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Abstract

Swelling and dehydration under minor changes inperature and water vapor pressure is an
important property that clays and clay mineralsileixhin particular, their interlayer space, the

solid-water interface and the layers’ collapse amd@xpansion have received much attention
because it affects to the dynamical propertiestafriayer cations and thus the transfer and fate of

water and pollutants. In this contribution, the yiifation and rehydration mechanism of a swelling
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high-charge mica family is examined by in situ X-Biffraction. The effect of the aluminosilicate
layer charge and the physicochemical propertieh@finterlayer cations on these processes are
analyzed. The results showed that the dehydragimpérature and the number of steps involved
in this process are related to the layer chargbesilicate and the physicochemical properties of
the interlayer cations. Moreover, the ability tesaxb water molecules in a confined space with
high electric field by the interlayer cations doed only depend on their hydration enthalpy but

also on the electrostatic parameters of thesertatio
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1. INTRODUCTION

Clays and clays minerals are largely used in séeagneering applications because of their
ability to adsorb and immobilize hazardous spefwsillard et al., 2011). They can be used as
pollution control, carriers of pesticides, constioie materials or catalysts as well as to serve as
active principle carriers or excipients, convertithggse materials beneficial to human health
(Amato, 2013; Bergaya et al., 2006; Carretero, 2@xretero and Pozo, 2009; Hanczyc et al.,
2003; Macewan, 1948). Recently, clays and clay mis@re being used as liners in waste disposal
and barriers in nuclear waste management. Intlaey, are a key factor on the engineered barrier
system (EBS) of deep geological repositories (D@Rsuna et al., 2015)

The sensitivity to minor changes in temperature \@ater vapor pressure is an important
property of clays in a geologic repository. Amonigys and clay minerals, 2:1 swelling
phyllosilicates (smectites and vermiculites) hagerbextensively analyzed due to their hydration
and rehydration properties that made them so usefiaé above applications (Ferrage et al., 2005;
Salles et al., 2010; Salles et al., 2007; Salled.eR008; Salles et al., 2013) . In particulagit
interlayer space, the solid-water interface anddlers collapse and re-expansion have received
attention because they affect the dynamical pragsedf interlayer cations and thus the transfer
and fate of water and pollutants (Malikova et 2007; Malikova et al., 2010; Marry et al., 2011,
Michot et al., 2005; Michot et al., 2012; Rinnettat, 2005). The changes associated with the
water content on the interlayer space of clay nailsdnave also significant impact on £€orage
capacity (Schaef et al., 2015). In addition, thespnce of phyllosilicates on the Martian surface

increased the interest of clay minenahter reactiongMeunier et al., 2012).



During many decades, the ability of the 2:1 phgilloates to incorporate water molecules
in the interlayer space and the corresponding chamghe basal space of these materials have
been studied (Suter et al., 2015). For examplejlByaBradley et al., 1937) showed, using X-ray
Diffraction (XRD) that the basal spacing of smesdiincreases in discrete steps as a function of
increasing water amount. These transitions weee &tributed to the intercalation of 0, 1, 2 or 3
water layers (OW, 1W, 2W or 3W) in the interlaypase of the smectites (Mooney et al., 1952a,
b; Norrish, 1954). More recently, Dazas et al. @=aet al., 2015) studied the impact of smectite
crystal chemistry on its hydration using XRD prefinodeling and Monte Carlo simulations. For
a given hydration state, hydroxylates saponitesveldca constant water content and no influence
of the layer charge was found. Molecular dynamias$ grand canonical Monte Carlo simulations
were used to study the effects of layer chargetimcainterlayer cation, and temperature on the
swelling of montmorillonite and beidellite (Teichd@oldrick et al., 2015; Zabat and Van Damme,
2000).

Hence, the hydration properties of 2:1 phyllosiles appears governed by the origin of the
layer charge (tetrahedral/octahedral) and the dyaand nature of the interlayer cation.
Consequently, the swelling behavior depends omrdpalsive forces relating to the interactions
between the 2:1 layers and the attractive forcéwdsn the interlayer cation and the negative
charged siloxane surface (Laird, 1999; Norrish 24 ¥avon et al., 2014).

