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ABSTRACT: The adsorption of Cs+ by clay minerals is a complicate process, being 13 

cation exchange and frayed-edge sites the major mechanisms that govern it. However, 14 

environmental variables have a significant impact on the process. In this work, the 15 

influence of the temperature and time in the cesium adsorption capacity of Na-Mica-n 16 

(n=2 and 4) have been explored under subcritical conditions. Those synthetic micas were 17 

able to immobilize cations Cs+ combining adsorption at nonspecific sites, at specific sites 18 

and chemical reaction. The distribution constant of Cs+ was larger in the Na-Mica-2 19 

denoting a higher concentration of specific adsorption sites when layer charge decreased. 20 
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1. Introduction 1 

 2 

Cesium isotopes (137Cs, t1/2= 30 yr, and 135Cs, t1/2= 2·106 yr) are the most responsible 3 

species that produce radiation in the waste of nuclear reprocessing units and constitute 4 

the most hazardous nuclides in radioactive wastes. Besides, they occur as a cation (Cs+) 5 

in soils and can be adsorbed in particular fine clay minerals with a large specific surface 6 

area and exchange capacity. 7 

The interaction between Cs+ and clay minerals have been extensively explored 8 

(Komarneni and Roy, 1978; Poissot et al., 1999; Zachara et al., 2002; Mckinley et al., 9 

2004; Tsai et al., 2009) and those studies clearly indicated that Cs+ adsorbs strongly to 10 

frayed-edge sites of weathered micaceous minerals, adsorption in specific site, (Mckinley 11 

et al., 2004). However, the existence of Cs+ in the interlayer space was also detected, 12 

adsorption in non-specific site, (Kogure and Murakami, 1996; Kogure et al., 2004; 2005). 13 

Kilka et al. (2007) demonstrated that the ion-exchange model can well describe the real 14 

cesium equilibrium sorption for higher cesium concentration, and therefore, a high cation 15 

exchange capacity (CEC) of the clay could favor the cesium adsorption. 16 

Many environmental variables such as contact time, temperature and pressure control 17 

the adsorption of Cs+ by clay minerals (Wu et al., 2009). Subcritical pressures and 18 

temperatures, as it is expected to occur in radioactive waste disposal, provoke a chemical 19 

interaction between radioactive cations and clays even after weathering of the bentonites 20 

(Alba and Chain, 2005; Alba et al., 2006; Chain et al., 2013). 21 

Some micaceous minerals were found to show high selectivity for cesium 22 

radioisotopes (Komarneni and Roy, 1988; Stout and Komarneni, 2003) but they exhibit 23 

low CEC due to fixed interlayer potassium ions. Some attempts have been made to 24 
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improve CEC of mica and K-depleted micas were able to immobilize Cs+ in the interlayer 1 

space (Scott and Smith, 1966). 2 

In this sense, Alba et al. (2006) have synthesized a swelling high-charged mica family, 3 

Na-Mica-n (n=2 and 4), with high CEC comparable to aluminum-rich zeolites. These 4 

micas have attracted considerable interest because of its exceptional adsorption capacity 5 

and selectivity of harmful cations (Komarneni and Roy, 1988; Paulus et al., 1992; 6 

Franklin and Lee, 1996; Kodama et al., 2001; Komarneni et al., 2001; Alba et al., 2006; 7 

García-Jiménez et al., 2013) and constitute a promising material for Cs+ adsorption. 8 

Hence, the aim of this study was: (i) to evaluate the chemical immobilization 9 

mechanism on swelling high-charged synthetic micas under subcritical conditions; (ii) to 10 

evaluate the effect of temperature, pressure and time under subcritical conditions, in its 11 

adsorption capacity. 12 

 13 

2. Experiment 14 

  15 

2.1.Materials.  16 

 17 

 Na-Mica-n (n=2 and 4) were synthesized using the NaCl-melt method following a 18 

similar procedure to that described by Alba et al. (2006). Their structural formulae are 19 

Nan[Si8-nAln]Mg6O20F4, where n represent the charge per unit cell (n=2 and 4). The 20 

starting materials employed were SiO2, Al(OH)3, MgF2 and NaCl. Stoichiometric 21 

proportions of reactants were mixed in an agate mortar. The molar ratio between the 22 

reactants were (8-n)SiO2:(n/2)Al2O3:6MgF2:(2n)NaCl (Alba et al., 2006). The heat 23 

treatments were carried out in a Pt crucibles at 900 ºC during 15 h. The products were 24 
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washed with distilled water and the solids were separated by filtration, dried at room 1 

temperature and then ground in an agate mortar. 2 

 3 

2.2.Hydrothermal treatment.  4 

 5 

The hydrothermal treatments were carried out in a hydrothermal bomb where 0.2 g of 6 

