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A B S T R A C T

In this study, beidellite, paragonite and other 2:1 type layered aluminosilicates with high layer charges (2:1 type
LA-HLC) were synthesized under hydrothermal conditions by using boehmite as a precursor. The concentrations
of dissolved Al from boehmite precursor had important effects on the mineral components of the hydrothermal
products and the layer charge density of the resultant minerals. A combination of 2:1 type LA-HLC, paragonite,
and minor beidellite formed at a relatively high concentration of dissolved Al, while beidellite with a small
amount of 2:1 type LA-HLC was produced at a low concentration of dissolved Al. The resultant 2:1 type LA-HLC
exhibited poor swelling ability when treated with ethylene glycol. A solid-state transformation mechanism was
proposed for the transformation based on the HRTEM images and EDS analyses, which showed that lattice
fringes representing (001) faces of 2:1 type layered aluminosilicates (2:1 type LA) were parallel to the (020)
direction of boehmite. The successful transformation of boehmite into 2:1 type LA provides insights to well
understand the formation of 2:1 type LA in geological processes and offer a facile preparation approach for the
synthesis of 2:1 type LA with different layer charges.

1. Introduction

Layered aluminosilicates (LA) are ubiquitous in various natural
environments on the Earth surface. As a family of important natural
materials, they are widely utilized in ceramics, oil drilling, paper in-
dustries, environmental remediation and pharmaceutical industry
(Konta, 1995; Murray and Kogel, 2005; Khodja et al., 2010; Viseras
et al., 2010; Zhu et al., 2016). Specifically, 2:1 type LA with high layer
charges (2:1 type LA-HLC) are promising materials to remove radio-
active ions (Noh et al., 2013; Pavon et al., 2013). Synthetic layered
silicates have displayed widespread applications due to high purities
and adjustable chemical compositions (Zhang et al., 2010).

It is well known that aluminum minerals (e.g., boehmite, gibbsite,
and bayerite) in bauxite always coexist with clay minerals (e.g., kao-
linite, beidellite, and illite). Previous studies demonstrated that layered
silicates could be converted into aluminum minerals during chemical
weathering processes, with aluminum retention as well as silicon and
alkali metals elements removal (Wolfenden, 1965; Bird et al., 1989; Yu
et al., 2014). Meanwhile, an inverse conversion process, the

transformation of gibbsite or bayerite into 2:1 type LA, was also
achievable under hydrothermal condition (Granquist and Pollack,
1967; Granquist et al., 1972). Such formation mechanism for clay mi-
nerals was also found in nature (Mcmurtry and Yeh, 1981; Marumo and
Hattori, 1999; Mas et al., 2006). This means that, when aluminum
minerals encounter with silicon-rich geological fluids and undergo hy-
drothermal alteration, they can be transformed into clay minerals in
geological processes, namely, ‘resilicification’ of aluminum minerals.
However, the factors controlling the layer charges of 2:1 type LA in
these processes are not clear yet. The transformation from aluminum
minerals to 2:1 type LA and the mechanism involved is of importance
for understanding the genesis of natural clay minerals and synthesis of
2:1 type LA with the unique property.

So far, two transformation mechanisms of LA have been proposed,
i.e., dissolution-recrystallization and solid-state transformation.
However, the definitions of these two mechanisms are not unambiguous
as reported in previous studies (Srodon, 1980; Srodon and Eberl, 1984;
Inoue et al., 1988; Delvaux et al., 1989; Grubb et al., 1991; Lindgreen
et al., 1991; Buatier et al., 1993; BettisonVarga and Mackinnon, 1997;
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Amouric and Olives, 1998; Cuadros and Altaner, 1998; Murakami et al.,
1999; Dudek et al., 2006;). To clarify these two transformation me-
chanisms, in our view, the process of complete dissolution of original
mineral and subsequent recrystallization of another new phase is
identified as dissolution-recrystallization. And solid-state transforma-
tion means, at least, part of precursor mineral's structural unit (e.g.,
tetrahedral or octahedral sheet) is kept in the solid state but partial
dissolution (e.g., dissolution of SieO tetrahedral sheet in kaolinization
of smectites) maybe occurs during the transformation process.

