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Abstract 
 

Safe storage of nuclear waste is of outmost importance, and due to the common positive 

charge of many radioactive ions, clay minerals are considered as effective adsorbents. The 

synthetic Na-4-mica has a high theoretical cation exchange capacity and has shown a 

selectivity for 90Sr and 137Cr. Adsorbing the cations result in interlayer collapse, trapping 

the cations and thereby preventing back-release. This collapse also prevents more cations 

from entering the interlayer and thereby lowering its measurable cation exchange capacity. 

In this research we examine if replacing sodium ions with lithium ions in Na-4-mica, Na-3-

mica and Na-2-mica will increase the clay interlayer distance. An increased interlayer 

distance could prevent the interlayer collapse and hence allow a higher apparent cation 

exchange capacity. After lithium exchange for 2 days X-ray powder diffraction data for Na-

4-mica show the presence of a phase with larger interlayer distance. Unfortunately, this 

phase is lost after prolonged reaction time with lithium chloride. X-ray powder diffraction 

data for Na-3-mica and Na-2-mica do not indicate any change in phase after subjected to 

lithium chloride. 

 

 

Introduction 

 
Usefulness of Na-4-mica 

A significant part of the (electric) energy we use today come from nuclear power plants. 

(IAEA 2016, 42) Even though this way of harnessing energy has benefits it do generate 

radioactive waste which must be stored properly for a very long time. Methods to achieve 

this is therefore of great importance. (Swedish Nuclear Fuel and Waste Management. 2016, 

21-35)  

 

Different concepts for long-term storage of high-level nuclear waste involve a clay buffer 

surrounding the waste canisters, which serves as a transport barrier for the radionuclides in 

the event of canister failure. Most radionuclides in their ionic form have a positive charge, 

which is a feature that can be used to our advantage, since most clay minerals have a 

negative charge due to isomorphous substitution and can therefore be used to bind positive 

ions. The characteristic cation exchange capacity, CEC, varies significantly when 

considering different types of clay minerals. There are clay minerals which do not have a 

charge (and hence no counter-ions), as well as clay minerals with a positive charge capable 

of binding anions. The definitions of clay and clay mineral are sometimes ambiguous but 

unlike clays, which are of natural origin, and can have a mixed mineral composition, pure 

clay minerals can also be synthesized. Clays and clay minerals of natural origin are 

secondary minerals that are formed through physicochemical weathering of primary 

minerals. Physiochemical weathering is a process were rocks disintegrate into smaller parts 

and change the chemical composition due to dissolution and precipitation mechanisms. 

(Gary W. vanLoon and Stephen J. Duffy 2011, 347-418) (Bergaya 2013, 37-41) 

 

One clay mineral with an unusually high CEC is the highly charged sodium 

fluorophlogopite called Na-4-mica. This specific type of Mica is synthesized and are not 
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found in nature. It is a 2:1 phyllosilicate clay mica with the ideal composition 

Na4Mg6Al4Si4O20F4∙xH2O. The main structure shows many similarities to talc having two 

tetrahedral sheets, one on top and one below an octahedral sheet. The tetrahedral sheet is 

composed of mainly silica and aluminum in a 1:1 ratio surrounded by oxygen in a tetrahedral 

coordination while the octahedral structure harbors magnesium surrounded by oxygen ions 

and fluoride ions, as a substitute to the hydroxide groups found in talc.  

 

 
Figure 1: Illustration showing the structure of Na-4-mica, Na-3-mica and Na-2-mica. Each layer is constructed of two 

tetrahedral sheets sandwiched around one octahedral sheet. The sodium ions reside in the interlayer. The interlayer 

distance is labeled “I”, and the basal spacing is labeled “B”. Reproduced with permission of Junhyung Kim. 

 

 

Whereas talc do not have a charge the negative charge of Na-4-mica stem from charge 

defects due to isomorphic substitution, i.e. 4 aluminum atoms replacing 4 silica atoms in 

each unit cell, leading to an extraordinary high surface charge of Na-4-mica. This negative 

charge is balanced by four sodium atoms as counterions, residing between the interlayers. 