Na-Mica-n were mixed with 30 mL of a 50 meq/L CsCl solution and heated at 150 ºC, 7 

200 ºC and 300 ºC for 1 day and at 80 ºC for 1 and 3 days and for 1 and 4 weeks. The 8 

phases were separated by filtering. 9 

The supernatants were preserved by adding HNO3 and cool stored for subsequent Cs+ 10 

analysis by inductively coupled plasma-mass spectrometry (ICP-MS); the difference for 11 

Cs+ concentration before and after sorption reveals the amount of sorbed Cs+ (Cs): 12 

= − ·  13 

where the V (L) is the volume of the solution, m is the weight of the mica (kg), Ci (meq/L) 14 

and Ceq (g/L) are the concentration of the Cs+ in initial and final solutions, respectively. 15 

The solids were dried at room temperature and characterized by X-ray diffraction 16 

(XRD) and MAS NMR spectroscopy. 17 

The distribution ratio (Kd, L/kg), was calculated as follows: 18 

=  19 

A batch experiment at room temperature and atmospheric pressure for 1 day was carried 20 

out with the same amounts of mica, volume and concentration of the CsCl solutions than 21 

hydrothermal treatments. In this condition, only the Na+ exchange by Cs+ may occur and 22 

the Kd values have been used as reference. 23 

 24 
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2.3.Characterization Techniques.  1 

 2 

The Cs+ concentrations in the initial and final solutions were measured by ICP-3 

MS with an atomic emission spectrometer with inductively coupled source, Perkin Elmer, 4 

Model DRC-e. Such equipment is settled in the Mass Spectrometry and Chromatography 5 

Unit at the University of Cordoba, Spain. 6 

X-ray diffraction (XRD) patterns were obtained at the X-ray laboratory (CITIUS, 7 

University of Seville, Spain) on a Bruker D8 Advance instrument equipped with a Cu K 8 

radiation source operating at 40 kV and 40 mA. Diffractograms were obtained in the 2 9 

range of 3–70° with a step size of 0.015° and a step time of 0.1 s. 10 

The morphology and elemental composition of the crystalline phases after the 11 

treatments were analyzed by scanning electron microscopy (SEM/EDX), using a JEOL 12 

microscope (JSM 5400 Model) and working at 20 kV, which is installed in the 13 

Microscopy Service of ICMS (CSIC-US). This equipment is connected to an energy 14 

dispersive system X-ray (EDX) (Oxford Link ISIS) which allows chemical analysis of 15 

samples using a detector of Si/Li with a Be window. 16 

 The analysis of short-range structural order was carried out by Solids State 17 

Nuclear Magnetic Resonance (MAS-NMR). Spectra were acquired using single pulse 18 

programs on a Bruker DRX 400, equipped with a multinuclear probe in the Spectroscopy 19 

Service of ICMS (CSIC-US). Solid samples were packed in cylindrical zirconia rotors of 20 

4 mm diameter and turned under the magic angle at a frequency of 10 KHz. 29Si spectra 21 

were acquired at a frequency of 79.49 MHz, using pulse width values of 2.66 µs (π/2 = 22 

7.98 µs), and a delay time of 3 s. 1H spectra were acquired at a frequency of 400.13 MHz, 23 

using pulse width values of 4.10 µs (π/2 = 4.10 µs), and a delay time of 5 s. 23Na spectra 24 

were acquired at a frequency of 105.84 MHz, using pulse width values of 2.08 µs (π/2 = 25 
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12.48 µs), and a delay time of 0.1 s. 133Cs spectra were acquired at a frequency of 52.48 1 

MHz, using pulse width values of 0.62 µs (π/2 = 6.2 µs), and a delay time of 1 s. The 2 

chemical shift values were expressed in ppm, using tetramethylsilane as external 3 

reference for 29Si and 1H, 0.1 M NaCl and CsCl solutions for 23Na and 133Cs, respectively. 4 

It was not possible to record the spectra of samples after hydrothermal treatment at 200 5 