There is a considerable interest in a series dahsyic sodium fluorophlogopites, known
as Na-n-mica, which exhibit a high permanent nggatharge caused by aluminium substitution
in the tetrahedral sheet of the crystal latticer{Pet al., 2002). The greater the degree of
substitution, the more dense the negative chaegggimg it from 2 to 4 when the Si/Al ratio is

equal to 6/2 and 1/1 respectively. Unlike phlogepthese materials have significant swelling



capabilities and applications as decontaminants stwmlage media (Alba et al., 2006;
Gregorkiewitz and Rausell-Colom, 1987; Park et2002). These swelling high-charged micas,
in which the layer charge can be adjusted, mayabeable for the decontamination of harmful
heavy metal cations (Ravella et al., 2008) viaganhange reactions and for the selective removal
of radioactive ions (Alba et al., 2006) and hydrboa molecules (Alba et al., 2011) (Pazos et al.,
2017). Recently, it has been observed that thedtion of Inner Sphere Complexes (ISC) by the
cations in the interlayer space of swelling higlarge mica was favored when the aluminum
content in the tetrahedral layer increased (Pav@i..e2014). Consequently, the reversibility of
the collapse and re-expansion of the layers wilhfleenced by the ratio ISC/OSC (Outer Sphere
Complexes), controlling the adsorption of pollutaat the release of nutrients or drugs.

Hence, this contribution describes the hydratiomalveor of these materials and: 1) analyze the
influence of temperature on the dehydration prgc2sevaluate the rehydration as a function of
relative humidity, and, 3) establish the parametieas govern the collapse and re-expansion of
these high charged swelling micas. Synthetic midds different total layer charge (n=2, 3 and
4) and five different interlayer cations were sedo(Nd, Li*, K*, Mg*? and Al). In situ and at

real time XRD analysis at variable temperature lanaidity were performed.

2. MATERIALS AND METHODS
2.1Samples.
A procedure similar to that of Alba et al.(Albaat, 2006) was employed. Stoichiometric
powdermixtures with the molar compositions {8n) SiG, (n/2) AkOs, 6 Mgk, and (2n) NacCl
were used to synthesize Na-n-Mica (n = 2, 3, 4 $tarting materials were Si@rom Sigma

(CAS No. 112945-52-5, 99.8% purity), Al(Otlrom Riedel-de Hée (CAS no. 2164551-2,



99% purity), Mgk from Aldrich (CAS No. 20831-0, 98% purity), and N&@m Panreac (CAS
No. 131659, 99.5% purity). All reagents weneed and vigorously ground before heating to 900
°C ina Pt crucible for 15 h. After cooling, the solider& washevith deionized water and dried
at room temperature. The as-synthesgaahples, Na-n-Mica (n ranging betwezand 4) were
analyzed by X-ragliffraction (XRD) to evaluate their purity. Theitrgctural formulae is N§Sis-
nAln]MgsO20F4 Where n (Zn< 4) is the layer charge

2.2 Cation-Exchange Process

Na-n-Mica were exchanged with solutions of,LK*, Mg?*, and AP* salts at concentrations
that ensured that the molar content of the catias ¥ times the cation-exchange capacity (CEC)
of the mica (Pavon et al., 2013). The most impdrtdwaracteristics of these ions in solution are
displayed in Table 1S (Supporting Information). Tleagents used were Mgdtom Sigma-
Aldrich (CAS No. 7786-30-6, 99.99% purity), KC| fro Fluka (CAS No. 7447-40-7, >99%
purity), AlClz from Fluka (CAS No. 7784-13-6, >99.0% purity), do@l from Fluka (CAS No.
7447-41-8, >99.0% purity). The ion-exchange procgas described elsewhere (Pavon et al.,
2013) and the purity of the samples analyzed by XR&v6n et al., 2014). This exchange method
prevents the modification of the silicate framewarkd consequently, XRF analyses were not
needed. The extent of the cation exchange reaet#s monitored by*Na MAS NMR (not
shown). These solids are referred as X-n-Mica, eber N4d, Li*, K*, Mg?*, or AP*and n = 2,
3,0r4.

2.3Sample Characterization.X-ray diffraction patterns at variable temperat(v@-XRD)
and humidity (VH-XRD) were obtained at the CITIUSr&y laboratory (University of Seville,
Spain) using a reaction chamber, Anton Paar TTK&shnected to a Bruker D8 Advance

instrument equipped with a CuaKradiation source an@/6 configuration. The powder XRD



patterns were obtained in thé-eange 3-12° with a step size of 0.03° and a titep sf 25 s.

Variable humidity experiments were performed byiagd Sycos Humidity Controller to the

diffractometer. The analysis of the peaks was penéol by pseudo-Voight functions fitting using

TOPASO®© software from Bruker.

Temperature experiments consisted of four staggs 1R):

1.

