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ABSTRACT: Na-Mica-4, a synthetic fluorophlogopite, is an attractive adsorbent. However, 

the synthesis at large scale demands an economically prized, feasible scalable and sustainable 

synthesis method, which requires a deep knowledge of the influence of each synthesis step. 

A set of Na-Mica-4 were synthesised by methods that had one synthesis parameter as 

variable. The purity, crystallinity and heteroatoms distribution were analysed thorough X-

ray diffraction and nuclear magnetic resonance. The results shed a light on the main factors 

for the design of the final product and indicated that an environmental friendship synthesis 

could be possible.  
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1. Introduction 

Clay minerals are appropriate adsorbent materials that are used in applications such as 

catalysis, ion exchange and decontaminant. However, natural clays contain other minerals 

that are not adequate for those applications. For many important applications, pure synthetic 

clays are preferred. 

Na-Mica-4, a synthetic fluorophlogopite, is an attractive adsorbent for its unique 

combination of high charge and swelling and cation exchange properties (Alba et al., 2006; 

Gregorkiewitz and Rausellcolom, 1987; Morikawa et al., 1982; Paulus et al., 1992). They 

have also shown preferential selectivity for harmful divalent and heavy metal cations, (Pavon 

et al., 2017) (Pavon et al., 2014a) hence they have been proposed as efficient adsorbents for 

removal of pollutants (Pazos et al., 2017) and immobilization of radioactive waste from water 

(Osuna et al., 2017). Moreover, their chemical and physical properties can easily be tuned by 

an appropriated synthesis design. 

For the technical applications of those synthetic micas, feasible and economical scalable 

synthesis methods should be investigated. Moreover, an effective control of each synthesis 

step is crucial for an optimization of the synthesis parameters (Kloprogge et al., 1999; Zhang 

et al., 2010) such as chemical precursors (Gregorkiewitz and Rausellcolom, 1987; Kodama 

and Komarneni, 1999; Paulus et al., 1992), time (Alba et al., 2011) and temperature of 

reaction (Naranjo et al., 2015). 

Synthesis procedure of clays has been refined and different starting materials were tested 

to achieve a cost efficient production (Gregorkiewitz and Rausellcolom, 1987; Kodama and 

Komarneni, 1999; Naranjo et al., 2014; Park et al., 2002a; Paulus et al., 1992). In fact, several 
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studies have been conducted to find more cost-efficient aluminosilicate sources, such as fly 

ashes (Park et al., 2002a) or kaolinite (Kodama and Komarneni, 1999) for future large-scale 

applications. To elucidate the role of each synthesis step and parameters on the purity and 

structure of the Na-Mica-4, a strategy of synthesis has to be designed. A large-scale synthesis 

is possible as soon as all the synthesis steps are tuned. 

Therefore, the goal of this research was to explore the effect of each synthesis parameters 

and steps on phase evolution and framework heteroatoms distribution to shed a light on an 

economical and sustainable method of synthesis that could be transferred to industrial sector. 

 

2. Materials and methods 

2.1.Synthesis.  

For the synthesis of Na-Mica-4, the NaCl melt method was followed (Park et al., 

2002a). The general procedure consists in the use of a powdered mixture with the following 

stoichiometry: Si: Al: 1.5Mg: 2Na. The starting materials were commercial oxides and salts 

(SiO2, Al(OH)3, MgF2, NaCl) and a set of natural clay minerals, series C and D, (Table S1). 

Kaolinites, KGa-1b and KGa-2, were used as commercially provided and after miller. 

The starting mixtures were grounded in an agate mortar, except sample B2, which was 

grounded in a planetary mill. The heating time and temperature was 900ºC and 15 h, except 

in the samples E2, E4, and E5, where the effect of time in the synthesis was evaluated and 

30, 7.5 and 3.0 h were used. The reaction was held in Pt crucible for all the samples, except 

E1 and E2-E5, where SiC and Al2O3 crucible were used, respectively.  The heated solids were 

cooled up to room temperature and washed with distiller water, except sample G2, which 

was washed with tap water. Finally, they were dried at room temperature. The changes on 
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the synthesis steps, the details of the synthesis and the name of the samples are summarized 

in Table 1 and Table S2. 

 

2.2.Characterization.  

The mechanical grinding was performed using a Restch PM 200 planet miller with 

three tungsten carbide balls at 250 rpm during 5 min for B2 sample and during 15 min for 

the kaolinites used as precursor of the synthesis of D1 and D2 samples. 