The main aim of this study is to investigate the possibility for the
transformation of aluminum minerals to 2:1 type LA with different
layer charges and elucidate the transformation mechanism involved.
Hence, boehmite was used as a precursor mineral and Na2SiO3·9H2O as
the source of silicon in the hydrothermal experiments. The obtained
hydrothermal products were systematically characterized by X-ray
diffraction (XRD), solid-state magic-angle-spinning nuclear magnetic
resonance spectroscopy (MAS NMR), inductively coupled plasma mass
spectrometry (ICP-MS), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and transmission electron mi-
croscopy (TEM).

2. Experiments

2.1. Preparation of precursor mineral and hydrothermal experiments

Commercial alumina trihydrate (Al(OH)3) was purchased from
Fuchen Chemical Factory (Tianjin), which belonges to gibbsite phase
based on the XRD pattern (not shown). And sodium metasilicate
(Na2SiO3·9H2O) of analytical grade was purchased from Aladdin in-
dustrial corporation (Shanghai, China).

Boehmite was prepared from gibbsite (Trolard and Tardy, 1987).
After calcination at the temperature of 300 °C and ambient pressure for
24 h in a muffle furnace, the XRD pattern showed that gibbsite was
completely transformed into boehmite (Fig. 1). The hydrothermal ex-
periments were conducted as follows: 17.052 g of Na2SiO3·9H2O, as the
source of silicon, was dissolved into 100mL of deionized water and the
pH of the solution was adjusted to 8 using 6M HCl. Then, 1.800 g of the

prepared boehmite was added into the solution under vigorous stirring.
Finally, the obtained mixtures were put in 250mL autoclaves separately
and maintained at 350 °C with different time intervals. The resultant
products were firstly centrifuged at 4000 r/min for 5min and the su-
pernatants were kept for Al concentration determination, and the se-
diments were washed several times with deionized water in order to
remove excess sodium chloride. All the obtained samples were dried at
80 °C (He et al., 2014), and were marked as Boe-X, in which Boe and X
stood for boehmite and duration time at 350 °C (e.g., 1d=1 day and
1w=1week), respectively.

2.2. Characterization methods

2.2.1. X-ray diffraction (XRD)
XRD analyses were performed using a Bruker D8 Advance dif-

fractometer with Ni-filtered CuKα radiation (λ=0.154 nm, 40 kV and
40mA) (Guangzhou Institute of Geochemistry (GIG), Chinese Academy
of Sciences (CAS)). XRD patterns of randomly oriented samples were
collected between 3° and 70° (2θ) at a scanning rate of 3° (2θ) min−1.
To clearly exhibit the characteristic (001) reflections of 2:1 type LA, air-
dry oriented samples of Boe-3d, Boe-1w, and Boe-2w were prepared by
carefully pipetting dispersions onto glass slides and allowed to dry
slowly at ambient temperature. Glycolated samples were prepared by
saturating air-dry oriented samples in ethylene glycol atmosphere at
60 °C for 12 h to test the swelling abilities (Kloprogge et al., 1990;
Kloprogge et al., 1993). Air-dry and glycolated samples were also in-
vestigated using the same diffractometer and parameters mentioned
above. The peak decomposition analyses of air-dry and glycolated
samples were undertaken using a Jade software package. The variables
of height, 2-theta, full width at half maxima (FWHM) were chosen to
refine. And the positions and relatively symmetric shapes of reflections
obtained until the residual error of fit kept unchanged.

2.2.2. Magic-angle-spinning nuclear magnetic resonance spectroscopy
(MAS NMR)

29Si MAS NMR spectral measurements were performed on a Bruker
AVANCE III 600 spectrometer at a resonance frequency of 119.2 MHz
(High magnetic field laboratory, CAS). 29Si MAS NMR spectra with
high-power proton decoupling were recorded on a 4mm probe with a
spinning rate of 12 kHz, a π/4 pulse length of 2.6 μs, and a recycle delay
of 80 s. The chemical shifts of 29Si were referenced to tetramethylsilane
(TMS). In order to calculate the Si/Al ratios in the tetrahedral sheets of
layered aluminosilicates (Sanz and Serratosa, 1984), peak component
analysis was undertaken using a Gauss–Lorentz cross-product function
applied by the PEAKFIT software package. The positions and areas of
peaks were obtained until the squared correlation coefficients (r2) were
more than 0.995 and the iteration values were almost a constant (He
et al., 2014).

