)-montmorillonite  (R=0; 70%S), where no 

beidellitic layers did occur. The crystal chemistry of the <2 µm clay fractions obtained by 

electron microprobe analysis (EMPA) is given in Table 17. 

 

 

Table 17. Crystal chemistry and physico-chemical properties of clay minerals. 

Sample Structural Formula 
 

(nm) 

SBET 
(m2/g) 

CEC 
(meq/g) 

Charge 
Def./Uc 

Na/
Ca 

BA1 Ca0.27Na0.20(Al1.30Fe0.36Mg0.33)(Si3.63Al0.37)O10(OH)2 7.4 12 0.96 
- 1.38 
48%O 
52%T 

0.74 

PS2 Ca0.14Na0.38K0.08(Al1.25Fe0.34Mg0.39)(Si3.74Al0.26)O10(OH)2 4.8 26 1.04 
- 1.31 
62%O 
38%T 

2.71 

PS3 Ca0.15Na0.30K0.14(Al1.17Fe0.41Mg0.42)(Si3.70Al0.30)O10(OH)2 5.1 84 0.81 
- 1.45 
59%O 
41%T 

2.00 

SW1* Ca0.12Na0.32K0.05(Al1.50Fe0.21Mg0.27Ti0.01)(Si3.99Al0.01)O10(OH)2 8.1 31.82 0.76   

SBld1** Ca0.05Na0.12K0.16(Al1.78Fe1.04Mg0.46Ti0.49)(Si3.77Al0.23)O10(OH)2 12.3     

* Na-Montmorillonite, Wyoming, Source: Clay Minerals Society Repository. 
** Beidellite Black Jack, Idaho, Souce: Clay minerals Repository. 
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4.7.2.2. Methods and analytical techniques 

Cation exchange capacity. The <2 µm clay fractions were saturated with Sr2+ and 

prepared in order to determine the cation exchange capacity (CEC). The experiments were 

carried out by adding 0.050 grams of smectite into the polypropylene centrifuge tubes with 

14.00 mL of different stock solutions at different Sr2+ concentrations, ranged between 5x10-

4 M and 1.50x10-2 M.  Suspensions were shaken for 34 hours, then centrifuged, separated 

and the solutions resulted were preserved by adding HNO3 (65%) and stored at 4 ºC for 

subsequent chemical analyses. The CEC was determined by Sr2+ adsorption tests at pH=4. 

After Sr2+ saturated the <2µm clay fractions the Sr2+-aqueous solutions were analysed by 

atomic absorption spectrometry (AAS). The CEC value was estimated from the maximum 

amount of Sr2+ adsorbed in these conditions, taking into account the following relation: 

CEC(meq/g)=qSr2+(mmol/g)*2.  

 

The Brunauer-Emmett-Teller specific surface area (BET). The BET surface area of 

the <2µm clay fractions was characterized by nitrogen adsorption-desorption measurements 

with a Micromeritics Tristar II analyser. The samples were degassed at 200 ºC 

overnight before the measurements were taken. The surface area was calculated based on 

the adsorption data in the relative partial pressure range of 0.05–0.2, and the pore size 

distributions were determined based on the Barrett–Joyner–Halender (BJH) adsorption 

curve.  

 

X-ray diffraction. The structural characterization of the 2 m clay fractions was 

performed by X-ray diffraction (XRD) using a Siemens D500 machine equipped with a CuK 

radiation and a scanning speed of 1° 2/min in the range 2–50°2θ. The <2 µm clay fractions 

previously analysed by X-ray diffraction (XRD) were prepared as oriented specimens on 

glass slide and then, were run in air-dried (AD) condition and saturated with ethylene-glycol 

vapour during 24 h.  

Chemical treatments for X-ray diffraction analysis. Prior to XRD analysis, smectite 

heterogeneity was studied using several chemical treatments: Mg2+- and K+-saturation tests. 

To differentiate high- from low-charge smectite and to study the layer charge distribution, 

different clay fractions were saturated with 1M KCl (Barshad and Kishk, 1970) and with 1M 

MgCl2 (Harward et al., 1968) during 24 hours (S:L=3.57 g/L). The clay samples saturated 

were analysed by XRD in air-dried (AD) conditions. After X-ray run in AD, the K-saturated 
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clay fractions were heated at 300 ºC during 2 hour, solvated with ethylene glycol (EG) and 

then analysed by XRD. By contrast, the Mg2+-saturated clay fractions followed a glycerol 

treatment before XRD analysis. 

The Greene-Kelly (Hoffman-Klemen) test (Greene-Kelly, 1952a) allowed to 

distinguish beidellite from montmorillonite. The test started with Li+ saturation of <2 µm clay 

fractions, adding 0.050 g of clay into 14 mL of 1M LiCl solution, during 24 hours, followed by 

heating at 300 ºC during 6h, and glycerol treatment. The Li+ irreversible migrated to the 

octahedral sheet converts montmorillonite to a non-expandable structure upon treatment 

with glycerol. The XRD analyses were carried out after heating and glycerol treatment. 

 

 

Crystal thickness distribution. The XRD method is based on the observation that 

XRD peaks are broadened regularly as a function of decreasing crystallite size. This effect 

permits accurate measurement of mean crystallite sizes for periodic crystals that range from 

about 2 nm to about 100 nm. The Bertaut-Warren-Averbach (BWA) analysis was performed 

in the 3 to 6 º2 range using the MudMaster computer program (Drits et al., 1998). The 

program includes corrections of the diffracted intensity (I()) for the Lorentz-polarization (Lp) 

and the structural (G) factors, which are necessary for clays. A combined LpG2 factor was 

calculated for each sample accounting for its Fe content. 

 

Electron microprobe analysis (EMPA). Polished sample surfaces were prepared 

from the <2 µm clay fractions, which were previously pressed in pellets with diameter of 3 

mm with a PIKE Hand Press Kit 161 – 1024 (Pike technologies). The epoxy resin was 

prepared using the Araldite EAY 103-1 and a HY956-KG hardener (9:1 ratio) and then 

dispersed in a holder of 13 mm. The pellets were located in the epoxy resin, dried during 24 

h and subsequently polished using the 30, 10 and 2 µm microfinishing films under dry 

conditions. 

The major elements of minerals were determined using a Jeol Hyperprobe JXA-

8500F electron microprobe operated at 15 kV accelerating voltage and 10 nA beam current. 

Detection limits (3) above mean background were 0.03 wt.% for most oxides with counting 

times of 80 s. Standards used include albite (NaKa), orthoclase (AlK, SiK, KK), apatite 

(CaK, PK), MgO (MgK), MnTiO3 (MnK), TiO2 (TiK), Fe2O3 (FeK). 
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Atomic absorption spectrometry.  Chemical analyses of Sr2+ aqueous solutions were 

carried out by atomic absorption spectroscopy using a flame absorption spectrometer Perkin 

Elmer, AAnalyst 200 model with a Sr2+ hallow cathode lamp, wavelength 460.73 nm, air flow 

5.2 L/min and acetylene flow 2.5 L/min. The 5 mL of the acidified strontium solution was 

mixed with 750 μL of lanthanum chloride (LaCl3.7H2O) solution previously prepared (176 g 

of LaCl3.7H2O and 19.1 g of KCl diluted in 1000 mL of deionised water). 

Inductively coupled plasma-mass spectrometry. The UO2
2- aqueous solutions and 

the presence of Ca2+, Mg2+ and Na+ cations available in aqueous solutions after batch 

experiments were analysed by inductively coupled plasma-mass spectrometry (ICP-MS). 