4.

Initial stage: samples where heated at 30 °C fdo3mnsure the stability of the hydration
state at near room temperature.

Dehydration stage: samples were heated from 3® 800 °C with a heating rate of 1
°C-mirrt,

Cooling stage: samples were unrestricted cooleB80t8C. When this temperature was
reached, XRD difractograms were obtained duringp3tetermine if the samples could be
free rehydrated.

Forced rehydration: a water drop was added toghgke to examine the swelling capacity

of the dehydrated micas.

Humidity experiments consisted of four stages (Em:

1.

2.

Initial stage: At room temperature and humidity

Sample dehydration: temperature was increasedX8Q With a heating rate of 10 °C-min
1 and maintained for one hour, having a constantdrfjux in the chamber.

Cooling stage: samples were cooled to room temperatith a constant dryMluxin the
chamber to avoid spontaneous hydration.

Variable humidity: humidity was increased in digersteps, varying from 0% to nearly

90% relative humidity (RH). At each step and aftee humidity stabilized, XRD

difractograms were recorded.



3. RESULTS
Fig. 2 and 3 represent the basal spaciag)(tbr the two set of experiments described above,

temperature (Fig. 2) and humidity (Fig. 3).

In the temperature experiment, Stage 1 was peddnm stabilize the hydration state at room
temperature. Basal spacings remained constantdoln sample (Fig. 2, stage 1, Table 1),
indicating that their hydration states are constaith time. The values are 12 to 14 A and
correspond to the previously observed values isetmeaterials (Pavén et al., 2013). Bihydrated
layers (2W) with HO on each side of the interlayer midplane produce301 reflection at
doo=14.9-15.7 A (Ferrage et al., 2005). For monohtdayers (1W), cations and:® are
located in the interlayer midplane and the; @alues range between 11.6 and 12.9 A (Ferrage et
al., 2005). Dehydrated layers (OW), interlayer aatwithout water in the midplane, gives a
doo=9.7-10.2 A (Ferrage et al., 2005). The layer-tetadistances are shortened for fluorinated
clay minerals (Dazas et al., 2015), and therettiepbserved values of ca. 12 A and ca. 14 A for

F-rich samples are assigned to a 1W and 2W laggspectively.

3.1. Dehydration processes.

The dehydration process was analyzed by changagiinalues with increasing temperature;
see stage 2 of the temperature experiment (Figtage 2). As temperature increased, the basal
spacing evolved, regardless of the initial intezlagation or layer charge, to final values matching
a collapsed interlayer spacedg10A, OW, Table 1).

A single and abrupt transition was observed regagdihe layer charge of the aluminosilicate in

Na" and K samples. The initial basal spacing (Table 1) attarestic of one monolayer of 9,



evolved to a collapsed interlayer at ca. 70 °Chan Nla-n-Mica and ca. 50 °C in the K-n-Mica
samples.

The change in theoh value for Li-4-Mica is similar to the Naand K samples, a single
transition from 12.05 A (1W) to 10.2 A (OW) at 79%@s observed (Table 1). For Li-3-Mica, two
initial reflections were observed at 14.4 A 2wWpd®.1 A (1W). The 14.4 A peak disappeared
at 37 °C whereas the 12.1 A peak suffered an abasgition at 79 °C and evolved to@ivalue
of 10.3 A (OW). Li-2-Mica showed twooeh peaks at 14.5 A (2W) and 12.1 A (1W). The 14.5 A
peak disappeared at 169 °C after two transitiodd &C and 79 °C whereod values of 13.4 and
11.5 A were found. The 12.1 A peak suffered thraesitions at 71-81 °C (11.05 A), 127 °C (10.5
A) and 195 °C until it reached 10.1 A.

Mg-n-Mica showed a more complex behavior dependmthe layer charge of the silicate. Mg-
4-Mica showed two reflections at room temperat@Beq A and 12.1 A, 2W and 1W, respectively,
Table 1). The 13.6 A peak disappeared at 58 °Cyamisethe 12.1 A peak produced a single
transition at 120 °C to 10.2 A (OW). As the laybaxge decreases, an increase in the number of
steps in the dehydration process occurs (Fig.ages?). To reach the anhydrous state, the initial
reflections that the Mg-3-Mica samples showed atrdemperature, 14.4 A (2w), 13.9 A, (2w-
1W) and 12.1 A (1W) suffered different transitiaisliverse temperatures. Moreover, Mg-2-Mica
which showed only a reflection at room tempera(i#e4 A, 2W) evolved in three steps until
reaching a basal spacing compatible with a collahsese (10.05 A, OW).