2.2.3. Inductively coupled plasma mass spectrometry (ICP-MS)
Due to the possible dissolution of Al from boehmite precursor in the

hydrothermal experiments at 350 °C (Trolard and Tardy, 1987), the Al
concentrations in the supernatants after hydrothermal experiments
were determined using Thermoscientific iCAP Qc inductively coupled
plasma mass spectrometer (ICP-MS) (GIG, CAS). Al concentration in
each supernatant was examined five times and then obtain the average
value. The relative standard deviations (RSD %) of concentration values
of samples were not more than 1.2%. In this study, the complexation of
Al with OH– ligand in solution was not considered.

2.2.4. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra were recorded on a Bruker Vertex-70 Fourier

transform infrared spectrometer (GIG, CAS) using KBr pressed disk
technique. Each KBr pellet was prepared by mixing 0.9mg of sample
with 80mg of KBr, and ground well in an agate mortar for 15min. The
mixtures were pressed for 5min at 10 kbars and heated under a lamp

Fig. 1. XRD patterns of precursor boehmite and hydrothermal products after
different duration time. Boehmite (Boe); The hydrothermal product after one
day (Boe-1d), three days (Boe-3d), one week (Boe-1w) and two weeks (Boe-2w).
All spacing unit is nanometer (nm).
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for 3min to reduce adsorbed water before FTIR measurements. The
spectra were collected in the 4000–400 cm−1 range with 64 scans and a
resolution of 4 cm−1.

2.2.5. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) images were obtained on a

field emission scanning electron microscopy equipped at 1.5 kV accel-
erating voltage and at a working distance (WD) of 2.9mm (FESEM,
SU8010, Hitachi, Japan) (GIG, CAS). Particles were analyzed with an
Apollo X-SDD detector, live time of 40 s and a spot size of ~10 nm.
Dried sample powders were glued evenly onto conductive adhesive
tapes for SEM observation.

2.2.6. Transmission electron microscopy (TEM)
TEM observations were performed on an FEI Talos F200S micro-

scope equipped with an X-ray energy-dispersive detector. The specimen
was prepared by adding the hydrothermal product in ethanol and ul-
trasonically dispersed for 5min. A droplet of resultant dispersion was
deposited onto a porous carbon film supported by a copper grid. Then,
ethanol was evaporated at room temperature. To obtain HRTEM
images, a small amount of hydrothermal product was embedded in
epoxy resin and dried to solidify. Ultrathin sections with a thickness of
approximately 75 nm were prepared with a diamond knife by operating
on a Lecia EM UC7 ultramicrotome.

3. Results and discussion

3.1. XRD patterns

In the XRD patterns of randomly oriented samples (Fig. 1), the
beidellite phase was identified by the reflections with d-values at
~1.30, 0.45, 0.25, and 0.15 nm, corresponding to (001), (0211), (1320)
and (060) reflections, respectively (Fig. 1). The (001) reflection in-
tensity of 2:1 type LA increased with the increase of reaction time,
reflecting an increase of crystallinity or/and content of neoformed 2:1
type LA (He et al., 2014). The (0211) reflection of 2:1 type LA was well
displayed while no obvious (001) reflection was observed for sample
Boe-1d (Fig. 1). Since these two reflections correspond to crystal growth
in a-b plane and layer stacking along the c axis of 2:1 type LA, re-
spectively, the XRD pattern of Boe-1 implied that the crystal growth in
a-b plane was readily to happen, followed by layer stacking.