The uranium concentrations in acidified solutions were determined by external standard 

calibration method using an inductively coupled plasma-mass spectrometry (ICP-MS) 

(THERMO X series ELEMENT2 and Amiga series, JobinYvon equipments). Calibration was 

done in each analytical session by the external standard method. Also, major elements of 

smectite and composite material were analysed by ICP-MS.  

 

X-ray photoelectron spectroscopy. Uranyl-clay samples obtained after batch 

experiments were analysed by X-ray photoelectron spectroscopy (XPS). XPS spectra were 

recorded using a Physical Electronics PHI 5701 spectrometer with a non-monochromatic Al 

Kα radiation (300 W, 15 kV, hν = 1486.6 eV) as the excitation source. Spectra were recorded 

at 45° take-off angle by a concentric hemispherical analyzer operating in the constant pass 

energy mode at 25.9 eV, using a 720 mm diameter analysis area. Under these conditions 

the Au 4f7/2 line was recorded with 1.16 eV FWHM at a binding energy of 84.0 eV. The 

spectrometer energy scale was calibrated using Cu 2p3/2, Ag 3d5/2 and Au 4f7/2 photoelectron 

lines at 932.7, 368.3 and 84.0 eV, respectively. Charge referencing was done against 

adventitious carbon (C1s 284.8 eV). Powdered solids were mounted on a sample holder 

without adhesive tape and kept overnight in high vacuum in the preparation chamber before 

they were transferred to the analysis chamber of the spectrometer. Each region was 

scanned with several sweeps until a good signal to noise ratio was observed. The pressure 

in the analysis chamber was maintained lower than 10−9 Torr. A PHI ACCESS ESCA-V6.0 

F software package was used for acquisition and data analysis. A Shirley-type background 

was subtracted from the signals. Recorded spectra were always fitted using Gauss–Lorentz 

curves in order to determine more accurately the binding energy of the different element 

core levels. The U4f7/2 peak was deconvoluted using a mixed Gaussian-Lorentzian 



160 FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  
in the sealing process under extreme conditions of pH 

 
contribution (Del Nero et al., 2004; Froideval et al., 2003). The accuracy of binding energy 

(BE's) values was within ± 0.3 eV. 

 

 

4.7.3. Experimental  

4.7.3.1. Batch Experiments  

Batch experiments were carried out to investigate the UO2
2+ adsorption on three 

different heterogeneous smectites, with a different distribution of charge deficit. The 

adsorption experiments were carried out at pH 4 and 6, using low (I=0.02M) and high ionic 

strength (I=0.2M), in order to promote the study of both sorption mechanisms on smectite 

surface: ion exchange and inner-sphere complexation on the surface edge sites. Batch 

experiments performed at pH=4 were carried out by adding 0.025 g of the respective clay 

mineral with 14.00 mL (S:L=1.79g/L) of different stock solutions at different UO2
2+ 

concentrations, ranged between 1.00×10-5M and 6.50×10-4M, with NaCl (0.02M). At pH=6, 

0.050g (S:L=3.60g/L) of each smectite was added, and the UO2
2+ concentration of stock 

solutions ranged between 1.00×10-6 M and 1.00×10-4 M, with NaCl (0.2M). Suspensions 

were shaken for 48 hours, and then centrifuged, separated and the resulted (supernatant) 

solutions were preserved by adding HCl and stored at 4 ºC for subsequent chemical 

analysis. Uranyl stock solutions were prepared from a primary standard solution (1.0x10-

3M), obtained by dissolving UO2(CH3COO)2×2H2O in deionized water. The pH was adjusted 

to the required value and monitored with NaOH (0.05M) or HCl (0.05M) (Merck, Germany), 

using a pH meter (Corning 240) calibrated with buffer solutions (pH 4, 7 and 10, Merck). 

 

4.7.3.1.1. Isothermal models 

The Langmuir model assumes that the sorption sites are identical and energetically 

equivalent due to its homogeneous structure (Langmuir, 1916). The equilibrium is obtained 

when the monolayer formation on the sorbent occurs. Langmuir isotherm is described 

according to the following equation: 

 

                 
 eL

eLm
e

CK1

CKq
q


                            (1) 
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where, qe (mol/kg) and Ce (mol/L) are the equilibrium concentrations of UO2
2+ in the solid 

and the liquid phase, respectively, qm (mol/kg) is the maximum sorption capacity, and KL 

(L/kg) is the Langmuir constant related to the energy of adsorption. qe is obtained according 

to Eq. 2:   

 

                                               
m

V
 )C(Cq fie                             (2) 

 

where, Ci and Cf are the concentrations of UO2
2+ in the beginning and the end of the 

adsorption process, V is the solution volume used during batch experiments (14.00 mL) and 

m is the mass of smectite used. 

The Freundlich model was used to describe the adsorption of contaminants on 

heterogeneous surface consisting of sites with different exponential distribution and 

energies (Chen and Wang, 2007; Schwarzenbach et al., 2005).  The equation of Freundlich 

sorption isotherm is expressed by Eq. 3: 

 

                           
n

eFe CKq                                  (3) 

                  

 

where, KF and n are the Freundlich adsorption isotherm constants, being indicative of the 

adsorption extension and the degree of the surface heterogeneity.  

The Sips isotherm combines both Freundlich and Langmuir isotherms where at low 

adsorbate concentration behaves as Freundlich isotherm, whereas at high concentration 

predicts a monolayer adsorption capacity characteristic to Langmuir model (Jeppu and 

Clement, 2012; Maurer, 2000). The mathematical representation of this model is given by 

Eq. 4: 

 

              
n
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                      (4) 

 

where, qm (mol/kg) is the maximum sorption capacity, which can also be expressed as Nt, a 

measure of the total number of binding sites available per g of sorbent, KS is the affinity 
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constant for adsorption  (L/kg) and n is the Freundlich parameter that takes into account the 

system heterogeneity. The Sips isotherm is reduced to the Langmuir form for n=1 and a 

homogeneous surface is considered. The greater is the difference from this value, the 

greater will be the clay surface heterogeneity.  

 

 

4.7.4. Diffuse double layer surface complexation and cation 

exchange modelling 

The diffuse double layer surface complexation model was used to predict the UO2
2+ 

surface complexation reactions onto smectite. The PHREEQC-code (Parkhurst and Appelo, 

2013) describes the surface complexation model including a combination of equilibrium 

protonation (≡SOH2
+), deprotonation (≡SO-) and complexation reactions based on previous 

UO2
2+ sorption experiments on montmorillonite (McKinley et al., 1995). This process was 

based on the geochemical code proposed by (Bachmaf and Merkel, 2011). The major 

surface reactions and input parameters included in our model are resumed in Table 18. The 

second geochemical code developed on PHREEQC was additionally used to describe the 

cation exchange process of UO2
2+ adsorption at pH 4 and pH 6 (Parkhurst and Appelo, 

2013). The cation exchange on the permanently charged planar sites (Eq. 5) was modelled 

taking into account the adsorbent CEC (eqkg-1) and the selectivity coefficient for each ion 

exchange process occurring on the planar sites, given by Eq. 6 (Bradbury and Baeyens, 

2009). The selectivity constants used to model UO2
2+ exchange process are resumed in 

Table 18. The selectivity coefficients regarding to the exchange process between UO2
2+ and 

Ca2+ ( c
UO
Ca K2

), were obtained from the ratio c
Ca
Nac

UO
Na KK /2 (Bradbury and Baeyens, 2000; 

Marques Fernandes et al., 2012; Tournassat et al., 2004). 