Al-n-Mica produced a single but continuous trawositwhere the initial basal spacing (2W)

evolved to a collapsed basal spacing (OW).

3.2. Rehydration processes.



Uncontrolled rehydration was analyzed in the terapge experiment (Fig. 1a) during thé 3
and 4" stages.

For X-4-Mica, the free rehydration is only partiaf the samples homoionized with sodium and
lithium; samples with K, Mg*? and Al remained at the collapsed basal spacing that mtur
after heating. When layer charge decreased, thalration is progressively reached for nearly
each sample with K-n-Mica being an exception. Tlesaples are not able to rehydrate naturally
regardless the layer charge of the aluminosilicaseit-has-been previously observed in others
clays (Ferrage et al., 2005)

Stage 4 in the temperature experiment (Fig. 1 arsda®e 4, Table 1) was performed to force
the maximum hydration state of the samples. Thervks behavior was similar that in stage 3.
Samples with Lfi and N4d reached their initial hydration state, indepenlyeoft the silicate layer
charge. However, K-n-Micas is only able to rehydnahen the layer charge is 2. Rehydration is
obtained for n=3 for Mty and for n=2 for Af3,

An analysis of the rehydration capacity with valabumidity is given in Fig. 3 where basal
spacing is represented versus the humidity in tR® Xhamber.

Li-4-Mica, Na-4-Mica and Mg-4-Mica are able to yelnate from OW, (ca. 10 A) to 1W (ca. 12
A). The humidity value where this transition occwas different for each interlayer cation, being
between 20 and 30%. However, K-4-Mica and Al-4-&Bamples were not able to rehydrate even
for humidity near 100% RH. X-3-Mica and X-2-Micansples were able to rehydrate, being the

required humidity to produce the transition chaggstic of each sample.

4. DISCUSSION
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4.1. Dehydration processes.

As temperature increased, the basal spacing evalegdrdless of the initial interlayer cation or
layer charge, to final values matching a collapsedrlayer space (@=10A, OW, Table 1).
However, the temperature where dehydration occuared the number of steps involved in
dehydration were determined by the layer chargehefsilicate layer and the nature of the
interlayer cation.

4.1.1. Layer charge influence.

Dehydration is affected by aluminosilicate layerae. For the highest layer charge
aluminosilicate, X-4-Mica, a single transition feach initial basal spacing regardless of the
interlayer cation. For strong layer interactiong#gerlayer cation form inner sphere complexes
(Pavon et al. 20)4and dehydration is a single step process. Thishar@sm will favor the
immobilization of harmful cations. The decreasdaha layer charge caused an increase of the
number of dehydration steps and the temperatusiah they occurred (Fig. 2). As layer charge
decreases and interlayer cations form outer spte@mplexes (Li-n-Mica, Mg-n-Mica and Al-n-
Mica) (Pavon et al., 2014) (Pavon et al., 2014y @Peet al., 2014) (Pavon et al., 2014) (Pavén et
al., 2014) (Pavon et al., 2014) (Pavon et al., 20R4von et al., 2014) (Pavon et al., 2014) (Pavon
et al., 2014) (Pavoén et al., 2014) (Pavon et 8142 (Pavon et al., 2014) (Pavon et al., 2014)
(Pavon et al., 2014) (Pavodn et al., 2014) (Pavaal.eR014) (Pavon et al., 2014) (Pavodn et al.,
2014) (Pavon et al., 2014) (Pavon et al., 2014y¢Rat al., 2014) (Pavon et al., 2014) (Pavon et
al., 2014) (Pavon et al., 2014) (Pavon et al., 20R4von et al., 2014) (Pavoén et al., 2014) (Pavon
et al., 2014) (Pavoén et al., 2014) (Pavon et 8142 (Pavon et al., 2014) (Pavon et al., 2014)
(Pavon et al., 2014) the release eDrbegin with the weaker bonded molecules and coetimith

the stronger bonded that require higher temperatoree ejected from the interlayer.
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4.1.2. Effect of physicochemical properties of interlayercations

To analyze the influence of cationic radii on thehgdration mechanism attention must be
focused on Li-n-Mica, Na-n-Mica and K-n-Mica, whehe interlayer cation has the same charge
but different cation radii (Table 1s S.1.).

