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A B S T R A C T   

One of the main objectives of a sustainable development and circular economy is the recycling of by-products 
generated in industrial and agricultural production processes. One of the possible solution is the use of such 
by-product materials in the synthesis of environmental adsorbents. In the current research, we present the 
synthesis of a high charge swelling mica with enhance adsorbent properties from blast furnace slag and rice husk 
ash. Moreover, to ensure the sustainable synthesis a natural bentoniteis used as Si and Al source. Thus, the 
current study investigated the fabrication of swelling high charged micas, Na-Mn (n (layer charge) = 2 or 4), 
from FEBEX bentonite, blast furnace slag and rice husk ash thorough the NaCl melt method. The reaction yield, 
cation framework distribution and structural characteristic of micas have been studied thorough X-ray Diffrac
tion and Solid State Nuclear Magnetic Resonance. The yields of Na-Mn synthesis and degree of purity of the mica 
depends on the nature of these precursors. Thus, a sustainable, non-expensive and environmental friendly pro
cess has been evaluated.   

1. Introduction 

The growing concern about environmental pollution has resulted in 
an increase in the research and the development of sustainable tech
nologies. Thus, sustainable development is an important matter world
wide and it takes into consideration all environmental, economic and 
social aspects (Elkington, 1999; Chen et al., 2020). In particular, one of 
the main objectives is to get the best use of natural resources with the 
minimum cost of energy and the minimum (and if possible null) for
mation of by-products. 

However, vast amounts of by-products are produced as consequence 
of industrial and agricultural production processes (Xie et al., 2016; 
Zhang et al., 2018). Limitations related to the storage of these solid 
wastes and other environmental issues have rendered the recycling of 
such waste materials a highly critical subject for protection of natural 
sources. 

Among industrial production, it is remarkable that 150–200 kg 
steelmaking or high furnace slag are produced per one ton of produced 
raw steel (Tripathy et al., 2020). Blast furnace slags (BFS) are mainly 

composed of ceramic based compounds such as SiO2, Al2O3, CaO, MgO 
and MgAl2O4 (Gupta et al., 2008; Nath and Kumar, 2013; Chang et al., 
2015; Tan et al., 2018). Such oxide contents render blast furnace slags 
(BFS), which are considered as by-product to replace virgin raw material 
and to conserve the natural resource that is also beneficial for the cir
cular economy. 

One of the most common reutilization of industrial slag is its recy
cling as a sustainable source in construction (FernandezJimenez and 
Puertas, 1997; Turner and Collins, 2013) and ceramic industry (Nadirov 
et al., 2013; Teo et al., 2014; Guo et al., 2016; Abisheva et al., 2017; 
Potysz et al., 2018). Exploitation of slag has been extended to biomed
ical applications such as bone replacement, dental and orthopaedic 
applications (Stamboulis et al., 2005). 

The agricultural activity is other of the most significant source of by- 
product production. Nowadays, rice is cultivated over 100 countries and 
consumed by more than half of the world’s population. In the past 20 
years, the output of rice increased by almost 50% (Zou and Yang, 2019; 
Jittin et al., 2020). The rice husk (RH) accounts the 20–21% of the total 
seed weight of rice kernel and large quantities of RH are produced as by- 
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products, i.e. ca. 41.64 million tons of RH are generated in China alone 
(Zou and Yang, 2019). 

Before rice is used in the food industry, the rice husk is first separated 
from the grain and rice husk ash (RHA) is produced during its com
bustion. The RHA constitutes an environmental problem due to air and 
water pollution associated. Its content in SiO2 varies from 87 to 97%, 
depending on the burning conditions, the rice variety, the climate and 
the geographic area (Kordatos et al., 2013). Due to its low cost and high 
silica content, RHA could be used as an alternative cheap source of silica 
in the preparation of several products such as i) adsorbent of organic dye 
and inorganic metals (Feng et al., 2004; Srivastava et al., 2008; Lakshmi 
et al., 2009), and, ii) starting material for the production of concrete, 
and silicates (Krishnarao and Godkhindi, 1992; SIE, 1994; Kamath and 
Proctor, 1998; Kalapathy et al., 2000, 2003; Nehdi et al., 2003; de 
Sensale, 2006; Ganesan et al., 2008; Chindaprasirt et al., 2009; Salas 
et al., 2009; Bhagiyalakshmi et al., 2010; Saceda et al., 2011). 