°C and 300 °C due to the presence of paramagnetic impurities from the hydrothermal 6 

bomb (El Mrabet, 2014). 7 

 8 

3. Results and discussion 9 

 10 

3.1.Time influence on the Cs+ immobilization.  11 

 12 

The amount of adsorbed Cs+, desorbed Na+ and the distribution constant were shown 13 

in Table 1. 14 

For Na-Mica-2, the adsorbed Cs+ and Kd were similar after 1 and 3 days of 15 

hydrothermal treatments, Kd values being slightly higher than the reference (Kd= 26.4 16 

L/kg), where only cation exchange occurred. At 1 day, the adsorbed Cs+ and desorbed 17 

Na+ were similar whereas at 3 days the amount of cesium adsorbed was lower than the 18 

sodium desorbed. This indicated that in the first case the cation exchange mechanism is 19 

the responsible of the cesium adsorption while in the second case, the interlayer negative 20 

charged should be compensated by others leached frameworks cations (Alba et al., 2001) 21 

or by hydronium cations (Park et al., 2012).  22 

At 1 week, the maximum cesium adsorption was observed and it was higher than the 23 

desorbed Na+ amount. The high Kd value pointed out that cesium was probably adsorbed 24 

by the combination of cation exchange mechanism and adsorption in specific sites. After 25 
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4 weeks, the adsorbed Cs+ and Kd diminished drastically and the desorbed Na+ increased. 1 

At this condition the edges could be sealed and the cesium adsorption inhibited (Stout, 2 

2006) . 3 

Na-Mica-4 exhibited unlike cesium adsorption behavior: the maximum cesium 4 

adsorption was after 1 day and it was higher than the maxima found in Na-Mica-2, due 5 

to its higher CEC. The amount of Na+ desorbed reveals that cation exchange mechanism 6 

was the responsible of the cesium adsorption. At longer time, the cesium adsorption and 7 

Kd drastically diminished, being always lower than for Na-Mica-2, whereas the desorbed 8 

Na+ amount practically remained constant.  9 

The XRD patterns of the Na-Mica-n (Fig. 1) showed 00l reflections corresponding to 10 

a basal space of 1.20-1.22 nm, compatible with swelling micas with hydrated sodium in 11 

the interlayer space (Alba et al., 2006) with small impurities of hidrosodalite.  12 

The evolution of the XRD patterns with the hydrothermal treatment at 80 ºC was 13 

dependent on the layer charge. For Na-Mica-2, the 001 reflection of the swelling mica 14 

disappeared after 1 day and a collapse Cs-mica was formed (Cs-nanpingite-2M1) as 15 

inferred by ICP that pointed to an edges sealing of the layers. It could be provoked by the 16 

lower hydration energy of cesium which favored the formation of inner complex for Cs+ 17 

(Anderson and Sposito, 1991; 1992). The reflections of dehydrated Cs-zeolite were also 18 

observed at 1 day. Other reflections were also observed and corresponded to δ-AlO(OH), 19 

carnegieite and MgF2. The intensities of these reflections remained almost constant up to 20 

4 weeks, except those of Cs-nanpingite-2M1 that after 4 weeks diminished drastically. 21 

The decreased of contribution of this Cs-mica to the XRD patterns indicated a partial 22 

amorphization of the mica framework. 23 

For Na-Mica-4, the XRD patterns after the treatments were similar to the initial one, 24 

which inferred that the adsorption mechanism was mainly by cation exchanged, 25 
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compatible with the ICP results (Table 1), and both cations remained in the interlayer 1 

space as hydrated complex (Alba et al., 2006). The hydrated state of the mica and its long-2 

range structural order remained even after 4 weeks of treatment, although the 001 3 

reflection showed an asymmetry at higher 2θ. Even after 1 day, new reflections of others 4 

crystalline phases were observed. Two new crystalline phases contained cesium were 5 

formed, dehydrated Cs-zeolite and Cs-nanpingite-2M1, thus, a chemical reaction between 6 

cesium and mica framework was occurring parallel to the cation exchange mechanism. 7 

The new phases implied a more effective immobilization mechanism. Other secondary 8 

phase, δ-AlO(OH), was also observed. The intensities of these reflections increased as 9 

time reaction did. After 1 week, a small background was observed in the 2θ range between 10 