Na" and K samples exhibit the expected behavior for one hageo of HO in the interlayer
(Salles et al., 2008)(Fig. 2, stage 2). The higkemperature required for Na-n-Mica to initiate
dehydration compared to K-n-Mica is the consequesfcés smaller ionic radius and more
negative hydration enthalpy that Nexhibits. This abrupt dehydration could originatstrong
decrease of clay volume and a consequently dettiofehe mechanical properties of the clay as
engineering barrier of the Deep Geological Repogito

The Li* radius is the smallest one but it exhibits thénbgg hydration energy (Table 1s S.1.) and
can complete its hydration sphere if the alumincesié layer charge decreases (Pavon et al., 2014).
This is the reason why higher temperature is reguio produce the dehydration as observed in
Figure 2.

The effect that the interlayer cation charge ondblkydration process of the swelling high
charge mica is examined for Na-n-Mica, Mg-n-Mical &i-n-Mica samples by considering the
electrostatic factog/r (Table 1s S.1.).

Fig. 2 reveals that the increase of tfle of the interlayer cation produces an increasené t
temperature at which the dehydration process coroetefor each aluminosilicate layer charge,
which is compatible with a higher electrostaticcbetween layers and cations.

4.2. Rehydration processes.

In contrast to most clay minerals, partial natoeahydration does not occur readily (Fig. 2, stage

3, Table 1). Samples homoionizied withi Bnd N4 are able to spontaneous rehydrated regardless

12



the layer charge of the silicate and they reaclmed tnitial hydration state with the forced
rehydration (Fig 2, stage 4). K-n-Mica is not alol@aturally rehydrate regardless the layer charge
of the silicate, however, when rehydration is fokdé-2-Mica is able to partial achieved its initial
basal space. This result is probably due to tffferdnt cationic radii and enthalpy that these
cations exhibit. Liand N&d possess a smaller ionic radius and longer hydratighalpy than K
that allow them to complete their hydration sphegardless the layer charge of the silicate, and,
thus, to naturally rehydrate the silicate. Howe¥en-Micas, with a greater ionic radius, is only
able to rehydrate when the layer charge is 2. trsiidectites, repeated wetting-drying cycles
produce ordering of layer stacking, accompaniet& byixation (Planson et al., 1979) with these
effects more evident as the total layer chargenwdctite increases (Eberl et al., 1987; Schultz,
1969).

The relationship ofy/r in rehydration is observed by comparing the resalitained for the
samples homoionized with NaMg*? and Al3. When the electrostatipr factor is small, as in
Na*, rehydration is spontaneous regardless the ldyame of the silicate. However, when this
factor increases (3.08 and 6.00 for ®lgnd Al3 respectively, Table 1s, S.l.) spontaneous
rehydration only occurs in samples with lower lagbarge. This result suggests that in high
electrostatic field, the interlayer cations haveOFhdsorptioncapabilities dependent on their
hydration enthalpy and on the electrostatic pararseif the cations.

VH-XRD experiment contributed with a deeper analysithe rehydration mechanism of these
swelling high charge micas (Fig 3). In the follogjrthe effect of silicate layer charge and the
physicochemical properties of the interlayer cai(eharge and size) are discussed:

4.2.1. Layer charge influence.

13



In the rehydration process of X-4-Mica,’LNa" and Mg? samples are able to rehydrate from
0W, (ca. 10 A) to 1W (ca. 12 A). The humidity valubere this transition occurs was different for
each interlayer cation, being between 20 and 30%e limited 1W swelling capacity of these
micas could imply a benefit for G@equestration as previously observed for montioaite. In
those samples, GQOntercalation was enhanced with hydration up to, 1Jakd with further
hydration it was decreased (Loring et al., 2014Jalbse HO displaces C&from the cation
solvation shell (Schaef et al., 2013pwever, K-4-Mica and Al-4-Mica were not able thydrate
even for humidity near 100% RH.

Layer charge decreased facilitatefOHentering in the interlayer and hence, X-3-Micd XA2-
Mica samples were able to rehydrate although diffehumidity values were needed to produce
the transition. These results are consistent \giniatural rehydration process observed before in
the Temperature experiment (Fig. 2, stage 3 and 4).

However, this result is in contrast with synthet&ponites with a layer charge between 0.4 and
0.7 (Michot et al., 2005) where rehydration is proed at higher values of relative humidity when
layer charge decreases. To explain these reswitsfaictors must be considered: 1) when layer
charge increases, an increase in the number olapée cations are required to balance the charge.
If the number of cations in the interlayer is highteen the attraction toJ increases. 2) When
layer charge is high, the attractive forces betwienlayers increases and, consequently, more
H20 molecules are required to initiate swelling.