Swelling high charged micas, Na-Mica-n (n is the layer charge and 
originated by Si+4/Al+3 substitutions) have stood out as an attractive 
adsorbent for its unique combination of high charge and swelling and 
cation exchange properties (Komarneni et al., 2005; Alba et al., 2006; 
Choi et al., 2009; Noh et al., 2013; Kim et al., 2014; Naranjo et al., 2015). 
However, up to now, very pured commercial reagents have been used 
for their preparation. Thus, feasible and economical scalable synthesis 
methods are being investigated for the technical applications of those 
synthetic micas. For example, the parameters (time, temperature and 
oven) that obtained the most sustainable synthesis, appropriate to large- 
scale applications have been stablished(Osuna et al., 2018). However, it 
is still a goal to find more cost-effective aluminosilicate sources for 
future large-scale applications. 

The use of natural clay and/or by-products for the mica synthesis 
could provide an opportunity to produce an added-value productand to 
obtain a sustainable, no pollution and zero emissions production. 
However, despite the high potential of blast furnace slag and/or rice 
husk ash utilization for the synthesis of these materials, up to our 
knowledge, no studies have been reported yet. The current study in
vestigates the fabrication of Na-Mica-n from FEBEX bentonite, blast 
furnace slag and rice husk ash as precursors. The synthesis yield, mica 
types and structural characteristics have been studied thorough X-ray 
Diffraction and Solid State Nuclear Magnetic Resonance. 

2. Experimental 

2.1. Starting materials 

The starting materials were SiO2, Al(OH)3, MgF2, NaCl, a natural 
clay mineral, FEBEX bentonite, and some industrial wastes such as blast 
furnace slag (BFS), raw ash rice husk (RHA) and calcined ash rice husk 
(CRHA) (Table S1). 

The commercial reagents were purchased by Sigma-Aldrich (SiO2 
99.8% of purity, CAS n◦ 112945-52-5; Al(OH)3 80.5% of purity, CAS n◦

21645-51-2; and; MgF2 56.9% of MgO, CAS n◦ 7783-40-6)and from 
Panreac (NaCl 99.5% of purity, CAS n◦ 131,659). 

FEBEX bentonite was extracted from the Cortijo de Archidona de
posit (Almería, Spain). The processing at the factory consisted of 
disaggregation and gently grinding, drying at 60 ◦C and sieving by 5 
mm. The montmorillonite content was 90–92% (Fernandez et al., 2004). 
Based on chemical analyses, the structural formula or unit-cell formula 
of the Ca conditioned FEBEX smectite is: 

(Ca0.5Na0.08K0.11)(Si7.78Al0.22)(Al2.78 FeIII
0.33FeII

0.02Mg0.81)O20(OH)4 
(Fernandez et al., 2004). 

The BFS industrial waste come from Tudela Veguín (Oviedo) blast 
furnace slag after slow cooling in air and without water with a 36.0% of 
SiO2 (Rios et al., 2020). 

The raw rice husk ash (RHA), with a 74.1% of SiO2, comes from the 
facilities of the rice producer Arroces Herbá settled in Seville, Spain 
(Cifuentes et al., 2012). The CRHA precursor was prepared by the 

thermal treatment of RHA at 700 ◦C, 5◦/min, for 2 h to remove organic 
contains and to increase the SiO2 contain up to a 94.7% (Roschat et al., 
2016). 

2.2. Synthesis of Na-Mica-n 

For the synthesis of Na-Mica-n (n = 2 or 4), the NaCl melt method 
was followed regardless the nature of the precursors (Alba et al., 2006). 
The general procedure consisted on the use of a (4-n)Si: nAl: 6 Mg: 2nNa 
powdered mixture. The starting mixtures were grounded in an agate 
mortar and heated in a Pt crucible at 900 ◦C, 15 h at 10 ◦C/min. The 
heated solids were cooled down to room temperature (RT) and washed 
with distilled water. The nature of the precursors and the sample no
menclatures were summarized in Table 1. 

2.3. Characterization 

X-ray diffraction (XRD) patterns were obtained at the X-ray labora
tory (CITIUS, University of Seville, Spain) on a Bruker D8 Advance in
strument 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◦. 