The external surface was analysed by nitrogen adsorption isotherm at 77 K using a 

Micromeritics model ASAP 2010 and all samples were dried at 100 ºC overnight under 

vacuum before the nitrogen sorption measurement. Those measurements allowed analysing 

the reactive surface of the starting materials. 

The feature of the framework atoms bonds was studied by infrared (FTIR) 

spectroscopy. FTIR spectra were recorded in the range 4000–300 cm–1 by the Spectroscopy 

Service of the ICMS (CSIC-US, Seville, Spain), as KBr pellets, using a JASCO FT/IR-6200 

IRT-5000 instrument.  

In order to get information of the long-range structural transformations and the generation 

of the new crystalline phases, x-ray diffraction (XRD) patterns were obtained at the X-ray 

laboratory (CITIUS, University of Seville, Spain) on a Bruker D8 Advance instrument 

equipped with a Cu Kα radiation source operating at 40 kV and 30 mA. Diffractograms were 

measured in the range 3–70° 2θ with step time of 0.1 s and step size of 0.015°. 

The changes of local environments of the framework heteroatoms during the synthesis 

process were analysed thorough nuclear magnetic resonance under magic angle spinning 

spectroscopy (MAS NMR). Single-pulse MAS NMR experiments were recorded on a Bruker 



5 

 

AVANCE WB400 spectrometer equipped with a multinuclear probe. Powdered samples 

were packed in 3.2 mm zirconia rotors and spun at 10 kHz. The 1H MAS NMR spectra were 

obtained using pulse widths of 2.25 µs (π/2 ) and a delay time of 5 s. 29Si MAS NMR spectra 

were acquired at a frequency of 79.49 MHz, pulse width of 2.7 µs (π/6) each 3 s. 27Al MAS 

NMR spectra were recorded at 104.26 MHz with a pulse of 0.38 µs (π/20) and a delay time 

of 0.5 s. 23Na MAS NMR spectra were recorded at 105.84 MHz with a pulse of 0.75 µs (π/12) 

and a delay time of 0.1 s. The 19F MAS NMR spectra were obtained using typical a π/2 pulse 

of 2.9 µs and a pulse space of 2 s. The chemical shift values were reported in ppm from 

tetramethylsilane for 29Si and 1H, from NaF for 19F and from a 0.1 M AlCl3 and NaCl solution 

for 27Al and 23Na, respectively. Spectra were simulated using the DMFIT software (Massiot 

et al., 2002) and Gaussian-Lorenztian ratio, position, linewidth and amplitude were the fitted 

parameters. 

 

3. Results and discussion 

3.1.Effect of the precursor mixing 

3.1.1. Effect of stoichiometry. In order to identify the stoichiometry tolerance of the 

components for large-scale synthesis, two series of samples were synthesized and identified 

as series A on Table S2 and Table 1. Whereas sample A2 followed the stoichiometry 

proportion of the precursors for Na-Mica-4 (Park et al., 2002b), the sample A1 was 

synthesised with a deficiency of 2 % Al and 7 % Mg. The rest of the synthesis process was 

identical (see Table 1). 

X-ray diffractograms of the samples of series A (Fig. 1) showed patterns that 

corresponded to Na-Mica-4 (Naranjo et al., 2015) with a unique 001 reflection corresponding 

to a basal space of 12.1 Å due to hydrated Na+ (Alba et al., 2011). Additionally, in the XRD 
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pattern of the sample A1, Al and Mg deficient starting mixture, small reflections of sodalite 

were observed. At long-range structural order, both stoichiometric compositions provided 

hydrated Na-Mica-4 but to ensure the efficiency of the Al framework incorporation and the 

Si-Al tetrahedral distribution, the 29Si MAS NMR spectra were analysed. In both samples, 

the spectra (Fig. S1) consisted in a set of signals on the -70 to -95 ppm region due to Q3(mAl) 

(3 ≤ m ≤ 0) mica environments (Alba et al., 2006) and Q4(4Al) from sodalite (Johnson et al., 

2000). The area of each 29Si Q3(mAl) signals (Fig. 2) were the same as previously reported 

for Na-Mica-4 (Alba et al., 2006). However, the proportion of the Q3(3Al)* at ca. -75 ppm, 

postulated as a Lowenstein rule violation (Pavon et al., 2014b), was slightly higher in sample 

A1, where the stoichiometric proportion was not followed. 