Residual boehmite precursor in all hydrothermal products was still
detectable in XRD patterns of randomly oriented samples, as indicated
by the occurrence of the characteristic (020) reflection at 0.61 nm
(Fig. 1). Its reflection intensities gradually decreased with the increase
of reaction time, reflecting the consumption of boehmite during the
hydrothermal processes. The humps at 20–30° (2θ) in the XRD patterns
may correspond to the formation of amorphous silica in the hydro-
thermal products (Fig. 1).

As shown by the XRD patterns of both the air-dry and glycolated
oriented samples (Fig. 2), the (001) reflections were obviously asym-
metric. This suggested that hydrothermal products were a mixture of
diverse minerals. To identify the mineral components in the products,
deconvolutions of the reflections were conducted and the results were
also shown in Fig. 2. Three reflections with d-value of approximately
1.24, 1.12, and 0.97 nm, respectively, occurred in the sample Boe-3d,
while two reflections around 1.25 and 1.12 or 1.18 nm appeared in the
sample Boe-1w and Boe-2w (Fig. 2a). However, after ethylene glycol
treatment, the broad reflection of Boe-3d was proposed to be composed
of four reflections at 1.55, 1.33, 1.12 and 0.97 nm, respectively. Among
them, The 1.55 nm reflection could correspond to beidellite-like phase
(Fig. 2b), which exhibited swelling ability. The reflection at 1.33 nm
was assigned to 2:1 type LA-HLC, with the poor swelling ability
(Cuadros et al., 2015). Note that two reflections at ca. 0.97 and 1.12 nm
occurred in both the samples before and after ethylene glycol treat-
ment, which maybe correspond to the non-swelling mica-like minerals

with different layer charge density (Pazos et al., 2012). The phase with
d-value of 0.97 nm could be attributed to the formation of paragonite
(Granquist and Pollack, 1967), while the one with d-value of 1.12 nm,
most possibly, corresponded to a paragonite-like phase with relatively
low layer charge density, in comparison to that of paragonite. In other
words, in the case of paragonite, the interlayer sodium ions are naked
(without any hydrated water molecules) while for the paragonite-like
phase (with d-value of 1.12 nm), the interlayer sodium ions are partially
hydrated (with one water pseudo-monolayer) (Pazos et al., 2012). Both
the XRD patterns of Boe-1w and Boe-2w, before and after ethylene
glycol treatment, are similar (Fig. 2b). Before the treatment, the pro-
minent reflection occurred at ca. 1.25 nm while a shoulder centered at
ca. 1.12 or 1.18 nm. However, after the ethylene glycol treatment, the
prominent reflection shifted to around 1.70 nm, displaying excellent
swelling property, while a slight increase of the basal spacing occurred
in the phase corresponding to the reflection at ca. 1.39 or 1.35 nm. We
attributed the former to neoformed beidellite and the latter to 2:1 type
LA-HLC. Here, we can find that an obvious mineral evolution (mainly
related to the layer charge density) occurred in the hydrothermal ex-
periments with an increase of duration time, i.e., 2:1 type LA-HLC and
paragonite, with minor beidellite, were the dominant mineral compo-
nents of the products formed at the initial stage of hydrothermal ex-
periments, while beidellite and a small amount of 2:1 type LA-HLC were
readily produced at the late stage.

3.2. 29Si MAS NMR spectra and ICP-MS

To get a better understanding of isomorphous substitution of Al3+

for Si4+ in the tetrahedral sheets of 2:1 type LA, solid-state 29Si MAS
NMR spectra were performed on all hydrothermal products, and the
obtained spectra displayed five distinct 29Si signals (Fig. 3). The signals
recorded at approximately −80, −86 and− 91 ppm correspond to
Q3Si(2Al), Q3Si(1Al), and Q3Si(0Al) units, respectively (Sanz and
Serratosa, 1984; He et al., 2003). Here, Q3Si(nAl) refers to one Si−O
tetrahedron linked with three neighboring tetrahedrons in the tetra-
hedral sheet, and n of the three tetrahedra are occupied by Al via
Al3+→ Si4+. In addition, two 29Si signals at around −101
and− 111 ppm, corresponding to Q4Si (Mackenzie et al., 1987; Bouna
et al., 2012; Pomakhina et al., 2012), which should be attributed to
amorphous silica formed from the condensation of hydrolyzed metasi-
licate during the hydrothermal reaction. This was consistent with the
existence of amorphous silica in the XRD patterns (Fig. 1).