Single-pulse (SP) MAS NMR experiments were recorded on a Bruker 
AVANCE WB400 spectrometer equipped with a multinuclear probe. 
Powdered samples were packed in 3.2 mm zirconia rotors and spun at 
10 kHz. 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. 19F MAS NMR spectra 
were obtained using typical 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, 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. Use of by-products of different industrial activity 

Fig. 1 shows the XRD patterns of the Na-Mica-n synthesized from 
commercial products (Alba et al., 2006) and those synthesized using by- 
products for replacing part of the commercial precursors. 

Na-Mica-n synthesized from commercial products showed patterns 
(Fig. 1a and e) that correspond to swelling high-charged micas (Naranjo 
et al., 2015) with a unique 001 reflection corresponding to a basal space 
of 1.21 nm due to hydrated Na+ in the interlayer spacing of micas 
(Pavón et al., 2013). The XRD patterns of the samples synthesized from 
blast furnace slag (Fig. 1b and f) only showed a very small reflection of 
basal spacing at 0.97 nm due to collapsed 2:1 phyllosilicate (Grim, 
1968). The main reflections of these XRD patterns were due to two sil
icates: i) a nesosilicate, consisting of isolated silicon tetrahedra, for
sterite (Mg1.8Fe0.2SiO4, PDF 00-010-0062); and; ii) a sorosilicate, 
consisting of double tetrahedra with a shared oxygen vertex, cuspidine 
(Ca4Si2O7F1.5(OH)0.5, PDF 01-076-0062). In addition to those silicates, 
other crystalline impurities such as fluorite (CaF2, PDF 00-004-0864) 
and MgAlO4 (PDF 00-010-0062) were observed. 

In samples synthesized from raw or calcined rice husk ash, the main 
crystalline phase of the XRD patterns (Fig. 1c, d, g and h) was a 2:1 
phyllosilicate. The main 001 reflection corresponded to a basal spacing 
of 1.21 nm due to hydrated Na+ in the interlayer space (Pavón et al., 
2013) and it was accompanied by a reflection at ca. 0.97 nm basal 
spacing due to non-hydrated Na+ in the interlayer space (Grim, 1968). 
The non-hydrated/hydrated layers ratio was higher in Mica-2 patterns 
than in Mica-4 patterns, and in both the dehydration state of the layers 
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increased when calcined rice husk ash was used as starting material. 
Small reflections of impurities such as forsterite, in Mica-2, and, paly
gorskite (a fibrous magnesium aluminium phyllosilicate, PDF 00-021- 
0958), in Mica-4, were observed. 

The higher mica yields in the synthesis from rice husk ash (RHA and 
CRHA) were quite well correlated with the percentage of the mica het
eroatoms in the starting materials (ca. 55%w/w in BFS vs ca. 75%w/w 
and ca. 95%w/w in RHA and CRHA, respectively). 

To ensure the efficiency of the Al framework incorporation and the 
Si-Al tetrahedral distribution, the 29Si MAS NMR spectra were analysed. 
In Na-Mn samples, the spectra (Fig. 2a, left) consisted in a set of signals 
on the − 70 to − 95 ppm region due to Q3(mAl) (3 ≤ m ≤ 0) mica en
vironments (Alba et al., 2006). The area of each 29Si Q3(mAl) signals 
(Table S2 and S3) was the same than previously reported for Na-Mica-n 
(Alba et al., 2006). The Na-M4 spectrum exhibied two Q3(3Al) envi
ronment which could be due to Lowenstein rule violation (Pavón et al., 
2014b) or different octahedral sheet environment (Sanz and Serratosa, 
1984). The Na-M2 spectrum showed also other two signals of impurities 
(Table S2): i) a signal at ca. − 85 ppm due to Q4(4Al) from sodalite 
(Johnson et al., 2000; Naranjo et al., 2014) that implied the 8.1% of total 
Si; and; ii) a signal at ca. − 62 ppm due to Q0 from forsterite (Kanzaki and 
Xue, 2016) and that implied the 3.3% of total Si. 

The Mn-BFS-1 spectra (Fig. 2b, left) were characterized by a set of 
signals in the − 70 to − 95 ppm region, being the main signal at ca. − 80 
ppm Si Q3(2Al) environment, (Alba et al., 2006). 