The 27Al MAS-NMR spectrum of sample A2 (Fig. 3) showed a main signal at ca. 65 

ppm due to the majority of Al in a tetrahedral coordination (Engelhardt and Michel, 1987) 

and an additional small signal at ca. 0 ppm that was interpreted as aluminium in the octahedral 

sheet (Naranjo et al., 2014). The spectra of the sample A1 was similar but with a narrow and 

symmetric peak due to sodalite (Naranjo et al., 2014), in accordance with the presence of this 

phase in the XRD data. 

Although the XRD data were compatible with hydrated interlayer sodium, the 

difference in the coordination sphere of the interlayer sodium can only be analysed by a 23Na 

MAS-NMR spectroscopy (Fig. S2). The spectrum of sample A2 was characterized by a 

unique symmetrical signal centred at ca. -7.5 ppm compatible with the interlayer sodium in 

one-layer hydrated state (Naranjo et al., 2014). A similar signal was observed in sample A1, 

but the spectrum of this sample also showed a narrow peak at ca. 4 ppm due to sodalite  

(Johnson et al., 2000) (Johnson et al., 2000) and involved the 5.8 % of sodium. 
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3.1.2. Effect of mixing. The effect of manual or mechanical mixing of the components 

in the yield and structure of the Na-Mica-4 was explored through the syntheses of the samples 

of series B (Table S2). In this synthesis, the precursor and mixture stoichiometry were similar 

to sample A2 but for sample B1, the components were mixed manually in an agate mortar 

and for sample B2, a double amount of components were mechanically mixed (Table 1). 

X-ray diffractograms of the samples of series B (Fig. 1) showed similar patterns to 

those of sample A2 and, thus, compatible with pure Na-Mica-4 (Alba et al., 2006) with a 

unique 001 reflection corresponding to a basal space of 12.1 Å of hydrate Na+ (Alba et al., 

2006).  The 29Si MAS NMR spectra (Fig. S1) also consisted in a set of signals on the -70 to 

-95 ppm region due to Q3(mAl) (3 ≤ m ≤ 0) mica environments (Alba et al., 2006).  However, 

the area of each 29Si Q3(mAl) signal (Fig. 2) was affected by the mixing procedure. Whereas 

the area distribution in manual ground samples (sample B1) was similar to that of sample 

A2, the mechanical grinding favoured the Q3(3Al) environment and the proportion of the 

Q3(3Al)* at ca. -75 ppm, postulated as a Lowenstein rule violation (Pavon et al., 2014b), was 

slightly higher in sample B2. From a thermodynamical point of view, the Al-O-Al bonding 

is less favoured than Al-O-Si (Bell et al., 1992), however, the mechanical grinding should 

provide the energy necessary to favour them. 

The 27Al MAS-NMR spectra of series B samples (Fig. 3) were similar to that of 

sample A2, pure Na-Mica-4, with the main signal at ca. 65 ppm with a majority of Al in a 

tetrahedral coordination (Engelhardt and Michel, 1987), and an additional small signal at ca. 

0 ppm that was interpreted as aluminium in octahedral sheet (Alba et al., 2006). Those spectra 

didn´t reveal the appearance of the 27Al signal of sodalite. 
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The 23Na MAS NMR spectra of both samples (Fig. S2) were characterized by a 

unique symmetrical signal centred at ca. -7.5 ppm compatible with interlayer sodium in one-

layer hydrated state (Laperche et al., 1990).  

3.1.3. Effect of the chemical source. The potential use of natural and economical 

chemical sources was analysed thorough the series C and D (Table 1 and Table S2).  

X-ray diffractograms of the samples of series C (Fig. 4) showed similar patterns to 

those of sample A2 and, thus, compatible with Na-Mica-4 (Alba et al., 2006) with a unique 

001 reflection corresponding to a basal space of 12.1 Å from interlayer hydrate Na+ (Alba et 

al., 2011). The exception was the XRD pattern of sample C3, synthesised from the 

commercial kaolinite, which corresponded to a dehydrated Mica (PDF 00-054-1026). The 

XRD pattern of samples C5 and C6, synthesized from bentonite, showed also small reflection 

from the original bentonite. The interlayer space of the samples was analysed thorough a 