 

bAa−Clay + aBb ↔ aBb−Clay + bAa        (5) 

 

a
B

b
A
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             (6) 

 

 

 



FCUP                                                                                                                                                                
Study of stability, reactivity and longevity of clay barriers used                                                                                

in the sealing process under extreme conditions of pH 

163 

 

 

Table 18. Model parameters used to simulate the UO2
2+ adsorption on smectite. 

Model conditions 
Samples 

BA1 PS2 PS3 

Solid concentration (S:L) (g/L) 
3.60 (pH 6) 

1.79 (pH4) 

Surface area (BET) (m2/g) 12 26 82 

Total site concentration (mol/kg) 0.084 0.092 0.071 

    

Edge site reactions Log K 

≡AlOH + H+  =  ≡AlOH2
+ 12.30a 12.30a 12.30a 

≡AlOH  =  ≡AlO- + H+ -13.60a -13.60a -13.60a 

≡AlOH + UO2
2+  =  ≡AlOUO2

+ + H+ 7.70b 7.94b 7.84b 

≡AlOH + 3UO2
2+ + 5H2O =  ≡AlO(UO2)3(OH)5 + H+ -15.19b -14.95b -15.06b 

≡AlOH + Na+  =  ≡AlONa + H+ -6.60 -6.60 -6.60 

≡SiOH  =  ≡SiO- + H+ -6.95a -6.95a -6.95a 

≡SiOH + UO2
2+  =  ≡SiOUO2

+ + H+ 0.75b 0.99b 0.89b 

≡SiOH + 3UO2
2+ + 5H2O =  ≡SiO(UO2)3(OH)5 + H+ -16.19b -15.95b -16.06b 

≡SiOH + Na+  =  ≡SiONa + H+ -10.37 -10.37 -10.37 

    

Exchange reactions Selectivity coefficients (Kc) 

2Na+-clay + UO2
2+ ↔ UO2

2+-clay + 2Na+ 
2.82 
(Na+-
13%) 

2.82 
(Na+-87 

%) 

2.82 
(Na+-
65%) 

2Na+-clay + Ca2+ ↔ Ca2+-clay + 2Na+ 2.50 2.50 2.50 

Ca2+-clay + UO2
2+ ↔ UO2

2+-clay + Ca2+ 1.12 1.12 1.12 

Ca2+-clay + 2Na+ ↔ Na2-clay + Ca2+ 
1.70  

(Ca+2-
87%) 

1.70 
(Ca+2-
13%) 

1.70 
(Ca+2-
35%) 

Aqueous Speciation    

UO2
2+ + H2O = UO2(OH)+ -5.25d   

2UO2
2+ + 2H2O = (UO2)2(OH)2

2+ + 2H+ -5.62d   

3UO2
2+ + 5H2O = (UO2)3(OH)5

+ + 5H+ -15.55d   

UO2
2+ + 3(H2O) = UO2(OH)3

- + 3H+ -20.25d   

a McKinley et al. (1995). 
b Fitted binding constants. 
c Calculated Selectivity coefficients. 
d Guillaumont et al. (2003). 
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The proportion of Ca2+ and Na+ on smectite was taken into account in the modelling 

of cation exchange process. Therefore, two different exchange master species were defined 

according to the next geochemical code developed on pHreeqc: 

 

“EXCHANGE_MASTER_SPECIES 

 X X- #Na-Smectite 

 Z Z- #Ca-Smectite 

EXCHANGE_SPECIES 

 X- = X-; log_k 0.0  

 Z- = Z-; log_k 0.0 

 X- + Na+ = NaX; log_k 0.0 

 2X- + UO2+2 = UO2X2; log_k 0.45 

 2Z- + UO2+2 = UO2Z2; log_k 0.049 

 Z- + Na+ = NaZ; log_k 0.23 

SOLUTION 1 

 pH 4.3 

 Na 20     # concentrations in mmol/kg H2O 

 U(6) 7.36e-1 

 Acetate 1.47 

 Cl 20  charge 

EXCHANGE 

 X 1.14e-4 # 13% Na+ 

 Z 7.43e-4 # 87% Ca2+ 

 -equilibrate 1” 

 

The permanent charged sites (≡X-) was estimated to be equal with the cation 

exchange capacity, whereas the reactive edge sites capacity was assumed to be 15% of 

the total number of crystallite edge sites available. The edge surface sites may correspond 

to 10-20% of the total number of sites available for sorption (Anderson and Sposito, 1991). 

It was also defined that the ratio between ≡AlOH and ≡SiOH sites is 0.83 for smectite (White 

and Zelazny, 1988). The aqueous speciation equilibrium constants (log K) considered in our 

model were obtained from NEA uranium thermodynamic database (Guillaumont et al., 2003; 

Wanner and Forest, 1992).  

A combination of four surface complexes, ≡AlOUO2
+, ≡AlO(UO2)3(OH)5, ≡SiOUO2

+ 

and ≡SiO(UO2)3(OH)5, was assumed according previous research for the best prediction of 

the experimental sorption data (McKinley et al., 1995). The chemical modeling program 

FITEQL 4.0 (Herbelin and Westall, 1999) was used to optimize the respective surface 

complexation constants using the DDL model by means of fitting the UO2
2+ sorption data 

from pH 4 to pH 7, using a concentration of UO2
2+ of 1.0x10-4M and 0.2M of NaCl. Fig.39 

shows the comparison between the U(VI) sorption data on BA1, PS2 and PS3 and the 

surface complexation model. The respective binding constants were then used in the 

PHREEQC-code in order to predict the amount of UO2
2+ adsorbed for different initial 
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concentrations of UO2
2+, different pH conditions and ionic strengths. In this way, different 

solutions were defined in the PHREEQC-code in order to simulate the isothermal curves.  

In the presence of CO2 (g) atmospheric, the UO2
2+ adsorption on smectite is affected 

at pH>6.5 with the formation of uranyl-carbonate ternary-surface complexes. These surface 

complexation reactions were not included in our model, restricting their efficiency to the 

adsorption experiments occurring from acidic to near-neutral pH conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.39 - Comparison of uranium adsorption data on BA1, PS2 and PS3 and the surface complexation model (FITEQL).  
[UO2

2+]=1.00x10-4M, S:L=3.60, PCO2=10-3.5 Pa, 25ᵒC, I=0.2M. 

 

 

The root mean square error (RMSE) given by Eq. 7 (Powlson et al., 2013) was used 

to measure the difference between both models:  
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where x1,i and x2,i are the measured and calculated amounts of UO2
2+ adsorbed on smectite, 

respectively, and n is the total number of experiments carried out using  different UO2
2+ 

concentrations. 

 

 

4.7.5. Results and Discussion 

 

4.7.5.1. Crystal thickness distribution  

The physical and chemical properties (i.e., surface area, CEC, sorption, solubility, 

etc) of a clay mineral may be strongly influence by crystal thickness or particle size 

distribution. Mean crystal thickness (T) of smectite crystals used in our experiments is 4.8 

and 5.1 nm for samples PS2 and PS3, and 7.4 nm for sample BA1 (Table 17). The T (nm) 

corresponding to Na-montmorillonite SW1 and beidellite Black Jack were compared with our 

data (Table 17).  

The T values obtained were used for calculation the total surface area (TSA) which 

includes the basal interfaces and edges of crystals using the following equation: TSA= 

100/0.12T. The values obtained (Table 17) show that the smaller crystals have higher TSA. 