These signals can be attributed to Q3(mAl) (3 ≤ m ≤ 0) environments 
from two set of 2:1 phyllosilicates with different layer charge, as derived 
from their chemical shifts and the relative intensity of the signals (Sanz 
and Serratosa, 1984). In addition to the Q3(mAl) signals, two other 
signals due to impurities were observed: i) a signal at ca. − 72 ppm due to 
gehlenite (Florian et al., 2012), accounting the 3.6% and 5.9% of total Si 
for M2-BFS-1 and M4-BFS-1, repectively; and; ii) a signal at ca. − 75 ppm 
due to cuspidine (Li et al., 2015) and that overlapped with Q3(3Al) 
environment. It is also observable a signal at ca. 62 ppm due to forsterite 
(Kanzaki and Xue, 2016). This last accounted for 13.9% and 35.2% of 
total Si for M2-BFS-1 and M4-BFS-1, respectively (Table S2 and S3). 

The 29Si MAS NMR spectra of M2-RHA and M2-CRHA (Fig. 2c and d, 
up-left) were quite similar and characterized by the same set of signals 
than Na-M2 (Fig. 2a, up-right) but with a different relative intensity of 
the Q3(mAl) environments (Table S2). These signals resonated almost at 
the same chemical shift, thus, the change in the relative intensities could 
not be due to a change in the layer charge but in the distribution of the Si 
and Al in the tetrahedral sheet (Naranjo et al., 2015). The highest mica 
yield was for M2-CRHA (82.5% of total Si in comparison with 79.5% and 
68.0% for Na-M2 and M2-RHA, respectively, Table S2). 

The 29Si MAS NMR spectra of M4-RHA and M4-CRHA (Fig. 2c and d, 
down-left) were also quite similar to that of Na-M4 (Fig. 2a, down-left). 
The main signal was a convolution of two set of Q3(mAl) (3 ≤ m ≤ 0) 
environments of 2:1 phyllosilicates with different layer charge, Table S3, 

as derived from their chemical shifts and the relative intensity of the 
signals (Sanz and Serratosa, 1984). In addition, other signals due to 
impurities were also observed: i) four signals at ca. − 78 ppm, ca. − 82 
ppm, ca. − 85 ppm and ca. − 86 ppm due to pargasite (Welch et al., 
1994), being its contribution smaller in M4-RHA than in M4-CRHA; and; 
ii) a signal at ca. − 75 ppm due to cuspidine (Li et al., 2015) which 
overlapped with Q3(3Al) environment. Moreover, the Q0 environment 
of forsterite, at ca. -62 ppm (Kanzaki and Xue, 2016), was also observed, 
being its intensity lower in M4-CRHA than in M4-RHA. 

Due to the overlap of the different environments in 29Si MAS NMR 
spectra in Mica-4 samples, the starting material influence could only be 
analysed in Mica-2. It was observed that the total amount of Si Q3(mAl) 
environments (78.2% and 73.2% for RHA and CRHA respectively) and 
Si/Al of Mica-2 (Si/Al = 2.5 for both) decreased when rice husk ash was 
used instead of the commercial reagents (88.6% and Si/Al = 2.9). 

The 27Al MAS NMR spectra of Na-Mn samples (Fig. 2a, right) 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 Mn-BFS-1 (Fig. 2b, right) 
showed also an additional signal at 0 ppm compatible with MgAlO4 
impurity detected by XRD (Blaakmeer et al., 2015), more evident for n 
= 4 than n = 2. The signal at ca. 65 ppm was not asymmetric as observed 
for aluminium in Na-Mn and it could be deconvoluted into two signals, 
the q3(0Al) signal from mica (Engelhardt and Michel, 1987) and 
aluminium of gehlenite already observed by 29Si MAS NMR spectros
copy (Florian et al., 2012). The 27Al MAS NMR spectra of Mn-RHA and 
Mn-CRHA (Fig. 2c and d, right) were similar to that of the original Na- 
Mn (Fig. 2a). 

Although the XRD data of Na-Mn micas (Fig. 1a) was 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. 3a, left). The spectrum of Na-M4 (Fig. 3a, down- 
left) 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 Na-M2 
spectrum (Fig. 3a, up-left), together with a peak at ca. 25 ppm due to 
non-exchangeable sodium (Zeng et al., 2013). 

The spectra of the samples synthesized from BFS (Fig. 2b, left) 
exhibited a very small signal in the range 0 to − 25 ppm due to the low 
yield of the 2:1 phyllosilicate synthesis, as observed by XRD. This signal 
was very broad and asymmetric due to the presence of dehydrated so
dium (Laperche et al., 1990). A signal at ca. 5 ppm due to sodalite 
(Johnson et al., 2000) was also observed. 