23Na MAS NMR spectroscopy (Fig. S2), and, in general, the spectra were characterized by 

three sets of signals: i) a main one in the range between 0 to -25 ppm that corresponds to the 

interlayer sodium (Laperche et al., 1990); ii) a narrow signal at ca. 5 ppm of sodalite (Johnson 

et al., 2000); and iii) a broad signal at ca. 27 ppm due to a non-exchangeable sodium (Zeng 

et al., 2013). The proportion of sodalite impurity was absent in sample C6, and was ca. 1 % 

in samples C1, C2 and C5 and ca. 2 % in sample C3 and C4. In all the cases, the proportion 

of the non-exchangeable cation was below 2.5 %. As state in the literature, the position of 

the 23Na signal of the interlayer cation shifts towards higher frequency as higher hydration 

state (Casal et al., 1994; Laperche et al., 1990). The position of the signal, except for sample 

C3, was at ca. -7.5 ppm due to the one-layer hydrated interlayer sodium (Laperche et al., 

1990). The signal of samples C4-C6 showed asymmetry at higher frequency which was 

interpreted as Na+ coordinated by basal oxygens of the silicate sheet (Casal et al., 1994). The 
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signal of sample C3 was at -12 ppm, which was compatible with a less hydrated state of the 

interlayer sodium. 

Fig. 5 shows the IRFT spectra of the clay minerals used as starting material and its 

evolution after the synthesis procedure. The IRFT spectra of kaolinites shows in the 4000-

2500 cm-1 region four hydroxyl-stretching bands at 3695, 3668, 3650 cm-1 attributed to the 

hydroxyl-stretching modes of the inner surface hydroxyls and at 3619 cm_1 assigned to the 

inner hydroxyls (Frost et al., 2002). Talc and bentonite also show their characteristic 

hydroxyl-stretching bands at 3676 cm-1 for talc (Palaniandy and Azizli, 2009) and at ca. 3630 

cm-1 for bentonites (Liu et al., 2011). Additionally, FTIR spectra of bentonites show vibration 

bands at 3525-3444 cm-1 due to water hydroxyl bound via hydrogen bonds, and at ca. 3315 

cm-1 from free water (Liu et al., 2011). All those OH stretching bands disappear in samples 

C1-C6 and the two vibration bands from water hydroxyl are observed and they are typical of 

Na-Mica-4 (sample A2) which is a hydrated fluoromica. 

In the 1350-750 cm-1 region, they exhibit in-plane Si-O-Si stretching vibrations, 

strong bands at 1037-1033 cm-1 and 1012-1002 cm-1, and an in-plane stretching band of 

apical Si-O bonds at ca. 1100 cm-1. The Al2OH bending bands near 915 and 935 cm-1 arise 

from vibrations of inner and inner-surface OH groups, respectively (Gates et al., 2017). The 

FTIR spectra of C1-C3 samples do not show those Si-O-Si stretching vibration bands of 

kaolinite but they show the Si-O-Si stretching band characteristic of Na-Mica-4 (sample A2) 

that shifts to lower frequency due to the substitution of Al for Si (Gates et al., 2017). 

 The evolution of Al and Si from the starting phyllosilicates to the synthetic mica was 

followed by the analysis of the 27Al MAS-NMR (Fig. S4 and Fig. 3) and 29Si MAS-NMR 

spectra (Fig. S3 and Fig. 2). The 27Al spectra of raw kaolinites (Fig. S4) show a main 

resonance at ca. 0 ppm from the octahedral Al environment. The spectra of the original 
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bentonites (Fig. S4) showed a main resonance at ca. 0 ppm, from the octahedral Al 

environment of dioctahedrical sheet of both bentonites (Engelhardt and Michel, 1987). 

Additionally, a small signal in the range 40 -70 ppm was observed, due to the tetrahedral 

coordinated Al (Engelhardt and Michel, 1987), which convolutes two signals: the main one 

at ca. 57 ppm of q4 environment from impurities, and, a very small one at ca. 65 ppm of the 

smectite q3 environment (Engelhardt and Michel, 1987). A similar spectrum to those of 

bentonite was exhibited by talc but with a very low S/N ratio due to the low aluminium 

content in this sample. In all the cases, the 27Al signals of the synthesis products (Fig. 3) were 

in the tetrahedral chemical shift range and with a quadrupolar lineshape typical of Na-Mica-

4, overlapping this signal a narrow signal of sodalite was observed (Naranjo et al., 2014). 