 

 

4.7.5.2. Effect of layer charge location and heterogeneous layers 

distribution 

The effect of layer charge distribution between tetrahedral and/or octahedral sheets 

of smectite was taken into account in sorption experiments. Different charge layers reveal 

different smectite layers compositions regarding to the degree of octahedral and tetrahedral 

substitutions. Also, the influence of charge distribution on selected smectite samples was 

evaluated taking into account the ratio between the CEC values and the respective layer 

charge deficits (Table 17).  

Higher proportions of tetrahedral substitution (-0.37/(Si,Al)4O10) attributed to 

beidellite layers correspond to sample BA1, whereas the lower tetrahedral charge deficit and 

the higher proportion of octahedral substitution occur in samples PS2 (-0.26/(Si,Al)4O10) and 
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PS3 (-0.30/(Si,Al)4O10). Reduced interlayer distances induced by the increase of layer 

substitutions and by the proximity between the charge deficit of tetrahedral sheet and the 

contaminant, restrict the ion-exchanges process hampering the UO2
2+ uptake. In this way, 

sample BA1 has higher charge than PS2 but lower CEC value (Table 17).   

The hypothetic structures of smectite samples used in sorption experiments are 

shown in Fig.40, where both layer-types and charge layers are shown for each smectite 

sample used in sorption experiments, according to the structural and chemical data obtained 

by XRD and EMPA.  

 

 

 

Fig.40 - Idealization of smectite structure: a) BA1 structure that results from interstratification between beidellite and low 
charge montmorillonite; b) PS2 interstratified structure that consists on beidellite, illite and low charge montmorillonite; c) 

PS3 structure composed by illite and low charge montmorillonite interstratified. 

 

 

The lower proportion of tetrahedral substitutions of PS2 improved the adsorption on 

interlayer sites, contrary to what is observed for sample PS3 (CEC=0.81 meq/g). Usually, a 

decrease of CEC occurs as the percentage of illite layers increases in the randomly 

interstratified structure of I/S formed. Sample PS3 has the higher proportion of illite 

interstratified layers (≈30 %), the lower number of available sites for ion-exchange and a 

randomly 2W/1W smectite that favoured the decrease of contaminant adsorption. 
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4.7.5.3. UO2
2+ aqueous speciation 

The aqueous speciation of UO2
2+ calculated using PHREEQC 3.12-8538 (Parkhurst 

and Appelo, 2013) took into account the acidic conditions and lower ionic strength 

([NaCl]=0.02M), and the alkaline and higher ionic strength conditions ([NaCl=0.2 M). The 

aqueous uranyl hydrolysis and carbonate complexation constants were implemented from 

the Thermochemical Databases proposed by the Nuclear Energy Agency (NEA-TDB) 

(Guillaumont et al., 2003). The solubility constant for schoepite and β-UO2(OH)2 is 5.39 

(Critical Stability Constants of Metal Complexes Database, NIST Standard Reference 

Database 46 version 7) and 5.61 (Chemical Thermodynamics Database, NIST Standard 

Reference Database 2, version 1.1), respectively. 

The UO2
2+ speciation is widely dependent on the pH conditions (Chisholm-Brause et 

al., 1994), where different complexes formed will affect the surface complexation. The 

distribution of aqueous species from pH 3 to pH 6, using 6.00x10-4M U(VI) and 0.02M NaCl, 

and from pH 5 to pH 9, using 1.00x10-4M U(VI) and 0.2M NaCl, is shown in Fig.41 The UO2
2+ 

is the major specie up to pH 4.7, where the hydrated form will be adsorbed by smectite, 

whereas the formation of polynuclear species [(UO2)2OH2
2+ and (UO2)3OH5

2+] starts from pH 

3 and 3.5, respectively. The UO2
2+ represents 73% of the total species at pH 4, whereas 

(UO2)2OH2
2+ and (UO2)3OH5

2+ have both proportions of 8% (Fig.41a). The formation of 

(UO2)4OH7
2+ species starts from pH 5 and corresponds to 15% at pH 6, where (UO2)3OH5

2+ 

is a dominant species with a proportion of 60% (Fig.41b).   

 

 

 

 

 

 

 

 

 

 

 

Fig.41 - Distribution of uranyl aqueous species: a) from pH 3 to pH 6, using 6.00x10-4M (UO2
2+) and 1.00x10-2M (NaCl) and 

b) from pH 5 to pH 9, using 1.00x10-4M (UO2
2+) and 2.00x10-1M (NaCl), considering the atmospheric CO2 effect (P=39 Pa). 
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Uranyl carbonate species start to be formed from pH 6.5 in the presence of CO2 (g), 

becoming the predominant species in alkaline conditions (Fig.41). The negative charge of 

uranyl carbonate complexes will compromise the adsorption on partially ionized edge sites. 

The UO2
2+ is under saturated in solution and precipitation did not occur, under the imposed 

conditions in batch experiments. 

 

 

4.7.5.4. Modelling the sorption isotherms 

The calculated isotherm parameters obtained from Langmuir, Freundlich and SIPS 

models are summarized in Table 19. The Freundlich isotherms revealed a good fit for lower 

amounts of UO2
2+ adsorbed (Fig.42), confirming the heterogeneity of different energetic sites 

available for sorption experiments at pH 4 and pH 6. However, the experimental results are 

better described by Langmuir isotherm (Fig.42) when the saturation point approaches once 

predicts a maximum adsorption capacity (qm). The SIPS isotherm (Fig.42) resulted from the 

Freundlich and Langmuir isotherms provides the best fit of the experimental results with the 

higher correlation coefficients. The maximum amounts adsorbed estimated by SIPS 

isotherm predicts a monolayer adsorption capacity when higher UO2
2+ concentrations are 

used and the saturation point is reached. Different amounts of UO2
2+ were adsorbed by 

smectite at pH=4 (Table 19) such as: samples BA1 and PS3 absorbed 25% and 32% of their 

respective CEC, whereas sample PS2 adsorbed 44% of CEC. 

Assuming that ion-exchange is the dominant adsorption mechanism under these 

specific conditions, three main considerations are proposed to explain the results obtained: 

(1) The selectivity of the exchangeable cations in the interlayer space of smectite is highly 

influenced by the size and valence of cation, where the preference for metal adsorption will 

increase as greater is the cation charge and smaller is atomic radius (Wilson, 2013). Both 

Na+ and Ca2+ are exchangeable cations segregated into interlayers of smectite and the 

cation selectivity is a function of layer charge. The Ca2+ is preferentially kept in the interlayer 

site, while Na+ is more easily removed by UO2
2+ (Tsunashima et al., 1981). The interlayer 

composition of samples BA1 and PS3 have lower Na+ compositions (43% and 50%, 

respectively) than sample PS2 (63%). Also, the Na+/Ca2+ ratio (Table 17) reveals the major 

proportion of Na+ in sample PS2, which may explain its higher capacity to adsorb UO2
2+ by 

ion-exchange. (2) The increase of tetrahedral substitution (beidellite component) reduces 

the distance between the adsorbed ion and the negative charge of smectite (Ferrage et al., 

2005; Ferrage et al., 2007; Teich-McGoldrick et al., 2015), producing strong interactions 



170 FCUP                                                                                                                                                                     
Study of stability, reactivity and longevity of clay barriers used                                                                                  
in the sealing process under extreme conditions of pH 

 
between UO2

2+ and the internal surface of smectite. The lower proportion of tetrahedral 

substitutions of sample PS2 favored the release of cations from the interlayer space, 

enhancing the UO2
2+ uptake. (3) The different expansion ability of the interstratified structure 

(heterogeneous character) used in sorption experiments influenced the adsorption process. 