In synthetic saponites, the attraction force betwtes interlayer cations prevails over the
electrostatic force between the layers. However,dpposite occurred for X-n-Micas where the
layer charge is higher and, hence, a higher amolumater molecules is needed to initiate the

rehydration.

14



4.2.2. Influence of the interlayer cationic radii and chamge

An increment of the ionic radius produce that higteative humidity is needed to reach the
rehydration, as seen in the Li-,K- and Na-n-sampléss result shows that thex® molecules
necessary to initiate this process are greater whenonic radii increases. Additionally, the
increase in the electrostatic factgf;, observed with Nag/r= 1.05), Mg? (g/r= 3.08) and Al®
(g/r= 6.00) samples (Fig. 3) provoke that bigger bagalcings are observed once the sample
achieved the rehydration, which indicate that tydr&tion state occurs not only at one monolayer
of water, but at two monolayer. As well, the hurtydieeded to produce this transition decreased
with theqg/r ratio.

These results are in contrast with those found amtmorillonite saturated with magnesium,
where at relative humidity near zero, the hydrastate occurs at one monolayer ofCH Only
20% RH is required to produce the transition to taanolayers of KD (Ferrage et al., 2005). For
the samples here, these transitions depend omyke ¢harge of the aluminosilicate. In the case
n=4, the sample rehydrates only to one monolayek©Of but when layer charge decreases, higher
hydration states are possible to two monolayer @ th the interlayer. When n=3, the transition
to 2W occurs at 70% RH, whereas for n=2, 20% Ridgsiired. These results are consistent with
the natural rehydration observed for Mg-n-Mica lie temperature experiment, and show that
silicate layer charge plays an important role i thhydration mechanism of these swelling high
charge micas. The origin of the layer charge, ket the tetrahedral sheet in our samples, could
be the responsible of this behavior, provoking tiat interaction forces between the silicate

structure and the interlayer cations to be strotifugm in other silicates.

5. CONCLUSIONS

15



For the first time, the dehydration and rehydratioechanism of a swelling high charge mica
family has been analyzed as a function of the @hdgdicit of the aluminosilicate framework and
the chemical composition of the interlayer space.

The ability of the X-n-Mica for a reversible dehgtlon/rehydration process is a consequence
of the repulsive forces due to the interactionsvbeh the 2:1 layers and the attractive forces
between the interlayer cation and the siloxaneaserfiegative charged. Therefore, thorough the
tuning of layer charge and the chemical compositbthose synthetic micas, it is possible to

produce a tailor-made clay for a specific applmati
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Fig. 3. Basal space in function of relative humidity asaitéd during the humidity experiment

for the set of samples X-n-Mica where X= LNa', K*, Mg*? and AF®and n = 2, 3 and 4. Colours

(black, red, blue and green) represent the diftet@dl reflections observed during the

experiments, being black the highest basal spaidggreen the lowest one.
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Table 1.

Initial Values of Basal Spacing (A) and after st2geomplete dehydration), 3 (free rehydration)
and 4 (forced rehydration) in the temperature erpant for the set of samples X-n-Mica where

X=Li*, Na', K*, Mg*?2 and AfF®and n = 2, 3 and 4.

Interlayer Initial d 001 d001( A) d001( A) free d001( A)

cation (A after rehydrated forced
heating rehydration
n=4
Al 13t 10.C 10.C 10.C
Mg 13.€ 10.2 10.2 12.1
12.1 - - 10.2
K 12.¢ 10.t 10.t 10.t
Na 12.C 9.€ 12.C 12.C
- - 9.8 -
Li 12.0¢ 10.2 12.C 12.C
- - 10.2 10.2
n=3
Al 14.C 10.1 10.1 14.¢
Mg 14.¢ 10.2 14.¢ 14.¢
13.9 - 10.2 12.1
12.1 - - -

K 12.¢ 10.€ 10.€ 10.€
Na 12.C 9.€ 12.C 12.C
- - 9.8
Li 14.¢ - 12.1 12.C

12.2 10.3 10.3 14.4
n=2
Al 14.1 10.¢ 13.2 14.€
- - 10.5
Mg 14.£ 10.C 14.: 14.2
K 12.¢ 10.7 10.¢ 12.7
9.7 9.8 9.7 10.4
- - - 9.7
Na 12.2 9.¢ 12.1 12.2
- 9.9
Li 14t 10.1 14t 14.%
12.1 - 12.1 12.1
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