20º and 50º, which indicated an amorphization of the Na-Mica-4 framework. 11 

A deep study of the evolution of the cations in the interlayer space have been 12 

performed thorough 23Na and 1H MAS NMR spectroscopies (Fig. 2).  13 

The initial 23Na MAS NMR spectrum of Na-Mica-2 (Fig. 2, top) showed three signals: 14 

at -10.58 ppm, interlayer hydrated sodium (Casal et al., 1994), at 6.12 ppm, sodalite (Trill 15 

et al., 2003) and at 33.25 ppm due to the excess of NaCl (Alba et al., 2006). The spectrum 16 

of Na-Mica-4 (Fig. 2, bottom) showed only two signals at -7.96 ppm, hydrated interlayer 17 

sodium (Casal et al., 1994), and at 6.12 ppm, sodalite (Trill et al., 2003). In both samples, 18 

sodium signal of the hydrated sodium and sodalite decreased with time; however, the 19 

signal of the excess NaCl, in Na-Mica-2 spectra, remained constant.  20 

The 1H MAS NMR spectra of the initial Na-Mica-n (Fig. 2, right) showed a broad 21 

signal (ca. 4 ppm) due to the coordination sodium water (Alba et al. 2013). In both 22 

samples, the peaks broaden after the hydrothermal treatment and denoted heterogeneity 23 

in the interlayer space caused by the simultaneous presence of cesium and the leached of 24 

magnesium and/or aluminum. New narrower signals at lower frequencies, at 0.19 and 25 
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1.35 ppm for Na-Mica-2 and Na-Mica-4 respectively, due to isolated OH groups 1 

(Mackenzie and Smith, 2002) can be distinguished after the hydrothermal treatments.  2 

The study of the structural changes that occurred in the tetrahedral sheet of micas, 3 

sheet adjacent to the interlayer space, was carried out by 29Si MAS NMR spectroscopy 4 

(Fig. S1).  5 

The 29Si MAS NMR spectra (Fig. S1) of the initial micas showed a group of 6 

signals between -75 and -100 ppm due to Q3 (nAl) environments typical of micas (Sanz 7 

and Serratora, 1984) and a signal at -84 ppm assigned to sodalite (Engelhardt et al., 1992) 8 

. The hydrothermal treatment caused the generation of new silicon environments and the 9 

signals overlapping caused a widening of the spectra.  10 

The results of the spectra deconvolution were summarized in Table 2 and 3. The 11 

hydrothermal treatment caused the lower frequency shifts of the Na-Mica-4 signals, 12 

which was compatible with the formation of Cs-nanpingite. However, the silicon mica 13 

signal did not shift in the case of Na-Mica-2 where the interlayer space remained swelled. 14 

Furthermore, the disappearance of sodalite and hidrosodalite and the appearance of new 15 

signals were also observed. This new signals corresponded to carnegieite (Highes and 16 

Weller, 2002) and Cs-zeolite (Stebbins et al., 1986), which was consistent with XRD 17 

results.  18 

 19 

3.2.Temperature influence on the Cs+ immobilization.  20 

 21 

The effect of temperature in the Cs (Cs+), Cds (Na+) and distribution coefficient was 22 

shown in Table 1. 23 

For Na-Mica-2 the temperature increment provoked an increase in the desorbed 24 

sodium amount, without a parallel sorption of cesium. At 80 °C, more amount of Cs+ was 25 
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adsorbed than Na+ was desorbed. At 150 °C, the amounts of adsorbed Cs+ and desorbed 1 

Na+ were practically equal so probably the mechanism was cation exchange, although the 2 

Kd remains much higher than the reference one. This could be explained because part of 3 

Cs+ exchanged the Na+, but other part of Cs+ was adsorbed at specific sites. This procedure 4 

will be the responsible of the large difference between the adsorbed Cs+ and desorbed 5 

Na+ observed at 200 ºC, although interlayer space collapse can also contribute (Stout et 6 

al., 2006). At this temperature, a drop in the amount of adsorbed Cs+ and Kd was observed, 7 

due to the adsorption of this amount of Cs+ in nonspecific sites. Finally, at 300 °C, a 8 

similar amounts of adsorbed Cs+ and desorbed Na+, but a much higher Kd than at previous 9 

temperatures, were observed and it would indicate that a chemical reaction between Cs+ 10 

and Na-Mica-2 could be happening (García-Jiménez et al., 2016). The Cs+ adsorption was 11 

maximum at this temperature. 12 

For Na-Mica-4, the amount of desorbed sodium increased with temperature, although 13 

a small drop was observed at 200 °C. In addition, the amounts are higher in the Na-Mica-14 