Ca-smectite expands slightly limiting the contaminant diffusion, whereas Na-smectite will be 

completely dispersed in water enhancing the exchange process (Dorfner Walter, 1991). 

The heterogeneity factor (n) obtained from the SIPS isotherm is lower at pH=4, 

indicating a lower heterogeneity of surface sites energy. Thus, the isotherms are concave 

(downward) and the contaminant (i.e., UO2
2+) is weakly bonded to the surface if n<1 

(Schwarzenbach et al., 2005; Vallero, 2010). In this case, it may be confirmed that UO2
2+ is 

adsorbed through weaker electrostatic interactions, when compared to that observed at pH 

6, when outer-sphere complexes in the interlayer site were formed. The lower sorption 

affinity is also confirmed by the lower KS values obtained (Table 19).  

Adsorption on the edge sites is strongly pH-dependent due to the presence of 

amphoteric surface sites. The ion exchange process is inhibited at pH 6 and high ionic 

strength, where the adsorption occurs through the formation of UO2
2+ inner-sphere 

complexes strongly bonded onto smectite surface. The KS also confirms this tendency 

(Table 19), considering the greater values obtained, indicating more favourable sorption 

sites. In these conditions, there is a significant decrease of the amount adsorbed (Table 19), 

when compared with that at pH 4, since only 10-20% of the total surface charge corresponds 

to the edge surface sites. However, the uptake efficiency was much higher at pH 6 as 

increasing of UO2
2+ concentration, once the ratio between the amounts adsorbed per mass 

of smectite and the amounts of UO2
2+ remaining in solution at equilibrium were also 

significantly higher. 

Taking into account the contribution of the variable charge into the total net layer 

charge, the edge surface sites represent 15% of the total number of available sites for 

sorption. In this case only 32% (sample BA1), 33% (sample PS2) and 41% (sample PS3) of 

the external reactive sites were completely filled by UO2
2+ at pH 6 (Table 18). The obtained 

proportions for samples BA1 and PS2 were expected, if we take into account the overall 

isoelectric point of smectite.   

 



FCUP                                                                                                                                                                
Study of stability, reactivity and longevity of clay barriers used                                                                                

in the sealing process under extreme conditions of pH 

171 

 

 

 

 

Fig.42 - Adsorption isotherms describing the UO22+ adsorption onto different smectites at pH 4 (I=0.02M) and pH 6 
(I=0.2M). 
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Table 19. Isotherm parameters obtained from Langmuir, Freundlich and SIPS models fit to sorption 

data. 

Smectite Isothermal model Model Parameters 

Sorption experiments 

pH 4  
(I=0.02 M) 

pH 6 
 (I=0.2M) 

BA1 

Langmuir 

KL 1.03x104 1.07x106 

qm  (mol/Kg) 0.10 0.031 

r2 0.99 0.89 

Freundlich 

KF 1.97 1.07 

N 0.41 0.31 

r2 0.98 0.69 

SIPS 

KS 5.77x103 1.45x106 

qm  (mol/Kg) 0.12 0.027 

N 0.77 2.60 

r2 0.99 0.99 

PS2 

Langmuir 

KL 1.26x105 1.97x106 

qm  (mol/Kg) 0.22 0.034 

r2 0.99 0.94 

Freundlich 

KF 2.28 1.15 

N 0.27 0.29 

r2 0.91 0.75 

SIPS 

KS 1.04x105 2.29x106 

qm  (mol/Kg) 0.23 0.030 

N 0.83 1.87 

r2 0.99 0.99 

PS3 

Langmuir 

KL 3.14x104 1.32x106 

qm  (mol/Kg) 0.10 0.030 

r2 0.97 0.98 

Freundlich 

KF 1.09 3.86 

N 0.30 0.40 

r2 0.97 0.97 

SIPS 

KS 1.25x104 6.88x105 

qm  (mol/Kg) 0.13 0.038 

N 0.60 0.75 

r2 0.99 0.99 
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A higher proportion of illite layers (≈30%) identified in sample PS3 results in an 

increase of variable charge contribution in the total charge of illite/smectite, assuming a 

higher ratio between the edge and the basal (total) surface area (Huang et al., 2011). These 

structural changes affect the surface charge density of smectite, which is inversely 

proportional to the total number of reactive surface functional groups (Turner and Sassman, 

1996). In this way, the adsorption on the edge surface sites has a greater influence in the 

total amount of UO2
2+ adsorbed on sample PS3 and their higher proportion of reactive sites 

may be associated with their lower charge density  (CD=0.59 nm2/site), when compared 

with samples BA1 (4.82 nm2/site) and PS2 (2.26 nm2/site). The higher number of reactive 

sites of sample PS3 justifies their higher adsorption capacity.  

The increases of the energetic heterogeneity on edge surfaces, as new binding sites are 

formed, are suggested by the increase of the heterogeneity factors (n) at pH 6  

(Table 19). The highly energetic sites are covered first, followed by successive occupation 

of sites with lower affinity. The UO2
2+ total concentration will define the degree of coverage 

of the available sites (Pabalan et al., 1996). 

 

4.7.5.5. Surface complexation and cation exchange modelling  

The model applied to reproduce the UO2
2+ adsorption on smectite was able to 

provide a good fit with the experimental data obtained. The model simulation and the 

experimental data are represented in Fig.43 by the logarithm of sorption of UO2
2+ on smectite 

at pH 4 (0.02M) and pH 6 (0.2M) as function of logarithm of UO2
2+ equilibrium concentration. 

The RMSE values obtained at pH 4 (0.28, 0.33 and 0.40 for samples BA1, PS2 and PS3, 

respectively) and at pH 6, (0.06, 0.03 and 0.02) are in agreement with our experimental data 

obtained at both pH conditions. Accordingly, the uranyl adsorption on smectite at pH 4 could 

be explained by the formation of surface complexes with the permanent charged sites 

(UO2X2) and the edge surface sites such as: aluminol (≡AlOUO2
+) and silanol (≡SiOUO2

+) 

sites. The contribution of the permanent charged sites is negligible (<1%) when compared 

with the surface complexation onto the aluminol and silanol sites at pH 6.  

As expected, the results also reveal that the aluminol sites are more reactive than 

the silanol sites, and the ≡AlOUO2
+ was the major surface species at both pH conditions. In 

this case, the surface complexes formed did not correspond directly to the major species 

detected in the U(VI) aqueous speciation, once the ≡AlOUO2
+ and ≡SiOUO2

+ occurred 

above the pH where UO2
2+ is dominant. The models described in literature  

(Korichi and Bensmaili, 2009; McKinley et al., 1995; Turner et al., 1996; Turner and 
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Sassman, 1996) show that the UO2

2+ adsorption on smectite does not form a second inner-

sphere complex (≡SOUO2(OH)5) until much higher pH values and there is no evidence that 

this surface complex has been adsorbed through inner-sphere complexation on the edge 

sites of smectite (Chisholm-Brause et al., 2001). Our results revealed that the proportions 

of ≡SOUO2(OH)5 species were lower than 3% for all the experiments and not represented 

in Fig.43.  