23Na MAS NMR spectra of Mn-RHA and Mn-CRHA (Fig. 2c and d, 
left) were characterized by two signals in the range 0 to − 30 ppm: i) a 
main signal at ca. − 7.5 ppm compatible with one-layer hydrated sodium 
in the interlayer space (Naranjo et al., 2014); and; ii) a signal at ca. − 20 
ppm due to dehydrated sodium (Laperche et al., 1990). The ratio 

Table 1 
Amount of the reagent that participate in the synthesis and sample names.  

Sample name BFS 
(mg) 

RHA 
(mg) 

CRHA 
(mg) 

FEBEX 
(mg) 

SiO2 

(mg) 
Al(OH)3 

(mg) 
MgF2 

(mg) 
NaCl 
(mg) 

Na-M4 – – – – 792.2 1304.9 1369.5 1533.4 
M4-BFS-1 1956.4 – – – – 708.8 980.8 1354.1 
M4-BFS-2 794.5 – – 794.5 – 856.2 1132.7 1422.0 
M4-RHA – 1005.1 – – – 1241.3 1294.8 1458.7 
M4-CRHA – – 822.42 – – 1298.3 1353.5 1525.7 
M4-FEBEXa – – – 1307.1 – 852.7 1296.1 1544.0 
Na-M2 – – – – 597.6 328.1 688.7 385.6 
M2-BFS-1 1185.6 – – – 70.0 – 428.6 315.8 
M2-BFS-2 525.5 – – 525.5 64.5 – 538.4 346.0 
M2-RHA – 726.9 – – – 299.2 622.3 351.6 
M2-CRHA – – 617.6 – – 325.0 675.4 381.9 
M2-FEBEXa – – – 920.8 53.4 – 644.0 381.8  

a synthesized in a Al2O3 crucible. 
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between both signals agreed with the XRD data (Fig. 1c and d). Addi
tionally, the spectra of M2-RHA and M2-CRHA showed the peak at ca. 
25 ppm due to non-exchangeable sodium (Zeng et al., 2013) and the 
spectra of M4-RHA and M4-CRHA showed a narrow peak at ca. 5 ppm 
due to sodalite (Johnson et al., 2000). 

19F MAS NMR spectra of Na-Mn showed two set of signals (Fig. 3a, 
right), one of higher intensity centered at ca. − 177 ppm due to the F-3 
Mg environment (Cattaneo et al., 2011) and a second signal centered at 
− 182 ppm that corresponded to the F-2 Mg-1Na environment (Cattaneo 
et al., 2011). This sodium in the octahedral sheet corresponded to the 
non-exchangeable sodium detected by 23Na MAS NMR (Fig. 3a, left). 
The proportion of the F-2 Mg-1Na environment depended on the layer 
charge (Table S4 and S5), being 7.1% for Na-M2 and 0.3% for Na-M4 in 
concordance with the high content of non-exchangeable sodium in Na- 

M2 (Fig. 3a, left). Both signals could be deconvoluted into four reso
nances, due to the structural arrangement of Mg in the octahedral sheet. 
Mg cations are located in the center of the octahedral gap and fluorine 
ions could be placed in cis or trans configuration (Cattaneo et al., 2011). 
Moreover, mica had hydroxyl groups that could replace F− in the 
octahedral sheet. Therefore, there were four possible configurations for 
each fluorine ion environment: F-Mg-F (cis), F-Mg-F (trans), F-Mg-OH 
(cis) and F-Mg-OH (trans) and, therefore, each 19F signal was broken 
down into 4 signals (Cattaneo et al., 2011). 

When blast furnace slag was used in the starting synthesis mix, a new 
set of signals at ca. − 105 ppm was observed in the 19F MAS NMR spectra 
of Mn-BFS-1 (Fig. 3b, right) that can be deconvoluted into two signals at 
ca. − 102 ppm and ca. − 107 ppm due to the impurities of cuspidine and 
CaF2 (Jain et al., 2010; Tran et al., 2012). It is remarkable the absence of 
the signal centered at − 182 ppm due to F-2 Mg-1Na environment as 
consequence of the absence of non-exchangeable sodium on those 
samples (Fig. 3b, left). 