It is well known the isomorphous substitution of Al3+ for Si4+ in the
tetrahedral sheets of 2:1 type LA gives the layers net negative charges.
This part charges will be compensated by interlayer cations.
Accordingly, the 29Si NMR spectra could provide valuable information
to calculate the Si/Al ratios in the tetrahedral sheets of 2:1 type LA
according to the following expression:

∑ ∑=
= =

(Si/Al)NMR ISi(nAl)/ (n/3)/ISi(nAl)
n 0

3

n 0

3

where ISi(nAl) is the integrated area of the corresponding signal (Sanz
and Serratosa, 1984). The layer charges of 2:1 type LA for the general
formula of (M+)x(Si4−xAlx)Al2O10(OH)2·nH2O can be estimated ac-
cording to the calculated Si/Al ratio values in the tetrahedral sheets
because they were dominantly produced by the isomorphous substitu-
tion of Al3+ for Si4+ in the tetrahedral sheets.

It can be found that the calculated layer charges of 2:1 type LA in
sample Boe-1w and Boe-2w were higher than the that of beidellite
(~0.2−~0.6 per half unit cell (/O10(OH)2)) (Table 1), indicating that
2:1 type LA-HLC, in comparison to beidellite, were included in the
hydrothermal products. It is noteworthy that the estimated layer charge
in sample Boe-3d was relatively high, suggesting the appearances of 2:1
type LA-HLC or/and paragonite. It is well known that the swelling
ability of 2:1 type LA is closely related to their layer charge density.
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Hence, these results were consistent with the mineral constituents in
the hydrothermal products deduced from the corresponding XRD pat-
terns (Fig. 2b), i.e., samples Boe-1w and Boe-2w were composed of
beidellite, 2:1 type LA-HLC while sample Boe-3d contained 2:1 type LA-
HLC, paragonite, and beidellite.

To elucidate the relationship between the dissolved Al concentra-
tion and the layer charge density of the resultant 2:1 type LA, the dis-
solved Al concentrations in the supernatants were measured and shown
in Table 1. Although the detected Al concentrations did not exactly
represent the amounts of Al dissolved from boehmite to some extent,
they kept the traces of Al dissolved from boehmite and reflected the
change of the dissolved Al concentration during the conversion. The
difference of the dissolved Al concentrations in the supernatant solu-
tions was caused by the dissolution of different boehmite particles in
the reaction processes, which were probably related to the boehmite
particle sizes the interaction between boehmite and additive silicon.

It can be found that, at the initial stage of the transformation pro-
cess, the concentration of the dissolved Al in the supernatant was re-
latively high, and a combination of 2:1 type LA-HLC, paragonite, and
minor beidellite formed in sample Boe-3d. However, with the trans-
formation reaction going on, the concentration of the dissolved Al de-
creased, and a combination of beidellite and a small amount of 2:1 type
LA-HLC readily occurred in the samples Boe-1w and Boe-2w. As pro-
posed by the recent studies (He et al., 2017; Ji et al., 2018), the

dissolved Al ions from precursor minerals preferred to occupying the
tetrahedral sites by the isomorphous substitution of Al3+ for Si4+

during these transformation processes. Hence, based on the assumption
that Al ions from solutions preferred to occupy in tetrahedral sites of the
neoformed 2:1 type LA and their octahedral Al inherit from the boeh-
mite precursor via solid-state transformation, the dissolved Al from
precursor boehmite had important effects on the neoformed 2:1 type LA
components and their layer charge density as well.