4 than in Na-Mica-2 because it had more sodium in the interlayer space. At  80 °C, the 15 

adsorbed Cs+ was only  one third of the desorbed Na+, with a Kd similar to the reference 16 

Kd (Kd = 13.7 L/Kg), thus, the adsorption may occurs at  nonspecific sites. This could be 17 

explained because at this temperature the amount leached and/or sealing of the edges of 18 

the sheets was greater than in Na-Mica-2, both instability mechanism increased with the 19 

degree of isomorphic substitution of Al for Si (Alba et al., 2010). At 150 °C, a drop in the 20 

adsorbed Cs+ and Kd were observed, a cation exchange mechanism being denoted. Both 21 

facts pointed to the instability of the layers that increased with temperature. At 200 ºC, 22 

the Kd and adsorbed amount of Cs+ were nearly the double than at 150 ºC, inferring that 23 

specific adsorption sites were generated. As in the Na-Mica-2, at 300 °C the amount of 24 

adsorbed Cs+ and Kd markedly increased, which is about twice of the reference Kd. It 25 
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should be compatible with the involvement of a chemical reaction in the immobilization 1 

process (García-Jiménez et al., 2016). 2 

  The long-range structural order of the samples after the hydrothermal treatment at 3 

different temperatures for 1 week were analyzed by XRD (Fig. 3). As already mentioned, 4 

the initial micas had an impurity of hidrosodalite, which decreased with increasing 5 

temperature and disappeared at 150 °C.  6 

When Na-Mica-2 was treated at 80 °C (Fig. 3 top), the 001 reflection of hydrated Na-7 

Mica-2 disappeared and Cs-nanpingite was observed, this mica did not swell and could 8 

immobilize cesium. In addition, a whole family of new phases was generated: dehydrated 9 

Cs-type zeolite, δ-AlO (OH), carnegieite and MgF2. The appearance of these new Cs-10 

phases agreed with the high Kd (Table 1). All new phases remain constant up to 300 °C. 11 

In Na-Mica-4, after the hydrothermal treatment, a diminished of d001 at 1.16 nm was 12 

observed. This decrease of the interlayer space could be explained by the reduced 13 

hydration energy and water coordination number of cesium (Rayner-Canham, 2000). 14 

Therefore, sodium generally formed outer-sphere complexes while cesium preferred to 15 

form inner-sphere complexes, where the coordination sphere would be completed by the 16 

basal oxygen of the tetrahedral sheet, (Anderson and Sposito, 1991; 1992). At 150 °C, 17 

two reflections (2θ = 7.38° and 7.82°) corresponding to different hydration states of the 18 

interlayer cesium were observed and disappeared at 300 °C due to Cs-nanpingite. The 19 

presence of dehydrated Cs+ in the interlayer space of a micaceous material such as 20 

nanpingite was confirmed by SEM/EDX (Fig. S2). 21 

Another consequence of increasing the temperature was the generation of new phases. 22 

At 80 °C, new reflections of nanpingite (2θ = 33.8°) and the dehydrated Cs-zeolite were 23 

observed, the extent of the reaction being lower than in the Na-Mica-2. These phases 24 

remained constant with temperature, in good agreement with the constant Kd values that 25 
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were lower than in the Na-Mica-2. After treatment at 300 °C, the reflections of those 1 

phases increased and new reflections of carnegieite and MgF2 appeared, in agreement 2 

with the higher Kd value. 3 

The comparison of the crystalline phases evolution in both micas allowed remarking 4 

the followings items: (i) at 150 °C, sodalite impurity disappeared in both micas, and, (ii) 5 

Na-Mica-2 treated at 80 °C showed all new phases that remained constant with 6 

temperature, whereas, Na-Mica-4 needed 300 °C to have all phases generated and 7 

reflections were less intense than in the Na-Mica-2. The lower chemical reactivity shown 8 

by Na-Mica-4 explained its lower Kd value (Table 1). 9 

The evolving composition and hydration state of the interlayer space were analyzed 10 

by 23Na, 1H and 133Cs MAS NMR spectroscopies (Fig. 4 and Fig. 5). 11 

The increasing of the temperature provoked that the 23Na signal intensity decreased 12 

in both micas (Fig. 4 left), this was compatible with ICP data showing desorption of 13 

sodium. The peak corresponding to sodalite (6.12 ppm) disappeared, as observed by 14 