19F MAS NMR spectra of M2-RHA and M2-CRHA exhibited three 
signals (Fig. 3c and d, up-right, Table S4): i) at ca. − 171 ppm that could 
be due to a vacancy (□) produced by the leaching of Mg2+or Na+ (F-2 
Mg-□), ii) at ca. − 177 ppm due to F-3 Mg environment and, iii) at ca. 
− 182 ppm due to F-2 Mg-1Na environment (Reinholdt et al., 2005; 
Cattaneo et al., 2011). The proportion of each fluorine environment was 
independent of the pre-synthesis treatment of the ash rice husk. On the 
contrary, 19F MAS NMR spectra of M4-RHA and M4-CRHA exhibited 

Fig. 1. XRD of a) Na-M2, b) M2-BFS-1, c) M2-RHA, d) M2-CRHA, e) Na-M4, f) 
M4-BFS-1, g) M4-RHA, and, h) M4-CRHA. * = forsterite, Mg1.8Fe0.2SiO4 (PDF 
01-079-2185); O––MgAlO4 (PDF 00-010-0062); f = fluorite, CaF2 (PDF 00-004- 
0864); ^=cuspindine, Ca4Si2O7F1.5 (OH)0.5 (PDF 01-076-0624); and; p = paly
gorskite, (Mg,Al)5(Si,Al)8O20(OH)2⋅8H2O (PDF 00-021-0958). 

Fig. 2. 29Si (left) and 27Al (right) MAS NMR spectra of Na-Mica-n (n = 2, up, 
and, n = 4, down): a) Na-Mn, b) Mn-BFS-1, c) Mn-RHA, and, d) Mn-CRHA. 
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only the two signals (Fig. 3c and d, down-right, Table S5) of F-3 Mg and 
F-2 Mg-1Na environment. 

These results demonstrated that by-products can be good starting 
materials for the mica synthesis. In fact, the use of those by-products 
with high SiO2 content (Mn-CRHA) have favored the reaction yield. 
Moreover, these micas (Mn-CRHA) have exhibited structural charac
teristics and cation framework distribution similar to those synthesized 
with commercial products (Na-Mn). 

3.2. Use of bentonite in blast furnace slag synthesis formulae of mica 

As shown in the previous section, only a minor amount of crystalline 
non-swelling mica was formed when blast furnace slag, BFS, was used as 
a precursor (Fig. 2a, Fig. 4a). To improve this result, BFS amount in the 
synthesis was partially substituted by a bentonite (FEBEX, swelling low- 
charged phyllosilicate). The XRD diagrams of both Mn-BFS-2 samples 
(Fig. 4b) showed patterns similar to Na-Mn (Fig. 1a and e). 

In the XRD patterns, reflections of other silicates such as forsterite 
(nesosilicate Mg1.8Fe0.2SiO4, PDF 00-010-0062) and cuspidine (sor
osilicate Ca4Si2O7F1.5(OH)0.5, PDF 01-076-0062) for both Mn-BFS-2 
samples, and, pargasite (inosilicate NaCa2(Mg4Al)Si6Al2(OH)2, PDF 01- 
087-0607) for M2-BFS-2 (Fig. 2b, up) were also observed. In addition to 
these silicates, other crystalline impurities such as fluorite (CaF2, PDF 
00-004-0864) and halite (K0.2Na0.8Cl, PDF 00-026-0918) were also 
detected. 

29Si MAS NMR spectra of the Mn-BFS-2 (Fig. 5b, left) showed a set of 

signals centred in the same range than those of Mn-BFS-1 (Fig. 5a, left). 
The gravity centre of the spectra shifted to higher frequency indicating 
an enrichment in the Q3(mAl) environments with higher m value (Alba 
et al., 2006). Moreover, due to the contribution of additional signals of 
pargasite, the spectra were broader than Mn-BFS-1 (Welch et al., 1994). 
The Q3(0Al) and Q3(1Al) signals of Mn-BFS-2 resonated at higher fre
quency than those of bentonite FEBEX; moreover, the spectra also 
exhibited also resonances of Q3(2Al) and Q3(3Al), absent in the 29 Si 
MAS NMR spectrum of pristine bentonite (Osuna et al., 2015). Thus, the 
structural short-range arrangement of Si pointed out the transformation 
of FEBEX (a low charged 2:1 phyllosilicate) to a high charged mica. 
Finally, the intensity of Q0 signals of forsterite remained almost constant 
in M2-BFS but decreased in M4-BFS-2 respect to M4-BFS-1 (Table S2 and 
S3). 