3.3. FTIR spectra

The chemical structures of boehmite precursor and synthetic 2:1
type LA in the hydrothermal products were well identified in FTIR
spectra (Fig. 4). Two well-resolved absorption bands at 3293 and
3098 cm−1 were recorded and assigned to the Al–OH stretching vi-
brations of boehmite (Ram, 2001; Boumaza et al., 2009). Both bands
became weaker with the increase of hydrothermal treatment time, re-
flecting a decrease of the boehmite content. The vibrations at 1075 and
730 cm−1 corresponded to the AleO stretching and bending modes of
boehmite, respectively (Ram, 2001). Meanwhile, surface adsorbed
water and interlayer water in beidellite displayed –OH stretching and
bending vibrations at around 3445 and 1634 cm−1, respectively
(Kloprogge, 2006). The obvious absorption band at 3628 cm−1 corre-
sponded to Al–OH stretching vibration of 2:1 type LA, which is very

Fig. 2. XRD patterns of air-dry (a) and glycolated (b) samples. The hydrothermal product after three days (Boe-3d), one week (Boe-1w) and two weeks (Boe-2w). All
spacing unit is nanometer (nm).

S. Li, et al. Applied Clay Science 181 (2019) 105207

4



close to that of natural beidellite (van der Marel and Beutelspacher,
1976), but lower than those reported in previous studies (Kloprogge
et al., 1990; Kloprogge, 2006). This might be influenced by the high
layer charges densities of 2:1 type LA (Kloprogge et al., 2000). The
vibration at 782 cm−1 could be attributed to the Al–OH bending mode

for 2:1 type LA.
The absorption band at 1033 cm−1 was assigned to Si–O–Si

stretching vibration, which became gradually stronger from sample
Boe-1d to Boe-2w, and its bending vibration occurred at 483 cm−1. The
band at 542 cm−1 could be related to Si–O–Al bending vibration of 2:1
type LA (Granquist and Pollack, 1967; Bishop et al., 2011). Notably,
both the Al–OH stretching vibration at 3628 cm−1 and the Si–O–Al
bending vibration at 542 cm−1 were displayed in sample Boe-1d, in-
dicating the formation of 2:1 type LA. This was consistent with the XRD
result (Fig. 1).

3.4. SEM observations

As shown by SEM images (Fig. 5a), some boehmite particles were in
micrometer size and displayed straight boundary, while the other small
particles in nanoscale size exhibited irregular boundaries. After one-day
hydrothermal treatment, significant morphology changes of these par-
ticles could be observed. Some small foliated grains appeared, sug-
gesting the formation of new mineral phases (Fig. 5b). In addition,
dissolution pits (shown as the inset in Fig. 5b) appeared on the surface
of some particles, which suggested the local dissolution of boehmite.
There were more grains with foliated morphology in the images of
products of Boe-3d and Boe-1w, corresponding to an increase of neo-
formed LA in the hydrothermal products (Fig. 5c and d). Notably, dif-
ferent morphologies such as granular-like particles with rough surfaces
and flake-like aggregates were observed simultaneously in the SEM
image of Boe-1w (Fig. 5d). EDS analyses indicated that the Si/Al ratio of
spot 1 was 1.91 for flake-like aggregates, close to that of 2:1 type LA,
while that of spot 2 was 17.52, indicating amorphous silica precipitated
on the particle (Fig. 5d). The SEM image of sample Boe-2w showed
great amounts of aggregates with corrugated and scrolled morphologies
(Fig. 5e), which were the characteristic morphology of smectite and
related layered silicates by the SEM observations (Yanagisawa et al.,
1995; Chen et al., 2013). Some particles with rod-like morphology were
also observed (Fig. 5f), which probably were residual boehmite nano-
fibres after hydrothermal treatment (Nagai et al., 2012).

Fig. 3. 29Si MAS NMR spectra of hydrothermal products after different duration
time. (a) The hydrothermal product after three days (Boe-3d); (b) one week
(Boe-1w); (c) two weeks (Boe-2w).

Table 1
Al concentrations in the supernatant solutions of hydrothermal products after
different duration time as well as Si/Al ratios in the tetrahedral sheets and their
estimated layer charges of 2:1 type LA in hydrothermal products. RSD denoted
the relative standard deviations of Al concentration values.