The major component of the 29Si MAS-NMR spectra (Fig. S3) for all the initial 

phyllosilicates corresponded to Q3(0Al) environments (Engelhardt and Michel, 1987). The 

differences observed in their chemical shifts were a consequence of their octahedral nature 

and their total layer charge values (Sanz and Serratosa, 1984). 29Si MAS-NMR spectra of the 

raw bentonites showed two sets of signals. The main one is in the range of −100 to −80 ppm 

from a smectite Q3(mAl) environment, and the second one is in the range of  −100 to −115 

ppm from impurities Q4(mAl) environment (Engelhardt and Michel, 1987). The synthesis 

products showed a main set of 29Si signals (Fig. S3) on the -70 to -95 ppm region from the 

combination of Q3(mAl) (3 ≤ m ≤ 0) mica environments (Alba et al., 2006) and Q4(4Al) from 

sodalite (Johnson et al., 2000). The chemical shift of the all Q3(mAl) (3≤m≤0) environments 

was typical of Na-Mica-4 (Alba et al., 2006). The intensity of the distribution of the signal 

on sample C2 was similar to that of sample A2, however, in the rest of the samples, an 

enrichment of the Q3(mAl) (m>2) was observed, sample C3 being an exception and the most 

intense signal at -75 ppm. The difference on intensity should only be due to a different 



11 

 

tetrahedral sheet Al-Si distribution but not a decrease in the layer charge which would cause 

a shift to a lower frequency (Weiss et al., 1987). The only exception was sample C4 where 

two sets of signals described the spectrum and pointed out the presence of an inhomogeneous 

charge distribution. Finally, a narrow signal at ca. -61.5 ppm due to forsterite (Alba et al., 

2006) was observed in samples C4-C6, which were synthesized from phyllosilicates with 

magnesium in the octahedral sheet. 

 Although hydrated Na-Mica-4 was synthetized from phyllosilicates, the purity of the 

final product and the Si-Al distribution was affected by the nature of the phyllosilicates. 

Moreover, the facility of the starting clay minerals to be transformed to swelling high-

charged micas depended on some structural characteristics: i) sheet stacking, 1:1 packing was 

more favourable than 2:1 (e.g. kaolinite vs bentonite); ii) octahedral occupancy, dioctahedral 

phyllosilicates provided best results than trioctahedral ones (e.g. bentonite vs talc). In a 

previous study, Alba et al. (Alba et al., 2010) observed that those structural characteristics 

were responsible of the destabilization of the phyllosilicates structure.  

 The comparison between C1 and C2 points out that higher defect concentration and 

higher external surface (Table S3) of the starting phyllosilicate favoured the formation of Na-

Mica-4. The effect of defect concentration in synthesis starting materials was studied from 

the samples of series D, which were obtained after the mechanical milling of the kaolinites. 

The milling of the samples did not alter the structural order of kaolinites which exhibited 

similar 29Si MAS-NMR (Fig. S3), 27Al MAS-NMR (Fig. S4) and FTIR spectra (Fig. S5), but 

provoked the increasing of the external surface (Table S3) and it was equal for both kaolinite 

after the milling.  

The samples synthesized from mechanical milled kaolinites (series D) had a XRD pattern 

compatible with that of hydrated Na-Mica-4 (Fig. 4) and with the 23Na MAS NMR spectra 
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characterized by a decreasing of the sodalite signal intensity, an increasing of the non-

exchangeable sodium and an asymmetry to lower frequency of the interlayer sodium signal 

due to a lower hydration state. The milling did not affect the local order of aluminium (see 

27Al MAS NMR spectra, Fig. 3) or the chemical shift position of the 29Si signals on the 

spectra (Fig. S3), however, an enrichment on Q3(3Al) was observed (Fig. 2). 

 

3.2.Effect of the heating.  

In this section, the effect of the crucible material (samples of series E) and the use of 

an open or closed crucible (samples of series F) were analysed (Table 1 and Table S2). The 

effect of temperature and time were not analysed because they were already evaluated, 900 

ºC during 15 h being the optimal conditions in Pt crucibles. (Alba et al., 2011; Naranjo et al., 

2015) 

The comparison of samples A2, E1 and E3 allowed the determination of the influence 

of the crucible material on synthesis products. The XRD patterns of the three samples were 

compatible with the presence of hydrated mica (Fig. 6) with the only difference of additional 

small reflections of sodalite in the sample synthesised with the Al2O3 crucible (sample E3). 