The proportions obtained for each sorption mechanism studied at different pH are 

shown in Table 20. In the case of lower UO2
2+ concentrations, the proportions of UO2

2+ 

adsorbed either by cation exchange or surface complexation on the edge-sites are close for 

all smectite samples (Fig.43). However, the difference between both sorption mechanisms 

is very significant for sample PS2 as increasing of UO2
2+ concentration, which shows a 

proportion of ≈80% for cation exchange and ≈20% for surface complexation. This result 

confirms that cation exchange was favoured for sample PS2, where the proportion of Na+ 

ions in the interlayer composition was higher and the amount of UO2
2+ exchanged was more 

significant ( c

2
2UO

Na
K




=2.82). By contrast, sample BA1 revealed the lower ratio between the 

amount of UO2
2+ adsorbed and their cation exchange capacity and show identical 

proportions of UO2
2+ adsorbed on smectite by cation exchange and surface complexation 

for all the concentration range (Table 20). It confirms that the results provided by this model 

are in concordance with our previous conclusions, which assumed the higher proportion of 

Ca2+ in the interlayer composition and the position of negative layer charge as the main 

factors inhibiting the cation exchange process ( c

2
2UO

2Ca
K




=1.12). 

 

 

Table 20. Proportions of UO2
2+ adsorbed (%) by cation exchange and by surface complexation on 

the edge sites. 

Sorption mechanism  
BA1 (%) PS2 (%) PS3 (%) 

pH 4 pH 6 pH 4  pH 6 pH 4  pH 6 

Cation Exchange (UO2X2) 48-59* 0 53-81* 0 82-72* 0 

Surface complexation (total) 51-41* 100 47-19* 100 18-28* 100 

AlOUO2
+ 98-92* 95-84* 95-86* 91-81* 48-55* 95-86* 

SiOUO2
+ 2-8* 5-16* 5-14* 9-19* 52-45* 5-14* 

* Variation of proportions obtained from the lower to the higher UO2
2+ concentrations used in different sorption 

experiments. 
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Therefore, the structural changes of smectite samples, which hampers the ion-

exchange process, contribute to decrease the total amount of UO2
2+ adsorbed but does not 

affect the adsorption on the edge sites of smectite, where stronger sorption complexes are 

formed, reducing the risk of reversibility of the UO2
2+ previously adsorbed.  

The modelling results obtained at pH 6 indicate that the ratio between the proportion 

of ≡AlOUO2
+ and ≡SiOUO2

+ surface complexes increased as increasing of UO2
2+ 

concentrations. However, the proportion of surface complexes on the aluminol sites was 

higher than 75%, indicating a high reactivity of the aluminol sites at near-neutral pH 

conditions. 

 

 

4.7.5.1. X-ray photoelectron spectroscopy 

The XPS spectra corresponding to U4f7/2 binding energy of UO2
2+ adsorbed at pH 4 

and 6 on smectite (samples BA1, PS2 and PS3) are shown in Fig.44. The atomic 

concentration (%) and the Si/U and Al/U atomic ratios of the studied samples after UO2
2+ 

sorption in batch experiments are shown in Table 21.  

 

 

 

Table 21. The element composition in atomic concentration (%) and the Si/U and Al/U atomic ratios 
of the studied samples after UO2

2+ sorption in batch experiments. 

pH Samples 
Atomic Concentration (%)   

Si O Al C U Si/U Al/U 

4 

BA1 21.06 57.66 7.18 13.69 0.13 162 55 

PS2 20.56 56.84 7.18 15.08 0.17 121 42 

PS3 20.53 55.74 7.33 13.50 0.13 158 56 

6 

BA1 20.56 59.98 6.36 8.48 0.02 1028 318 

PS2 19.36 59.56 7.43 8.48 0.04 484 186 

PS3 19.13 60.97 7.57 8.31 0.05 383 151 
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Fig.43 - Sorption of UO2
2+ on smectite at pH4 (I=0.02M) and pH 6 (I=0.2M) as function UO2

2+ equilibrium concentration and 
its model simulation. 
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The binding energies obtained after the deconvolution of the U4f7/2 peak are shown 

in Table 22. Two binding energy components at 382.2±0.3 eV and 380.8±0.3 eV (Fig.44) 

were obtained after the U4f7/2 peak deconvolution correspond to UO2
2+ adsorbed on smectite 

at pH 4 and low ionic strength (I=0.02 M). Two different binding energy components, at 383.7 

eV and 382.6 eV, assigned to the [UO2(H2O)5]2+ adsorption via ion exchange onto 

montmorillonite (acidic conditions) and to free UO2
2+ adsorption onto aluminol edge sites, 

were obtained by Drot et al. (2007) and Kowal-Fouchard et al. (2004). These results are in 

agreement with the previous conclusions obtained by other authors, who demonstrated 

using molecular spectroscopic probes, the existence of both exchange-sites and edge-sites 

surface complexes of UO2
2+ on smectite (Chisholm-Brause et al., 1994; Morris et al., 1994; 

Sylwester et al., 2000). 

The binding energy components obtained in our work reveal the effect of structural 

heterogeneity of smectite samples on the UO2
2+ sorption behaviour. This is also supported 

by surface complexation and cation exchange model developed in this study. A correlation 

between the proportion for each binding energy component (Table 22) and the proportion of 

UO2
2+ adsorbed (%) by cation exchange and by surface complexation on the edge sites 

(Table 20) was obtained. 

 

 

Table 22. Binding energies and relative proportions of the two components fitted to U4f spectra, 
obtained from U(VI)-smectite samples. 

Smectite 

BE (eV) and relative proportions (%) 

pH 4 (I=0.02M) pH6 (0.2M) 

BE (eV) I BE (eV)  II BE (eV) I BE (eV) II 

BA1 382.2 (57%) 380.8 (43%) 381.9 (33%) 380.3 (67%) 

PS2 382.2 (77%) 380.8 (23%) 381.9 (27%) 380.3 (73%) 

PS3 382.2 (71%) 380.8 (29%) 381.7 (30%) 380.3 (70%) 

 

 

Sample PS2 reveal a major difference between cation exchange and surface 

complexation expressed by the following proportions of 80% and 20%.  Also, a close 

distribution was identified concerning the proportions between high (77%) and low (23%) 

binding energy components. The same behavior was also verified for samples BA1, where 

the cation exchange process was less pronounced and the difference between the 

proportions of UO2
2+ surface species adsorbed by cation exchange (59%) and surface 
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complexation (41%) was less significant according with the surface complexation model. 

Identical proportions were also confirmed by XPS results for sample BA1 where 57% was 

attributed to high binding energy component and 43% for the low binding energy component.  

The sorption behavior of sample PS3 revealed higher sorption capacity by cation 

exchange than sample BA1 and lower sorption capacity than sample PS2. In this case, 72% 

and 71% of UO2
2+ were adsorbed by cation exchange through outer-sphere complexation 

according to the surface complexation model (Fig.44) and the XPS results (Fig.44), 

respectively, whereas 28% and 29% were adsorbed by surface complexation on the edge 

sites. Considering the concordance of both methods, we assumed that the two components 

detected at pH 4 are represented by the same species [UO2(H2O)5]2+, but adsorbed under 

different binding strengths through cation exchange and inner-sphere complexation on the 

edge sites of smectite.  

The U4f7/2 binding energy depends on the length of the U-Oeq bonds, which controls 

the electron density redistribution to or away from U(VI) centers (Del Nero et al., 2004; Ilton 

and Bagus, 2011). The lower binding energy corresponds to strong-binding complexes onto 

surface and short U-Oeq lengths that contribute with more electron density around U(VI), 

enhancing the electron removal (Del Nero et al., 2004; Ilton and Bagus, 2011; Sylwester et 

al., 2000). In such way, the stronger inner-sphere complexation on the aluminol and silanol 

sites was assigned to the lower binding energy (380.8±0.3 eV), whereas the cation 

exchange process characterized by the weaker attraction between UO2
2+ and smectite 

surface was identified by the components appearing at higher binding energy (382.2±0.3 

eV).  