XRD, and a new signal at -26.35 ppm was observed in the Na-Mica-2 corresponding to 15 

the dehydrated interlayer sodium (Laperche et al., 1990), note that the basal spacing of 16 

Na-Mica-2 was lower than that of Na-Mica-4. 17 

The water signal of the Na-Mica-2 1H MAS NMR spectra (Fig.4 right) shifted to 18 

higher frequency as consequence of the acidity increasing due to the presence of leached 19 

aluminum or magnesium in the interlayer space (Trill et al., 2003).  In addition, the signal 20 

was broader due to the heterogeneity of the interlayer space. A new signal appeared at 21 

3.58 ppm corresponding to Si-OH groups (Mackenzie and Smith, 2002), which created 22 

specific adsorption sites.  23 

The water signal of the Na-Mica-4 1H MAS NMR spectra (Fig.4 right) shifted to 24 

lower frequencies indicating lower acidity in the interlayer space due to the exchange of 25 
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sodium by cesium (Trill et al., 2003). Additionally, a new peak at 1.34 ppm, due to 1 

isolated OH groups (Mackenzie and Smith, 200) appeared, possibly due to defects at the 2 

edges, specific adsorption sites being created. 3 

133Cs MAS NMR spectra after hydrothermal treatments were shown in Fig. 5 because 4 

they provided information about the number and nature of the adsorption sites, and the 5 

hydration state of the cation. The Cs-Mica-n (n=2 and 4), a reference sample with 6 

hydrated Cs+ in the interlayer space, showed an unique broad peak at 29.2 ppm, Na-Mica-7 

2, and at 15.2 ppm, Na-Mica-4, both due to cesium associated with the hexagonal hole on 8 

one side of the interlayer space and interacting with water in the other side (Weiss et al., 9 

1990). Similar spectra were observed in Na-Mica-2 up to 150 ºC and Na-Mica-4 at 80 ºC. 10 

However, in Na-Mica-4 at 150 ºC, other signal at 50.6 ppm was observed and assigned 11 

to dehydrated Cs+ in the interlayer sites, tightly bound to the basal oxygen atoms because 12 

of the large negative charge on the tetrahedral sheet (Ejeckam and Sherriff, 2005).  13 

The 29Si MAS NMR spectra of the treated micas (Fig. S3) and their deconvolution 14 

(Table 4) showed that the hydrothermal treatment caused lower frequency shifts of the 15 

characteristics signals of the hydrated mica, compatible with the formation of Cs-16 

nanpingite. Furthermore, the disappearance of sodalite and hidrosodalite and the 17 

appearance of new signals were observed. Those new phases were Cs-zeolite (Hughes 18 

and Weller, 2002) and carnegieite (Stebbins et al., 1986) in the case of Na-Mica-2 and 19 

carnegieite in Na-Mica-4, as observed by XRD. In the case of Na-Mica-4, although 20 

reflections of zeolite were  observed in the XRD pattern at 300 ºC, this phase was not 21 

detected in the 29Si MAS NMR spectrum due to its low intensity and width that made to 22 

be non-appreciable in this low S/N spectrum. 23 

In both samples, the main phase was the micaceous one, although in the case of Na-24 

Mica-2, Cs-zeolite was formed at 80 °C, which increased with temperature. 25 
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 1 

4. Conclusion 2 

 3 

Both the Na-Mica-n were able to immobilize Cs+ at subcritical conditions of 4 

pressure and temperature, combining adsorption at nonspecific sites (cation exchange), at 5 

specific sites (adsorption surface defects) and chemical reaction.  6 

The distribution constant of Cs+ was larger in the Na-Mica-2 denoting a higher 7 

concentration of specific adsorption sites when layer charge decreased. 8 

The type of adsorption depended on the treatment temperature and time. At low 9 

temperature and short time, a cation exchange between cesium and the interlayer sodium 10 

occurred. With increasing temperature, OH groups on the edges generated specific 11 

adsorption sites for cesium (increased Kd).  At high temperature, chemical reaction was 12 

the dominant mechanism and these micas could play an important role on the irreversible 13 

adsorption of large amounts of cesium because new insoluble phases were generated. 14 

 15 
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Table 1.  
Sorption parameters of Na-Mica-n after hydrothermal treatment. 