Na-4-mica has a theoretical CEC of 468 meq/100g (~x4 most other charged clay minerals 

and >4 eq/nm2) and previous studies has shown it to be a good candidate for radionuclide 

adsorption. This is especially due to its selectivity for divalent radioactive cations as well as 

heavy metal cations, such as 90Sr and 137Cs, which both are harmful to not only us but the 

environment as well. (Kodama 2003, 679-694) (Bergaya 2013, 37-41). In addition, it 

exhibits fixation for radioactive strontium ions. When strontium ions are introduced 

between the layers of Na-4-mica, they can be tightly fixed between the layers which leads 

to an interlayer collapse. This collapse effectively prevents the radioactive ions to be 

released back into the surroundings, but it also prevents more radioactive cations from 

entering the interlayer causing a decreased ability to efficiently bind the radioactive cations.  

 

Although Na-4-mica has a great potential as an adsorbent for disposal of cationic radioactive 

waste as mentioned above, however, it possesses some limitations such as lower actual and 

apparent CEC than its theoretical CEC, and slow uptake kinetics due to the high charge 

density. In order to resolve these drawbacks, Na-3-mica and Na-2-mica have been 

introduced which have a lower surface charge density. These synthetic micas can be 

synthesized using different stochiometric amounts of silica, aluminum and sodium ions. The 

ideal compositions of Na-3-mica and Na-2-mica are Na3Mg6Al3Si5O20F4∙xH2O and 

Na2Mg6Al2Si6O20F4∙xH2O respectively. (Kodama et al. 2003, 679-694)  

 

The distance marked as I in figure 1, indicating the height between two sheets, is named the 
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interlayer distance. This distance together with the width of one layer constitutes the basal 

spacing, marked as B in the same figure. (Varadwaj and Parida. 2013, 13583-13593) 

 

In this project we examined if the interlayer expansion of Na-n-mica (where n is 2,3,4) can 

increase through the exchange of sodium ions with lithium ions, as a means to increase the 

apparent CEC and prevent interlayer collapse due to radionuclide uptake. This is a potential 

scenario due to the larger hydration energy of lithium compared to sodium. The larger 

hydration energy will hopefully introduce a higher water content into the interlayers thus 

causing an increased interlayer distance.  

 

Analytical methods 

X-ray powder diffraction, in short XRD, is an analytical method that uses x-rays directed 

towards the sample which needs to be in the form of a solid powder. When the x-rays hit 

the sample constructive interference will occur if the Braggs relation is satisfied, whereas 

destructive interference will occur if it does not. In powder X-ray diffraction, the total 

intensity emanating from the sample is typically measured as 2θ (the incident + emanating 

theta angle). By measuring the 2θ angles when constructive interference occurs the basal 

spacing (d) can be obtained using the Braggs relation, nλ=2d sin θ. Here n is the order of the 

reflection (analogously to acoustic fundamental tones and overtones), λ is the wavelength 

of the x-rays, d is the basal spacing obtained and θ is the angle with which the x-rays hit the 

sample. In this case radiation consisting of a mixture containing Cukα1 and Cukα2 will give a 

wavelength of 0.15418 nm. (Moore 1997, 61 – 72) 

 

Inductively coupled plasma - optic emission spectroscopy, called ICP-OES, is an analytical 

method where a liquid or dissolved sample passes through a nebulizer and is dispersed into 

a fine aerosol which is introduced to an argon plasma generated by an induction coil with 

high frequency alternating current attached to a quartz torch. The high purity Argon gas is 

released into the plasma gas inlet and ignited by a spark from a Tesla unit. The released free 

electrons and the remaining positive Ar ions are then accelerated by an alternating 

electromagnetic field. As the electrons collide with the positive argon atoms energy is 

released which gives rise to a stable plasma. The plasma has a very high temperature of 

6000 to 10000 K. To protect against overheating the quartz torch is cooled down by a 

cooling gas, usually N2 or air. 