The adsorption of UO2
2+ species at pH 6 and high ionic strength (I=0.2M) is restricted 

to the edge surface complexation sites, where the ≡AlOUO2
+ and ≡SiOUO2

+ are the major 

adsorbed species (Chisholm-Brause et al., 2001; Turner et al., 1996). The two new 

components obtained at 380.3±0.3 eV and 381.8±0.3 eV after U4f7/2 peak deconvolution, 

correspond in fact to ≡AlOUO2
+ and ≡SiOUO2

+ species taking into account the surface 

complexation model developed (Table 20).  
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Fig.44 - U4f7/2 XPS spectra of the U(VI)-smectite samples (BA1, PS2 and PS3), obtained at pH 4 (I=0.02M)  and pH 6 
(I=0.2M), and fitting curves showing a contribution of two components for UO2

2+ ions. 

 

 

The similar proportions of each component for all the adsorbents, suggest that the 

structural changes did not affect significantly the adsorption behaviour when it is controlled 
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by the reactivity of the edge surface sites. Moreover, the higher proportion observed for the 

component corresponding to the lower binding energy confirms the larger affinity of the 

aluminol sites to adsorb UO2
2+. The binding strength of different complexes formed on the 

surface groups will depend of the attraction of the metal lattice (Al3+, Mg2+, Fe3+, Si4+), given 

by valence coordination number ratio values, on surface oxygen electrons: As greater is this 

attraction force, weaker is the attraction of the surface oxygen on the proton proton 

(Froideval et al., 2003). Although the silanol group is primarily negatively charged at the 

same pH conditions, their lower tendency to donate its oxygen electrons and form inner-

sphere complexes justifies the lower proportion of ≡SiOUO2
+ surface species obtained (Drot 

et al., 2007; Kowal-Fouchard et al., 2004). 

 

 

4.7.6. Conclusion 

Smectite samples (BA1, PS2 and PS3) with a heterogeneous structure characterized 

by different interlayer compositions, distinct charge deficit and distribution, and interstratified 

structure were used in UO2
2+ sorption experiments at pH 4 with low ionic strength (I=0.02M) 

and pH 6 with high ionic strength (I=0.2M). The results obtained show that the increase of 

layer substitutions and the proximity between the negative charge on tetrahedral sheet and 

the contaminant have reduced the interlayer distances, restricting the ion-exchange 

process. Sample BA1 has higher tetrahedral charge than PS2 but lower cation exchange 

capacity, whereas sample PS3 has the higher proportion of illite interstratified layers (≈30%) 

and the lower number of available sites for ion-exchange. Samples BA1, PS2 and PS3 have 

43%, 63% and 50% of Na+ available for cation exchange, which adsorbed 25% (0.12 

mol/kg), 44% (0.23 mol/kg) and 32% (0.10 mol/kg) of their respective CEC at pH 4.  This 

reveals a strong competition between Ca2+ and UO2
2+ that restricted the sorption capacity 

mainly on sample BA1. The ion exchange was significantly reduced at pH 6 and higher ionic 

strength, where the amount of UO2
2+ adsorbed correspond to 32%, 33% and 41% of the 

total number of reactive external sites. Sorption capacity is related closely to the CEC, which 

is a function of total surface area and the smectite layer charge. The total surface area 

calculated increases as the mean crystal thickness distribution decreases and the CEC 

increases as total surface area increases.  

A cation exchange and surface complexation model based on diffuse double layer 

was successfully developed, in order to predict the UO2
2+ sorption on smectite. The RMSE 
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values (%)<0.40 for all the experiments confirm a good fit to the experimental data. The 

modelling results showed that UO2
2+ was simultaneously adsorbed in the interlayer charged 

sites by cation exchange reaction and through inner-sphere surface complexation into the 

variable charged sites at pH4 (I=0.02M). This reveals that samples PS2 and PS3 have 

higher tendency to adsorb UO2
2+ through ion exchange, and sample BA1 has similar 

proportions of UO2
2+ absorbed by both mechanisms. The modelling results at pH 6 (I=0.2M) 

indicate that the sorption mechanism was restricted to surface complexation on the external 

sites of smectite where ≡AlOUO2
+ and ≡SiOUO2

+ were the major surface species.  

The XPS results are in agreement with the modelling obtained at both pH conditions. 

Two different components at 380.8±0.3 and 382.2±0.3 eV at pH 4 after the U4f7/2 peak 

deconvolution were assigned to hydrated UO2
2+ adsorbed by inner-sphere complexation on 

the external sites of smectite and adsorbed by cation exchange, respectively. Two new 

binding energy components at 380.3±0.3 and 381.8±0.3 eV identified at pH 6 correspond to 

≡AlOUO2
+ and ≡SiOUO2

+ surface species, respectively. 
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5. Conclusions 

The main purpose of this project was to study the behavior and reactivity of 

Portuguese smectite submitted to Sr2+ and UO2
2+ adsorption under variable pH, ionic 

strength and contaminant concentration. 

The detailed physicochemical characterization of selected Portuguese smectite 

samples allow us to conclude that they consist on interstratified structures distinguished by 

different compositions and distinct layer charges and charge distribution. Smectite BA1 was 

identified as 100% smectite, including beidellite and montmorillonite layers interstratified, 

whereas samples PS2 and PS3 consist of I-S mixed-layer minerals, containing a proportion 

of 10% and 30% of illite, respectively. The XRD results revealed that both samples, PS2 

and PS3, are characterized by random interstratification and disorderly stack sequence, and 

were identified with the grade of ordering R0. The XRD results also showed that the basal 

spacing of samples BA1 and PS2 have only partially expanded after Li+ saturation and 

Glycerol solvation, confirming that part of layer charge resides in the tetrahedral sheets. 

Considering it, the interstratified structure of smectite BA1 was characterized by the 

presence of tetrahedral sheets with charges between 0.23 and 0.38/O20(OH)4, with higher 

proportion of expanded layers, whereas smectite PS2 was characterized by tetrahedral 

charges >0.38/O20(OH)4 and by lower proportion of expanded layers to 16.5 Å. The 

behaviour of smectite PS3 was different after Glycerol solvation, once all the layers 

remained collapsed, indicating that the tetrahedral charges are lower than 0.23/O20(OH)4.  

The use of distinct adsorbates, Sr2+ and UO2
2+, in our experiments provided different 

sorption results at similar conditions, which confirmed that the mechanism of adsorption is 

highly dependent on the size of the ion. The Sr2+ sorption experiments have carried out using 

distinct pH, 4 and 8, and different ionic strength (1x10-2M and 1x10-3M) .The results revealed 

that the amount of Sr2+ adsorbed increases as increasing of Sr2+ concentration during the 

flow-through experiments. In this case, the gradient of concentration acted as an increasing 

driving force resulting into the increase of equilibrium sorption until the saturation point was 

reached. The amount of Sr2+ desorbed at pH 4 was about half of the amount desorbed at 

pH 8, revealing that at pH 4 the retention of Sr2+ onto montmorillonite was enhanced. It 

suggest that Sr2+, due to their size and ion charge, has significantly higher tendency to be 

adsorbed on the interlayer of smectite than K+. The kinetic experimental data indicated that 
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pseudo-first order model had the best fit to the experimental data obtained for both pH 

conditions. 