Samples Al concentrations (ppm) (RSD %) Si/Al ratios Layer charges

Boe-3d 5.011 (0.8) 2.903 1.025
Boe-1w 0.582 (1.1) 3.557 0.878
Boe-2w 1.113 (1.2) 3.787 0.836

Fig. 4. FTIR spectra of precursor boehmite and hydrothermal products after
different duration time. Boehmite (Boe); The hydrothermal product after one
day (Boe-1d), three days (Boe-3d), one week (Boe-1w) and two weeks (Boe-2w).
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Fig. 5. SEM images of precursor boehmite and hydrothermal products after different duration time. (a) Boehmite (Boe); (b) The hydrothermal product after one day
(Boe-1d); (c) three days (Boe-3d); (d) one week (Boe-1w); (e-f) two weeks (Boe-2w).

Fig. 6. TEM images of the particles in the hydrothermal
product after one day (Boe-1d) (a). Image b was the magni-
fication of region surrounded by the yellow rectangle in image
a. The Insert image in the bottom left corner in image b was
the HRTEM image of the local edge indicated by a yellow
solid rectangle. The specimen was prepared by ethanol dis-
persion method. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version
of this article.)
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3.5. TEM observations

The XRD pattern and FTIR spectrum indicated that 2:1 type LA and
boehmite coexisted in the sample Boe-1d. The particle with euhedral
and straight edge was found in sample Boe-1d (Fig. 6a), and the lattice
fringes in the boundary were with a periodicity of ~0.31 nm (Fig. 6b),
consistent with the (120) spacing value of boehmite. However, EDS
analysis showed the particle contained significantly high silicon
(Fig. 7a). This indicated that some boehmite particles were wrapped by
amorphous silica at the initial stage of hydrothermal treatment and
then gradually transformed to 2:1 type LA (Granquist et al., 1972).

The lattice fringes with a periodicity of ~1.00 nm corresponded to
the layers of 2:1 type LA (Fig. 8). It was difficult to distinguish the
paragonite layers from other 2:1 type LA (e.g., beidellite) ones due to
the escape of interlayer water by electron beam heating. Fig. 8 showed
the coexistence of boehmite with 2:1 type LA within one particle. In

detail, lattice fringes with periodicities of ~0.61 and ~0.31 nm corre-
sponded to (020) and (120) faces of boehmite, respectively. And the
lattice fringes with a periodicity of ~1.00 nm distributed along the
direction of (020) face of boehmite and accompanied lattice fringes
with a periodicity of ~0.31 nm in the nanodomain. This indicated that
boehmite was partially converted to 2:1 type LA. EDS analysis showed
that the nanodomain, in which both 2:1 type LA and boehmite oc-
curred, contained Al and a small amount of Si (Fig. 7b), while boehmite
nanodomain contained Al and almost no Si (Fig. 7c). This was con-
sistent with the chemical compositions of boehmite and 2:1 type LA. A
solid-state transformation mechanism could be proposed for the trans-
formation of boehmite into 2:1 type LA, since the neoformed 2:1 type
LA exhibited a topological inheritance from the boehmite precursor.
Possibly, such transformation was induced by the wrapping boehmite
with amorphous silica.

4. Conclusions

The present study demonstrated boehmite could be transformed
into 2:1 type LA under hydrothermal conditions, most likely, through a
solid-state transformation. During the transformation process, hydro-
lyzed metasilicates attached onto the surface of boehmite to form 2:1
type LA, of which the layers were parallel to the (020) direction of
boehmite. However, the dissolved Al from the precursor boehmite
strongly affected the layer charge intensity of 2:1 type LA. A combi-
nation of 2:1 type LA-HLC, paragonite, and minor beidellite formed
when the content of dissolved Al was relatively high in the hydro-
thermal system, and 2:1 type LA-HLC exhibited poorly swelling ability
after ethylene glycol treatment. A combination of beidellite and a small
amount of 2:1 type LA-HLC were readily produced under low dissolved
Al concentrations. The insights obtained in this study are of high im-
portance for better understanding the transformation between alu-
minum minerals and layered aluminosilicates and the genesis of clay
mineral deposits, as well as for synthesis and application of clay mi-
nerals with the unique property.
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