 

When the sample aerosol reaches the hot plasma an excited state (ionization) occur, and as 

the electrons relaxes back to their ground state photons are released. Since different 

elements have characteristic emission wavelengths it is possible to determine the elements 

by measuring the emitted wavelengths. Hence with this method multiple elements can be 

analyzed at the same time. (Harris, Daniel C. 2010, 486-487) 

 

X-ray photoelectron spectroscopy, XPS, uses X-rays directed onto a solid sample under 

extreme high vacuum conditions. As the sample is irradiated the kinetic energy of ejected 

photoelectrons is measured and providing both quantitative and qualitative atomic 

information from the samples. This method is very surface sensitive and will only provide 

information about the first 5 nm of the sample. (Watts and Wolstenholme 2003, 5-13) 
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Method 
 

With the aim of obtaining pure Na-4-mica, Na-3-mica and Na-2-mica, the NaCl melt 

method described by Park et al. (2002, 2582-2589) was used with SiO2 (Sigma Aldrich), 

Al(OH)3 (Merck), MgF2 (Sigma Aldrich) and NaCl (VWR). 

 

Near stochiometric amounts of each component were mixed and grinded carefully using a 

mortar followed by heating in a Pt-crucible at 900°C for 15 hours. The heating rate was 

5°C/minute in all cases except for the first sample where the heating rate was 10°C/minute 

until a temperature of 650°C had been reached, whereafter the heating rate was 5°C/minute. 

 

 
Figure 2: Left: furnace used for the synthesis using a NaCl melt. Right: Pt crucibles used to synthesize the Na-n-micas. 

 

Each product of the melting procedure was washed 5 times with milliQ water using 

centrifugation (5000 rpm, 5 minutes). The same centrifugation speed and duration was used 

for all washing procedures. Chosen samples were analyzed with XPS. To attain a hydrated 

phase the samples were washed with 40 mL saturated boric acid 3 times using 

centrifugation, followed by washing with milliQ water and stirred in 1M sodium chloride 

solution for 24 hours. This procedure was followed by washing the samples with 0.05 M 

sodium chloride solution twice and milliQ water 3 times using centrifugation. 

 

Three different Na-4-micas were also prepared in the same way using different amounts of 

MgF2, corresponding to 90, 80 and 70% stoichiometric ratios of the MgF2.  

 

To attain a lithium exchanged product the samples were placed in 40 mL 0.5M lithium 

chloride solution. Li exchanged Na-2-mica was prepared by stirring and carful heating for 

2 days followed by heating at 60°C for 3 days. Li exchanged Na-4-mica and Na-3-mica 

were prepared by heating at 60°C for 4 days. All samples were washed with milliQ water 

and dried at 60°C overnight, thereby analyzed with XRD and ICP. All samples were 

analyzed with powder XRD either as a powder or as a thin layer of wet sample dried on a 

slide glass. 

 

For the ICP-OES analysis 50 mg of the samples were dissolved in 13 mL of an acid mixture, 

containing 1 ml 48% HF and 12 ml 10% H2SO4, just under the boiling point for 30 minutes. 
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Afterwards the remaining HF (F-) was reacted with 10 mL 5% H3BO3 and diluted with water 

to a total volume of 100mL. The samples were diluted with 1% HNO3 ten times before 

analysis with the ICP. As standards the concentrations 1 ppm, 2 ppm, 4 ppm and 10 ppm 

were used for all elements (Si, Al, Mg, Na, Li). 

 

 

Result and discussion 
 

Synthesis and Lithium exchange of Na-4-mica. 

Synthesis of a pure Na-4-mica was proven to be a far greater challenge than anticipated. A 

hydrated Na-4-mica should, according to Park et al. (2002, 2582-2589) be possible to obtain 

solely by washing the melt with deionized water. It was not possible in this case as can be 

seen from the XRD data in figure 3. The XRD data exhibit a peak at 8.9 degrees which 

corresponds to a basal spacing of approximately 1.0 nm, which in turn corresponds to an 

anhydrate phase since the thickness of the phyllosilicates are approx. 1.0 nm. This phase do, 

as proven by the spacing, not swell in water possibly due to impurities present in the sample.  