Fig. 3. 23Na (left) and 19F (right) MAS NMR spectra of Na-Mica-n (n = 2, up, 
and, n = 4, down): a) Na-Mn, b) Mn-BFS-1, c) Mn-RHA, and, d) Mn-CRHA. * =
spinning side bands. 

Fig. 4. XRD of Mn-BFS (n = 2, up, and, n = 4, down): a) Mn-BFS-1, and, b) Mn- 
BFS-2. * = forsterite, Mg1.8Fe0.2SiO4 (PDF 01-079-2185); O––MgAlO4 (PDF 00- 
010-0062); f = fluorite, CaF2 (PDF 00-004-0864); ^=cuspindine, Ca4Si2O7F1.5 
(OH)0.5 (PDF 01-076-0624); & = pargasite, NaCa2(Mg4Al)Si6Al2(OH)2 (PDF 01- 
087-0607); and; h = halite, K0.2Na0.8Cl (PDF 00-026-0918). 
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27Al MAS NMR spectra of the Mn-BFS-2 (Fig. 5b, right) showed a line 
shape completely different to those of Mn-BFS-1 (Fig. 5a, right). In them, 
only a broad symmetric signal at ca. 65 ppm due to q3(0Al) of phyllo
silicate 2:1 is observable together with the peak attributable to the im
purity of pargasite (Welch et al., 1994). This indicated the migration of 
the octahedral aluminium typical of bentonite FEBEX (Osuna et al., 
2015) to tetrahedral positions in the mica structure. 

23Na MAS NMR spectra of the samples synthesized from BFS and 
bentonite (Fig. 6b, left) were very similar to those of the samples syn
thesized without bentonite (Fig. 6a, left). The signal in the range be
tween 0 to − 25 ppm, due to interlayer sodium at different hydration 
state, (Laperche et al., 1990) increased in M4-BFS-2 and decreased in 
M2-BFS-2. In both Mn-BFS-2 the signal at ca. 5 ppm due to sodalite was 
absent. 

19F MAS NMR spectra of the micas synthesized with bentonite and 
blast furnace slag, Mn-BFS-2 (Fig. 6b, right) exhibited the same signals 
than the Mn-BFS-1 spectra (Fig. 6a, right) but with different relative 
intensities (Table S4 and S5). The substitution of BFS by bentonite 
increased, the intensity of the 19F signals from impurities for M2-BFS-2 
(Table S4) while those signals decreased for M4-BFS-2 (Table S5). 

All these results indicated that the partial substitution of BFS by 
bentonite FEBEX not only significantly increased the reaction yields but 
also the efficiency in the aluminium incorporation into the tetrahedral 
sheet and the layer hydration. Two different factors can be identified as 

responsible of this fact: i) an increase in SiO2 content and, ii) as shown by 
MAS-NMR, Si environment in bentonite is similar to Q3 environment in 
mica; by contrast, BFS exhibits Q4 environments. 

3.3. Use of bentonite for mica synthesis 

Last, FEBEX bentonite was used as the only source of Si and Al to 
produce high charged mica. XRD patterns of M2-FEBEX and M4-FEBEX 
(Fig. 7) were quite different than that of the pristine bentonite (Osuna 
et al., 2015). They corresponded to sodium mica, with a main reflection 
of 001 at 1.21 nm compatible with the presence of hydrated sodium in 
the interlayer space (Pavón et al., 2014a). In the case of M2-FEBEX, a 
reflection at higher 2Ɵ values also emerged due to dehydrated mica 
(Pavón et al., 2014a). In both micas, reflections corresponding to so
dalite and forsterite were also observed. 

To check the hydration of the sodium cations in the interlayer space, 
the samples were analysed by 23Na MAS NMR (Fig. 8). 23Na MAS NMR 
spectra were characterized by a signal centred at − 10 ppm due to hy
drated sodium with a shoulder at lower frequency due to a lower hy
dration state of the mica (Naranjo et al., 2014). The hydrated sodium 
signal was broader than that of the Na-Mn, indicating the presence of 
different hydration states of interlayer sodium. A signal was also 
observed at ca. 5 ppm corresponding to the sodalite (Naranjo et al., 
2014), already observed in the XRD diagrams. 

To study the short-range structural order, the samples were also 
analysed by 19F, 27Al and 29Si MAS NMR spectroscopy. 