T 
(ºC) t 

Na-Mica-2a Na-Mica-4b 

Cs (Cs+) 
(meq/100g) 

Cds (Na+) 
(meq /100g) 

Kd 
(L/kg) 

Cs (Cs+) 
(meq /100g) 

Cds (Na+) 
(meq /100g) 

Kd 
(L/kg) 

80º  1 d 130.8±9.4 126.2±0.7 31.4±2.8 185.1±7.3 186.7±2.2 53.5±2.9 
3 d 121.9±10.6 162.3±1.6 31.4±3.3 82.3±8.1 154.1±5.1 19.9±2.2 
1 w 181.4±6.1 110.9±1.3 49.3±0.2 59.0±10.5 158.0±1.9 14.0±2.8 
4 w 87.1±3.1 186.0±2.2 21.2±0.9 79.5±2.4 170.1±2.7 19.1±0.7 

150º 1 w 161.7±0.4 167.9±2.2 42.1±0.1 18.2±6.3 192.5±1.7 4.0±1.4 
200º 1 w 51.5±4.4 197.5±1.8 12.0±1.1 42.6±1.1 187.7±1.9 9.8±0.3 
300º 1 w 224.2±0.6 227.4±6.6 61.8±0.2 127.8±4.0 270.7±1.9 33.3±1.3 

(a) CEC=247.5 meq/100g 
(b) CEC=469.5 meq/100g 
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Table 2.  
Deconvolution of Na-Mica-2 29Si MAS NMR spectra of 
as made and after the hydrothermal at 80 ºC. 

t δ 
(ppm) 

FWHH 
(Hz) % assignment 

RT -78.34 124.9 0.2 Q3(3Al) 

-84.59 313.0 28.1 Q3(2Al) + 
hidrosodalite 

-89.01 106.5 48.8 Q3(1Al) 
-93.52 176.6 23.0 Q3(0Al) 

1 d -85.4 423.6 27.8 Q3(2Al)  
-86.8 338.5 9.3 hidrosodalite 
-90.0 213.1 40.5 Q3(1Al) 
-94.0 220.0 22.4 Q3(0Al)  

3 d -79.80 274.8 3.1 Q3(3Al) 
-83.15 148.9 2.9 hidrosodalitae 
-86.16 397.5 30.8 Q3(2Al)  
-90.03 205.5 31.0 Q3(1Al) 
-93.98 280.1 32.2 Q3(0Al)  

1 w -78.47 328.2 2.3 Q3(3Al) 
-82.30 299.4 4.0 carnegieite 
-84.50 222.8 2.4 hidrosodalite 
-86.86 398.5 29.2 Q3(2Al)  
-90.18 209.8 35.5 Q3(1Al) 
-93.97 242.7 25.5 Q3(0Al)  
-98.47 263.7 1.2 Zeolite 

4 w -84.94 374.3 23.7 hidrosodalite 
-87.29 311.7 12.9 Q3(2Al)  
-90.18 217.6 40.2 Q3(1Al) 
-93.72 185.5 15.8 Q3(0Al)  
-95.01 151.1 7.40 zeolite 
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Table 3.  
Deconvolution of Na-Mica-4 29Si MAS NMR spectra of 
as made and after the hydrothermal at 80 ºC. 

t δ 
(ppm) 

FWHH 
(Hz) % assignment 

RT -77.86 145.8 33.1 Q3(3Al) 
-82.15 213.5 46.1 Q3(2Al) 
-85.70 74.5 1.5 sodalite 
-87.05 241.8 17.4 Q3(1Al) 
-90.27 262.0 1.9 Q3(0Al)  

1 d -78.55 198.6 45.9 Q3(3Al) 
-83.22 316.6 33.5 Q3(2Al) 
-85.61 90.4 0.2 sodalite 
-87.94 321.2 18.1 Q3(1Al) 
-92.36 241.0 2.3 Q3(0Al)  

3 d -78.50 189.2 39.3 Q3(3Al) 
-83.30 292.6 50.0 Q3(2Al) 
-85.20 147.8 0.8 sodalite 
-88.09 272.1 8.9 Q3(1Al) 
-92.60 343.5 4.0 Q3(0Al)  