The effect of pH and ionic strength was evaluated by means of batch experiments. 

The adsorption was higher at pH 8 and lower ionic strength ([KNO3]=1.0x10-3M) with a 

maximum adsorption capacity of 41.49 mgSr2+/g. However, the effect of pH in adsorption 

becomes less significant as ionic strength increases (from 33.22 mgSr2+/g – pH=8 to 32.89 

mgSr2+/g – pH=4, at higher ionic strength ([KNO3]=1.0x10-2M) and different pH (4 and 8)). It 

suggests that Sr2+ is mainly adsorbed by ion-exchange at both pH conditions, and although 

there are more sites available for sorption at pH 8, K+ has greater tendency to be adsorbed 

on the edge sites of smectite than Sr2+. The correlation coefficients indicated that the 

Langmuir model fits better the experimental data than the Freundlich model, indicating that 

sorbent structure seems to be homogeneous, with similar and energetically equivalent 

sorption sites. 

Contrary to Sr2+, the UO2
2+ sorption capacity was highly dependent on the pH 

conditions and the type of surface complexation of smectite. In this case, three different 

smectite samples (BA1, PS2 and PS3) were used in the UO2
2+ adsorption at pH4 (0.1mM) 

and lower ionic strength and at pH 6 and higher ionic strength (0.2M). The results indicated 

that ion-exchange (outer-sphere complexation) was the dominant mechanism at pH 4, 

where sample PS2 revealed the higher adsorption capacity, adsorbing more 34% and 138% 

of UO2
2+ than samples BA1 and PS3, respectively. The amount of UO2

2+ adsorbed 

decreased as increasing of pH and ionic strength (pH=6 ; I=0.2M), for all smectite samples, 

suggesting that the dominant mechanism of adsorption is the inner-sphere complexation in 

external hydroxyl groups of smectite, and the ion-exchange process is suppressed by the 

significant increase of Na+ concentration on solution. These conclusion are in agreement 

with previous results published by other authors. 

The reversibility of the UO2
2+ sorption process was studied by means of flow through 

experiments. The desorption experiments occurred at pH 4 were not completed for samples 

BA1 and PS2 after 10 hours. However, the results obtained show higher reversibility in acidic 

conditions for both samples, suggesting that the UO2
2+ previously adsorbed may be 

completely desorbed. A different behavior was observed for sample PS3, which retained 

about 82% of the amount of UO2
2+ previously adsorbed. The results obtained demonstrated 

a great influence of the structural changes in the adsorption and reversibility of UO2
2+ on 

smectite. The experiments conducted at pH 6 demonstrated a significant decrease of the 

amount of UO2
2+ desorbed from the three smectite samples, indicating that the surface 
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complexation process was changed. This confirmed that inner-sphere complexation on the 

edge sites of smectite is the dominant mechanism at near neutral pH and high ionic strength. 

The interpretation of kinetic data demonstrated that the type of surface complexation 

involved and the structural properties of smectite affected significantly the reversibility of 

UO2
2+ previously adsorbed and the kinetics of sorption processes. Therefore, pseudo-first 

order model provided the best fit to the experimental data obtained for  UO2
2+ adsorption on 

samples BA1 and PS2 at pH 4, whereas pseudo-second order model fitted better the 

experimental results obtain during the adsorption at pH 6 and higher ionic strength, and the 

experimental data obtained for sample PS3 at pH 4.  

Batch experiments of UO2
2+ adsorbed on heterogeneous smectite structures (BA1, 

PS2 and PS3), using pH 4 and lower ionic strength (I=0.02) and pH 6 and higher ionic 

strength (I=0.2 M) were conducted. The results obtained show that the increase of layer 

substitutions and the proximity between the negative charge on tetrahedral sheet and the 

contaminant have reduced the interlayer distances, restricting the ion-exchange process. 

Sample BA1 has higher tetrahedral charge than PS2 but lower cation exchange capacity, 

whereas sample PS3 has the higher proportion of illite interstratified layers (≈30%) and the 

lower number of available sites for ion-exchange. Samples BA1, PS2 and PS3 have 43%, 

63% and 50% of Na+ available for cation exchange, which adsorbed 25% (0.12 mol/kg), 

44% (0.23 mol/kg) and 32% (0.10 mol/kg) of their respective CEC at pH 4. This reveals a 

strong competition between Ca2+ and UO2
2+ that restricted the sorption capacity mainly on 

sample BA1. The ion exchange was significantly reduced at pH 6 and higher ionic strength, 

where the amount of UO2
2+ adsorbed correspond to 32%, 33% and 41% of the total number 

of reactive external sites. Sorption capacity is related closely to the CEC, which is a function 

of total surface area and the smectite layer charge. The total surface area calculated 

increases as the mean crystal thickness distribution decreases and the CEC increases as 

total surface area increases.  

A cation exchange and surface complexation model based on diffuse double layer 

was successfully developed, in order to predict the UO2
2+ sorption on smectite. The RMSE 

values (%)<0.40 for all the experiments confirm a good fit to the experimental data. The 

modelling results showed that UO2
2+ was simultaneously adsorbed in the interlayer charged 

sites by cation exchange reaction and through inner-sphere surface complexation into the 

variable charged sites at pH4 (I=0.02M). This reveals that samples PS2 and PS3 have 

higher tendency to adsorb UO2
2+ through ion exchange, and sample BA1 has similar 

proportions of UO2
2+ absorbed by both mechanisms. The modelling results at pH 6 (I=0.2M) 
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indicate that the sorption mechanism was restricted to surface complexation on the external 

sites of smectite where ≡AlOUO2
+ and ≡SiOUO2

+ were the major surface species.  

The XPS results were in agreement with the modelling results obtained at both pH 

conditions. Two different components at 380.8±0.3 and 382.2±0.3 eV at pH 4 after the U4f7/2 

peak deconvolution were assigned to hydrated UO2
2+ adsorbed by inner-sphere 

complexation on the external sites of smectite and adsorbed by cation exchange, 

respectively. Two new binding energy components at 380.3±0.3 and 381.8±0.3 eV identified 

at pH 6 correspond to ≡AlOUO2
+ and ≡SiOUO2

+ surface species, respectively. After 

desorption process, the proportion of the higher binding energy component obtained at pH 

4 decreased, suggesting that the UO2
2+ weakly adsorbed was previously desorbed. The 

proportions of both binding energy components remained unchanged before and after 

desorption process, indicating the higher retention of UO2
2+ on smectite surface. 

The sorption experiments developed in this study constituted a breakthrough in the 

knowledge of Portuguese smectite. It was focus in the application of these materials as 

possible adsorbents (clay liners) in order to retain radionuclides and avoid the environment 

contamination. Generally the results revealed that, depending on the pH conditions and ionic 

strength, Portuguese smectite may have great capacity to adsorb and retain Sr2+ and UO2
2+. 

The results also demonstrated that the structural heterogeneity of smectite, characterized 

by different layer charge and charge distribution, affects the adsorption capacity, and draws 

attention to the need for additional studies in order to better understand the possible risk of 

this situation to the existing radioactive waste repositories, where the smectite structural 

changes result from the increase of temperature due to waste packaging.  

For future work it is also intended to study in more detail the surface complexation 

process by means of EXAFS, taking into the account that our results revealed that the 

amount of layer charge, as well as, the charge location, affects the attraction/bond strength 

between smectite and radionuclide.  

 

 

 

  