Fig. 5. 29Si (left) and 27Al (right) MAS NMR spectra of Mn-BFS (n = 2, up, and, 
n = 4, down): a) Mn-BFS-1, and, b) Mn-BFS-2. 

Fig. 6. 23Na (left) and 19F (right) MAS NMR spectra of Mn-BFS (n = 2, up, and, 
n = 4, down): a) Mn-BFS-1, and, b) Mn-BFS-2. * = spinning side bands. 
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19F MAS NMR spectra (Fig. 8) of Mn-FEBEX showed a main peak at 
ca. − 176 ppm due to F-3 Mg environment, and two small peaks at ca. 
− 182 ppm and ca. − 171 ppm due to F-2 Mg-1Na and F-2 Mg-□ envi
ronments, respectively (Reinholdt et al., 2005; Cattaneo et al., 2011). 

29Si MAS NMR spectrum of M4-FEBEX (Fig. 8b) showed Q3(mAl) 
environments distribution slightly different to that of Na-M4 (Fig. 2a, 
down-left), indicating that the mica had a different tetrahedral frame
work cations distribution. However, it did not imply a different layer 
charge since no changes were observed in the chemical shift of the 
signals (Table S3). On the contrary, the M2-FEBEX spectrum (Fig. 8) 
presented an enrichment in environments with m ≥ 2 (Table S2). In both 
micas, the presence of forsterite was also observed, being its contribu
tion much higher in the case of M4-FEBEX. 

27Al MAS NMR spectrum of M4-FEBEX (Fig. 8) showed a main signal 
at ca. 65 ppm due to aluminium with tetrahedral coordination (Engel
hardt and Michel, 1987). A superimposed narrow signal corresponding 
to sodalite was also observed (Naranjo et al., 2014). The signal from 
octahedral coordinated aluminium (ca. 0 ppm) was less intense than in 
the Na-M4 spectrum (Fig. 2a, down-right). In the case of M2-FEBEX, the 
27Al MAS NMR spectrum was similar to that of mica synthesized by the 
original method, Na-M2 (Fig. 2a, up-right). 

The use of FEBEX bentonite as the only source of Si and Al produced 
high charged mica. However, cation framework distribution was 
different from Na-Mn and the layers were not completely hydrated. 

4. Conclusions 

The synthesis of Na-Mn micas has been achieved using a variety of 
natural clays and/or by-products as precursors, but the synthesis yields 
and degree of purity of the mica depends on the nature of those 
precursors. 

The purity of the reagents are crucial for the reaction yields and the 
formation of mica was favored by the use of rice husk ash instead of blast 
furnace slag. The partial or total incorporation in the synthesis mix of a 
low charge 2:1 phyllosilicate favors the yields of mica synthesis, the 
swelling of the layers and the effectiveness of aluminium incorporation 
in the tetrahedral sheet. 

Therefore, these results open the way for the possible industrializa
tion of design adsorbents using a sustainable synthesis method. 
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Synthesis and characterization of inorganic-organic hybrid materials based on the 
intercalation of stable organic radicals into a fluoromica clay. Dalton Trans. 42, 
8585–8596. 

Zhang, Y., Liu, J., Su, Z., Liu, B., Lu, M., Li, G., Anderson, C., Jiang, T., 2018. Utilizing 
blast furnace slags (BFS) to prepare high-temperature composite phase change 
materials (C-PCMs). Constr. Build. Mater. 177, 184–191. 

Zou, Y., Yang, T., 2019. In: Cheong, L.-Z., Xu, X. (Eds.), Chapter 9 - Rice Husk, Rice Husk 
Ash and their applications. AOCS Press, Rice Bran and Rice Bran Oil, pp. 207–246. 

A. Mouchet et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0320
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0320
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0320
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0325
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0325
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0325
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0325
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0330
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0330
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0330
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0335
http://refhub.elsevier.com/S0169-1317(21)00316-1/rf0335

	By-products revaluation in the production of design micaceous materials
	1 Introduction
	2 Experimental
	2.1 Starting materials
	2.2 Synthesis of Na-Mica-n
	2.3 Characterization

	3 Results and discussion
	3.1 Use of by-products of different industrial activity
	3.2 Use of bentonite in blast furnace slag synthesis formulae of mica
	3.3 Use of bentonite for mica synthesis

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