The 23Na MAS NMR spectroscopy (Fig. S2) was used for the quantification of the sodalite 

impurity. The 23Na MAS NMR spectra showed that in the three samples the main signal was 

centred at ca. -7.5 ppm which was compatible with one-layer hydrated interlayer sodium 

(Laperche et al., 1990). Additionally, a signal at ca. 5 ppm was observed in samples E1 and 

E3 that corresponded to sodalite (Naranjo et al., 2014) and involved the 0.7 % and 3.4 % of 

sodium, respectively. Finally, a signal at ca. 27 ppm (1.3 %) was observed in sample E3 due 

to a non-exchangeable sodium (Zeng et al., 2013). 
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The effect of crucible materials in the framework atoms distribution was analysed 

thorough 29Si and 27Al MAS NMR spectroscopies (Fig. S6 and Fig. 3). The 27Al MAS NMR 

spectra of samples E1 and E3 (Fig. 3) showed a main signal at ca. 65 ppm due to the majority 

of Al in a tetrahedral coordination (Naranjo et al., 2015) and an additional small signal at ca. 

0 ppm that was interpreted as aluminium in the octahedral sheet, as observed in the spectrum 

of A2. (Alba et al., 2006) However, in those samples the narrow and symmetric peak of 

sodalite (Naranjo et al., 2014) was observed with higher intensity in E3 than in E1 in 

accordance with the 23Na MAS NMR data. The 29Si MAS NMR spectra of E1 and E3 samples 

(Fig. S6) showed a set of signals in the same range of A2 and at the same chemical shift of 

Na-Mica-4. The only difference between those signal was the relative intensity of Q3(mAl) 

of sample E1 (Fig. 2), an enrichment on the environment with m>3 being observed. 

Additionally, the spectrum of sample E1 exhibited a signal of forsterite at ca.  -61.5 ppm 

(Thompson et al., 1993). 

The analysis of the results indicated that swelling high-charged mica was produced 

independently from the crucible material, although the purity of the synthesis product 

decreased. In the case of SiC (sample E1), a small amount of sodalite and forsterite was 

observed. Whereas the Si:Al stoichiometry of sodalite is 1:1 and should not affect the Si:Al 

ratio of the final product, the Si:Al proportion on forsterite is 1:0 and, thus, the Si 

environment with higher Al neighbouring should be favoured. However, the observed 29Si 

MAS NMR data (Fig. 2) did not reflect it and an enrichment of Si environment was observed, 

probably due to a leaching of Si from the SiC crucible during the synthesis. 

In the case of the Al2O3 crucible (sample E3), the only impurity was sodalite, which 

did not alter the Si/Al ratio as observed in the 29Si MAS-NMR spectra (Fig. 2). However, the 

high amount of sodalite should not be due to an optimized time of heating as previously 
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observed by Alba et al. (Alba et al., 2011). The optimum reaction time for the Al2O3 crucible 

was tested thorough a set of synthesis performed at variable time (samples E2-E5). The XRD 

patterns (Fig. 6) were typical of the Na-Mica-4 for all the reaction times with a unique d001 

of 12.1 Å, as expected for the hydrated interlayer cation, except for the shorter reaction time 

(sample E5) where a second small reflection was observed at d001=9.5 Å due to the 

dehydrated interlayer cation (Alba et al., 2006). Alba et al. (Alba et al., 2011) observed that 

full-hydrated mica in Pt crucible was only possible for time reaction ≥ 1 h, however, in 

synthesis performed in Al2O3 crucible the mica remained partially dehydrated after 3 h of 

heating. In all the samples, sodalite reflections were observed and their intensity increased 

with the time reaction.  

The 23Na MAS-NMR spectra (Fig. S2) showed that the chemical shift of the main 

peak is at ca. -7.5 ppm compatible with one-layer hydrated interlayer sodium, (Laperche et 

al., 1990) but at 3 h the signal showed asymmetry at higher frequency, which was interpreted 

as Na+ coordinated by basal oxygens of the silicate sheet (Casal et al., 1994). Additionally, a 

signal at ca. 5 ppm was observed due to sodalite (Johnson et al., 2000) and involved the 5.4 

%, 3.4 %, 1.5 % and 2.4 % of sodium, for E2-E5 respectively. Finally, a signal at ca. 27 ppm 

was observed in samples E2 (2.4 %) and E3 (1.3 %) due to non-exchangeable sodium (Zeng 

et al., 2013). 