 

Fluorides can form insoluble complexes which are difficult to remove by water alone. After 

washing the sample with boric acid, in an effort to free the Na-4-mica from the expected F- 

impurities, the peak shifted to a lower angle (i.e. increasing basal spacing) corresponding to 

a distance of 1.1 nm. This increase in the basal spacing indicated that insoluble impurities 

might indeed be the cause of the missing ability to swell when water is present. At this stage 

sodium ions may have been replaced by hydronium ions due the high concentration present 

derived from the boric acid. To increase the swelling of the Na-4-mica even further the 

highly concentrated sodium chloride solution replaces the hydronium ions once again with 

sodium ions to occupy all the charge sites. The increased basal spacing of 1.2 nm support 

this assumption. Hence, hydrous phases were possible to obtain in some of the samples, but 

not all. Only samples containing the hydrated phase could be used further.  
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Figure 3: XRD data of the different preparation stages of Na-4-mica. A: Only washed with milliQ water. B: Washed with 

boric acid. C: Washed with boric acid and reacted with 1M sodium chloride solution. 

The presence of the anhydrous phase, and assumed impurities, is most likely due to flaws 

in the preparation of the samples or impurities in the used chemicals. A possible error would 

be the wrong stochiometric amount of MgF2 since the purity unfortunately was unknown. 

Figure 4 shows the XRD results from three different Na-4-micas prepared with different 

amounts of MgF2, corresponding to 90, 80 and 70% purity. Since no major difference in the 

basal spacing was observed among these samples, a varied amount of MgF2 would at least 

not be the single reason causing a lack of hydrated phase.   

 

 
Figure 4: XRD data for Na-4-mica prepared with different amounts of MgF2. A: Assuming 90% purity. B: Assuming 80% 

purity. C: Assuming 70% purity. 

 

The lack of hydrated phase could also be due to the grinding method. To obtain a pure Na-

4-mica it is of outmost importance that the mixture is well blended and grinded. An error in 

the heating might also be a plausible explanation. 
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Figure 5 shows that lithium exchange of hydrated Na-4-mica generated a shift from 7.4 to 

6.3 2 after 2 days, corresponding to an increase in the interlayer distance from 1.2 nm to 

1.3 nm. A basal spacing of 1.3 nm likely corresponds to the lithium exchanged phase, and 

can hence be indicative of a higher swelling ability of the Na-4-mica when exchanged with 

lithium. A prolonged long reaction time could be theorized to increase this distance when 

more sodium ions are allowed to be exchanged with lithium. However, unfortunately a shift 

back to 1.1 nm was found after 4 days. This result is possibly due to an instability of the 

lithium ions in the structure causing back-release into the solution or into the clay mineral 

structure. Since the concentration of sodium ions is very low in the lithium chloride solution 

an exchange with sodium do not seem reasonable. A plausible hypothesis could be exchange 

with hydronium ions as Park et. al. (2012, 18678−18683) suggests. Hydronium replacement 

of lithium ions also correspond to the distance obtained when washing the samples with 

boric acid as could be seen in figure 3.  

 
Figure 5: XRD data for the lithium exchange of Na-4-mica. A: Not subjected to lithium exchange, analyzed in powder 

form. B: Lithium exchanged for 2 days, analyzed on slide glass. C: Lithium exchanged for 4 days, analyzed in powder 

form. 

 

The increased width of peak C in figure 5 is likely due to increased interstratification 

(mixing of different basal spacings/hydration states) or smaller particle size. In a perfect 

pure Na-4-mica were all charged sites are occupied by sodium ions the symmetry will be 

very high, causing a sharp peak. As can be seen illustrated in figure 6 the presence of lithium 

could hypothetically cause instability due to the difference in size of the large hydration 

sphere of lithium relative to the size of sodium ions, causing the layers to be distorted and 

change from parallel to relatively unordered.  

 

A change in distance between ions could also cause repulsive forces between the ions. As 

this structure is not as stable the lithium is back-released, and hydronium ions can take their 
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place to compensate for the negative charge. Since hydronium ions have a far less diameter 

then the hydration sphere of lithium the interlayer distance can be decreased. 