 
1 w 

-78.84 233.6 36.3 Q3(3Al) 
-82.92 159.0 23.1 Q3(2Al)  
-84.10 95.4 6.5 hidrosodalite 
-85.20 153.2 6.9 sodalite 
-88.14 296.3 16.6 Q3(1Al) 
-92.60 343.5 10.5 Q3(0Al) 

4 w -79.95 398.6 29.6 Q3(3Al) 
-82.87 205.4 7.35 Q3(2Al) 
-84.92 241.9 17.8 sodalite 
-87.93 422.3 16.2 Q3(1Al) 
-92.17 186.8 3.2 Q3(0Al)  
-94.00 1285.7 25.9 zeolite 
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Table 4.  
Deconvolution of Na-Mica-n 29Si MAS NMR spectra 
as made and after the hydrothermal treatment for 1 
week. 

T 
(ºC) 

δ  
(ppm) 

FWHH 
(Hz) % assignment 

Na-Mica-2 
80 -78.47 328.2 2.3 Q3(3Al) 

-82.30 299.4 4.0 carnigerite 
-84.50 222.8 2.4 hidrosodalite 
-86.86 398.5 29.2 Q3(2Al)  
-90.18 209.8 35.5 Q3(1Al) 
-93.97 242.7 25.5 Q3(0Al)  
-98.47 263.7 1.2 zeolite 

150 -82.25 557.6 7.4 carnegieite 
-83.62 105.6 0.8 hidrosodalite 
-86.90 354.7 24.4 Q3(2Al)  
-90.18 213.4 38.3 Q3(1Al) 
-94.01 246.6 26.8 Q3(0Al).  
-100.36 606.3 2.3 zeolite 

Na-Mica-4 
80 -78.84 233.6 36.3 Q3(3Al) 

-82.92 159.0 23.1 Q3(2Al)  
-84.10 95.4 6.5 hidrosodalite 
-85.20 153.2 6.9 sodalite 
-88.14 296.3 16.6 Q3(1Al) 
-92.60 343.5 10.5 Q3(0Al) 

150 -78.45 207.7 20.7 Q3(3Al) 
-82.30 1001.9 31.8 carnegieite 
-83.12 292.67 33.1 Q3(2Al)  
-87.97 390.01 12.3 Q3(1Al) 
-92.02 291.75 2.2 Q3(0Al) 
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FIGURE CAPTIONS 

 

Fig. 1. XRD of Na-Mica-n, as made and after hydrothermal treatment at 80 ºC. 

*=hidrosodalite (PDF 04-011-3164); C= dehydrated Cs-zeolite (PDF:04-015-7996); 

n=Cs-nanpingite-2M1 (PDF 00-044-1428); a=δ-AlO(OH) (PDF 01-078-4590); 

s=carnegieite (PDF: 01-076-1733); m=MgF2 (PDF 04-016-5228). 

Fig. 2. 23Na MAS NMR spectra and 1H MAS NMR spectra of Na-Mica-n, as made and 

after hydrothermal treatment at 80 ºC. 

Fig. 3. XRD of Na-Mica-n, as made and after hydrothermal treatment for 1 week. 

*=hidrosodalite (PDF 04-011-3164); C=dehydrated Cs-zeolite (PDF:04-015-7996); 

n=Cs-nanpingite-2M1 (PDF: 00-044-1428); a=δ-AlO(OH) (PDF 01-078-4590); s= 

carnegieite (PDF 01-076-1733); m=MgF2 (PDF 04-016-5228). 

Fig. 4. 23Na MAS NMR spectra and 1H MAS NMR spectra of Na-Mica-n, as made and 

after hydrothermal treatment for 1 week. 

Fig. 5. 133Cs MAS NMR spectra of Cs-Mica-n (grey line) and Na-Mica-n after 

hydrothermal treatment for 1 week (black line). 
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Fig. 1 
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Fig. 2 
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Fig. 3 

 

7 8 9 10 10 15 20 25 30 35 40 45 50 55 60 65 70

*

n

2

*

mm

m
ma

a a
a

n
cc

c
c

c
s

n n

2 

RT

80oC

150oC

200oC

300oC

* *

Na-Mica-2

7 8 9 10 10 15 20 25 30 35 40 45 50 55 60 65 70

n

2

*

*

s cc
cc

*

2 

RT

80oC

150oC

200oC

300oC

Na-Mica-4

*

c

x5

an
mmaaa mm n

n



28 
 

Fig . 4  
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Fig. 5 
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