The 27Al MAS NMR spectra (Fig. 3) showed a main signal at ca. 65 ppm due to the 

majority of Al in a tetrahedral coordination (Engelhardt and Michel, 1987); the additional 

small signal at ca. 0 ppm was also observed. The 27Al signal due to sodalite was observed in 

all samples and with an intensity compatible with the 23Na MAS NMR spectra. 

 The 29Si MAS NMR spectra of samples E2-E4 (Fig. S6 and Fig. 2) showed a set of 

signals at the same chemical shift and relative intensity of Na-Mica-4. The spectrum of 
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sample E5 exhibited the same number of peaks but with two main differences: the signals 

shifted to lower frequency and the relative intensity of Q3(mAl) with m>2 increased. The 

observed relative intensity of the 29Si signals in E5 indicated that a time reaction as low as 3 

h, the layer charge of the mica was lower than 4 (Alba et al., 2006). The lower layer charge 

and the partial interaction of the interlayer Na+ with the basal oxygens were responsible of 

the low frequency shift of the signals (Pavon et al., 2014a). 

The observed difference on the time reaction between Pt and Al2O3 was compatible 

with their thermal conductivity. 

The other factor to be taken into account is the use of an open or closed crucible 

(series F) during the heating. Fig. 7 showed the XRD patterns of both experiments and 

regardless of the use of cap, the final product was a pure hydrated Na-Mica-4. The hydrated 

state of interlayer Na+ was also evident by 23Na MAS NMR spectroscopy (Fig. S2). 

At the synthesis temperature, fluorine could volatilize and affect the stoichiometric 

reaction, thus, both 19F MAS NMR and 1H MAS NMR spectra were registered (Fig. S7). The 

19F MAS NMR spectra were characterized by an intense peak at -171.6 ppm, due to fluorine 

in an Mg-Mg-Mg environment (Reinholdt et al., 2005), and a small one at -147.0 ppm, due 

to a fluorocomplex AlFxOHy.zH2O (Huve et al., 1992). The only difference was a small 

decrease in intensity of the main signal for the sample F2. The 1H MAS NMR spectra 

exhibited a wide resonance at ca- 5 ppm due to hydration water of the interlayer sodium 

(Alba et al., 2003). The effect of the partial volatilization of fluorine on the mica framework 

was analysed by 29Si MAS NMR (Fig. S6 and Fig. 2) and 27Al MAS NMR (Fig. 3) 

spectroscopies. Both Si and Al heteroatoms showed an environment similar to hydrated Na-

Mica-4 (sample A2). Therefore, the partial volatilization of fluorine when the synthesis was 
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performed in an open crucible did not affect the mica structure at long or short range due to 

an excess of fluorine in the starting reaction mixture. 

 

3.3.Effect of washing.  

Water scarcity is a worldwide problem, thus, for a sustainable synthesis it is crucial 

to analyse the influence of the quantity and quality of water used in the final step of the 

synthesis, samples of series G, (Table 1 and Table S2). 

 The X-ray diffractograms of the samples of series G (Fig. 7) showed patterns similar 

to those of sample A2 and, thus, compatible with pure Na-Mica-4 (Alba et al., 2006). The 

unique 001 reflection corresponded to a basal space of 12.1 Å and it indicated that the 

reduction of the water:solid proportion by a factor of 5 did not affect either  the swelling of 

the layers or the quality of the water. A similar coordination sphere of interlayer Na+ was 

corroborated by 23Na MAS NMR spectra (Fig. S2) and, thus, changes in the framework of 

mica could not be expected. Only in the case of sample G2, an additional shoulder at ca. 5 

ppm was observed due to sodalite (Johnson et al., 2000) and involved 0.2 % of sodium. Both, 

the 27Al MAS NMR (Fig. 3) and the 29Si MAS NMR spectra, (Fig. S8) and Fig. 2) showed 

similar sets of signals at similar position independently of the water amount and water quality 

used in the last step of the synthesis.  

 

4. Conclusions 

A deep analysis of all parameters that control the synthesis of this swelling high-charge 

mica has allowed shedding a light on the main factors that influence the design of the final 

product. 
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The deficiency of Al and Mg in the mixture does not affect the formation of Na-Mica-

4 although a small amount of sodalite was formed. Moreover, milling the mixture in a ball 

mill or in an agate mortar does not affect the final product. However, the use of a ball mill 

allows synthesizing a higher amount of mica.  