 
Figure 6: Schematic illustration of the hypothesized mechanism causing the decrease in basal spacing following lithium 

exchange in Na-4-mica. Reproduced with permission of Junhyung Kim.  

To obtain more reliable results for lithium exchange a larger number of measurements over 

time with shorter time periods between them would need to be done, as well as lithium 

exchange for a longer duration in total. Measuring the changes in lithium concentration in 

the supernatant over time could also indicate the rate of adsorption and desorption. 

 

Interestingly, the first peak that can be seen in figure 5 is only present in some of the samples 

and is independent of the hydration state. The proportions of the sample belonging to which 

phase can be obtained from a modeled profile seen in figure 7. While 95 % consists of the 

anhydrous phase with a basal spacing of 0.972 nm, 5% consists of another more crystalline 

phase. Due to the sharpness and high basal spacing of 1.775 nm this peak is likely due to 

two different structures which together form an ordered repeating symmetry.  
 

 
Figure 7: An experimental XRD profile of Na-4-mica exchanged with lithium for 4 days compared with the modelled XRD 

profile (red line). These peaks are also shown in figure 5, peaks C. It can be used to obtain the proportions of the sample 

consisting of each phase. 
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Synthesis and Lithium exchange of Na-3-mica and Na-2-mica.  

The difference in basal spacing between Na-4-mica, Na-3-mica and Na-2-mica was also 

necessary to examine. The lower surface charge density of Na-3-mica and Na-2-mica 

compared to Na-4-mica could affect the ability for lithium exchange and thereby the 

interlayer distance. As can be seen in figure 8 the synthesis of Na-3-mica and Na-2-mica 

did not produce a hydrated phase when washed with milliQ water, in the same way as Na-

4-mica. The Na-3-mica and Na-2-mica washed solely with milliQ water exhibited a peak at 

8.9 2 corresponding to the anhydrous phase with an interlayer distance of approximately 

1.0 nm. The same samples treated with boric acid and sodium chloride exhibits a peak at 

7.45 2 for Na-3-mica and 7.35 degrees for Na-2-mica corresponding to a hydrous phase 

with an interlayer distance of approximately 1.2 nm.  

 

 
Figure 8: Powder XRD data of the different preparation stages of Na-3-mica and Na-2-mica. A: Na-3-mica only washed 

with milliQ water. B: Na-3-mica washed with boric acid and reacted with 1M sodium chloride solution. C: Na-2-mica 

only washed with milliQ water. D: Na-2-mica washed with boric acid and reacted with 1M sodium chloride solution. 

 

The lack of hydrated phase in all samples washed with only milliQ water indicated a 

systematic error in the synthesis method. Since the samples of Na-3-mica and Na-2-mica 

exhibit the desired peak shifts after treatment with boric acid and sodium chloride 

corresponding to a hydrous phase it could be theorized that this result is also due to insoluble 

impurities, as was previously theorized for the anhydrous Na-4-mica. 
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Figure 9: XRD data for Li exchange of Na-3-mica and Na-2-mica. A: Na-2-mica with no Li exchange. B: Na-2-mica 

exchanged with Li for 5 days. C: Na-3-mica no exchange. D: Na-3-mica exchanged with Li for 4 days. 

 

Unfortunately neither the Na-3-mica or Na-2-mica showed any change in basal spacing 

when examining the XRD data shown in figure 9. The peak of Na-3-mica before lithium 

exchange is wide and has a phase with basal spacing 1.2 nm, and might contain other more 

collapsed ones as well explaining the basal spacing of 1.15 nm. Theses samples had been 

subjected to the 0.5M lithium chloride solution for 4 or 5 days. The unchanged peak at 7.37 

2 corresponding to a basal spacing of 1.2 nm suggested that no exchange took place. In 

case there had been back-release of the lithium ions the XRD data should have shown a 

pattern similar to peak A and C in figure 5, where the peak shifted to a higher angle 

corresponding to a change in interlayer distance from 1.2 nm to 1.1 nm. This do not occur 

according to the analysis of Na-3-mica and Na-2-mica which could be due to the lower 

charge density affecting the exchange rate. A prolonged reaction time could show different 

results after exchanging a high enough amount of sodium for lithium, this would need to be 

monitored closely over time to give a more reliable result. 
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As can be seen from figure 10 the obtained 

data from the ICP-OES analysis did not 

correspond well to the expected proportions 

of a Na-4-mica. According to this result the 

sample has an unexpectedly high 

concentration of silica. The high amount of 

silica is shown in all samples as can be seen 

from figure 11 and 12, this could be due to 

an error regarding the preparation of the 

samples. After the samples had been 

dissolved in hydrofluoric acid there could 

have been residues left even though boric 

acid was added. Once the acid-dissolved 

samples were transferred to glass 

volumetric flasks the remaining 

hydrofluoric acid would be able to dissolve 

part of the glass releasing silica into the 

sample.  
 
 

 

 

All samples had unexpected proportions of 

the elements but since the XRD data 

indicates that the samples are indeed Na-n-

micas there could be an error in one of the 

analytical methods. The ICP-OES data could 

indicate a false result is a possible reason to 

this inconsistency. When dissolving the 

samples for analysis using ICP-OES the 

samples would not dissolve properly, leaving 

solid residues. Without a possibility to 

analyze the composition of these solid 

residues it is not possible conclude if the 

elements present in the sample has dissolved 

to the same amount. This could change the 

proportion of the elements present in the 

micas. 

Figure 10: ICP-OES data of Na-4-mica (top picture) 
and Na-4-mica after Li exchange (bottom picture). 
Stacks to the left represents actual composition 
normalized to Si, stacks to the right represents the 
optimal composition for Na-4-mica. 

Figure 11: ICP-OES data of Na-3-mica (top picture) 
and Na-3-mica after Li exchange (bottom picture). 
Stacks to the left represents actual composition 
normalized to Si, stacks to the right represents the 
optimal composition for Na-3-mica. 
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Assuming some degree of reliance in the 

ICP-OES data a decrease of sodium 

relative to silica can be seen in all three 

different Na-n-micas. As the sodium 

ions are replaced by lithium a lower 

degree of sodium should remain. The 

remaining elements do not seem to 

follow a pattern and considering the 

XRD data, indicating that the lithium 

exchange has not taken place in the Na-

3-mica and Na-2-mica, the decrease in 

sodium could simply be a coincidence.     

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Figure 13: XPS data of the composition analyzed for Na-4-mica washed with boric acid and sodium chloride, Na-4-mica 

washed with only milliQ water and Na-3-mica washed only with milliQ water. 

 

The XPS data seen in figure 13 is inconsistent with the ICP-OES data, since it indicated a 

larger proportion of alumina than silica in Na-3-mica. Since Na-3-mica is prepared using a 

Figure 12:  ICP data of Na-2-mica (top picture) and Na-2-
mica after Li exchange (bottom picture). The left stack 
represents the measured concentration normalized to Si, 
stacks to the right represents the optimal composition for 
Na-2-mica. 
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smaller amount of alumina relative to silica than Na-4-mica this do not seem reasonable. 

XPS is very surface sensitive and can therefore give a misleading result since only a specific 

part of the sample is analyzed. The carbon content present in the sample is likely due to 

some organic impurities. A high oxygen content is expected since oxygens reside in both 

the tetrahedral and octahedral sheet, though the composition should be the same for Na-4-

mica and Na-3-mica. Both Na-4-mica and Na-3-mica contain fluoride in the same 

proportion, but as can be seen the proportion varies between the samples. This could 

possibly be due to some remaining insoluble fluoride salts.   

 

Conclusions 
Lithium exchanged Na-4-mica does have a larger basal spacing according to XRD data. The 

issue is the reversal of the basal spacing after prolonged reaction time with lithium, which 

could hypothetically be due to some type of back-release mechanism. Na-3 and Na-2-mica 

did not show any indication of lithium exchanged phase being present after reacted with 

lithium chloride. A study concerning the lithium exchange of Na-4-mica, Na-3-mica and 

Na-2-mica will require a far longer time period and also a number of replicas to obtain a 

reliable result.  
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