It has been possible to synthesize Na-Mica-4 from any natural clay, although the 

purity degree of the mica depends on the nature of those clay minerals. The ball mill grinding 

of the natural clays favored the formation of an Q3(3Al) environment. 

The use of cheaper crucibles such as SiC or Al2O3 allowed the synthesis of Na-Mica-

4, although the calcination time should be tuned. 

Finally, the quality and quantity of water is not crucial for pure Na-Mica-4 synthesis, 

which implies that a friendly environmental synthesis should be possible. 
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Table 1.  

Synthesis conditions 

Samples 

Precursor mixing heating washing 

Chemical source Stoichiometry Mixing 
Crucible 
material 

Crucible 
cap 

Water 
volume 
(ml) 

A1 Commercial oxides 
and salts 

Si:0.98Al:1.39Mg:2.02Na agate Pt No 100 

A2 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Pt No 100 

B1 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Pt No 100 

B2 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na balla Pt No 100 

C1 KGa-1b Si:Al:1.5Mg:2Na agate Pt No 100 
C2 KGa-2 Si:Al:1.5Mg:2Na agate Pt No 100 
C3 Kaolinite Fluka Si:Al:1.5Mg:2Na agate Pt No 100 
C4 Talc Si:Al:1.5Mg:2Na agate Pt No 100 
C5 Bentonite FEBEX Si:Al:1.5Mg:2Na agate Pt No 100 
C6 Bentonite MX80 Si:Al:1.5Mg:2Na agate Pt No 100 
D1 KGa-1bb Si:Al:1.5Mg:2Na agate Pt No 100 
D2 KGa-2b Si:Al:1.5Mg:2Na agate Pt No 100 
E1 Commercial oxides 

and salts 
Si:Al:1.5Mg:2Na agate SiC No 100 

E2 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Al2O3
c No 100 

E3 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Al2O3 No 100 

E4 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Al2O3
d No 100 

E5 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Al2O3
e No 100 

F1 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Pt No 100 

F2 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Pt Yes 100 

G1 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Pt No 20 

G2 Commercial oxides 
and salts 

Si:Al:1.5Mg:2Na agate Pt No 100f 

 

a The mixed amount milled was double in B2 than in B1. In this serie, the hated amount of sample was double 
than in the rest of the series 
bbefore mixing the kaolinites were grinding in a ball grinder. 
heating time:  c 30 h, d 7.5 h and e 3.0 h 
f washed with tap water 
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FIGURE CAPTIONS 

Fig. 1. XRD patterns of the samples of series A and B. s= sodalite (PDF 72-0029). 

Fig. 2. 29Si MAS NMR environment distribution of the samples of series: a) A and B; b) C and D; c) E and F; 
and; d) G.  

Fig. 3. 27Al MAS NMR spectra of the samples of series: a) A and B; b) C and D; c) E and F; and; d) G.  

Fig. 4. XRD patterns of the samples of series C and D. The C3 XRD pattern corresponds to dehydrated mica 
(PPF 00-054-1026). 

Fig. 5. FTIR spectra series C samples. FTIR spectra of clay and Na-Mica-4 (sample A2) have been included as 
reference. 

Fig. 6. XRD patterns of the samples of series E and F. s= sodalite (PDF 72-0029). 

Fig. 7. XRD patterns of the samples of series G.  
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Fig. 1 
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Fig. 2 

 

A1 A2 B1 B2
0

10

20

30

40

50

60

%
 Q

3
(n

A
l)

samples

 n=3
*

 n=3

 n=2

 n=1

 n=0

a

A2 C1 C2 C3 C4a C4b C5 C6 D1 D2
0

10

20

30

40

50

60

%
 Q

3
(n

A
l)

samples

 n=3*

 n=3

 n=2

 n=1

 n=0

b

A2 E1 E2 E3 E4 E5 F1 F2
0

10

20

30

40

50

60

%
 Q

3
(n

A
l)

samples

 n=3*

 n=3

 n=2

 n=1

 n=0

c

A2 G1
0

10

20

30

40

50

60

%
 Q

3
(n

A
l)

samples

 n=3*

 n=3

 n=2

 n=1

 n=0

d



26 

 

Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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