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Abstract

This study is focused on the investigation of the electrical conductivity of sodium
lithium magnesium silicate (Na hectorite) dispersion, which was hydrothermally
synthesized from the brine of the Qarhan Salt Lake. Depending on the duration of the
utilized hydrothermal treatment procedure, porous hectorite samples with tunable
aspect ratios ranging from 70 to 500 were produced from the delaminated specimens
stacked along the c-axis. More, benefiting from the appearance and enlarged size of
these stacked layers, the as-prepared Na hectorites obtained at 180°C for longer than
96 h own the average conductivities in excess of x10* S:cm™ when the
concentrations are higher than 1.25 mg-mL"!, which is largely influenced by their size,
crystallinity and aspect ratio.
Keywords: A. nanostructures, B. crystal growth, C. X-ray diffraction, D. ionic

conductivity
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1. Introduction

Owing to its uniquely layered structure, good mechanical property, high ion
exchange capacity, and the presence of charged layers in the octahedral lattice induced
via isomorphic substitution, lithium magnesium silicate (hectorite), which represents
2:1 layered smectite clay, has been commonly used during recent decades as a single
ion conductor as well as in photoenergy and photocatalysis applications [1-6]. Hence,
Li hectorites with the cross-connected three-dimensional superstructure exhibit
enhanced ionic conductivity in poly (ethylene oxide) electrolyte, which exceeds 10~
S-cm! at ambient temperature [1-4]. Moreover, due to the defect-induced spatial
separation of electron (e') and hole (he) carriers in semiconductors, porous hectorites
with different interlayer cations (such as Na*, K*, and Li" ones) are considered highly
efficient charge-separated state stabilizers for photo-devices [5]. Furthermore, it has
been reported that the formation of various disperse superstructures of clay nanolayers
with different sizes, shapes, and physical properties plays an important role in
improving the optical properties of different colloidal semiconductors such as
CdS/halloysite, TiO»/bentonite, and BioWOe/rectorite [5-7]. However, due to their
high surface energy, nanolayers with low aspect ratios tend to become aggregated
through the “face-to-face”, “edge-to-edge”, or “edge-to-face” interactions, which
deteriorate many of their characteristics such as high resistance to aggregation,
porosity, and electrical conductivity [8]. Therefore, increasing the aspect ratio of
layered nano-materials without changing their structure is the prerequisite for the

successful development of superstructures [9].



Currently, exfoliation techniques are widely employed for improving the aspect
ratios of nanolayered materials (including MoS>, MnO,, MgsAl>(OH)1s, tactoid clays,
and hectorites); however, they are accompanied by the inevitable breakage of the
treated structure [10-13]. Owing to the complexity and uncontrollability of the
exfoliation procedure utilized for natural or synthetic hectorites, various researchers
attempted to develop hectorites with tunable properties [8,12-14]. For example, Kalo
et al. have reported the synthesis of Li hectorites with very large aspect ratios
(>10,000) through a solid-state reaction conducted at a temperature of 1350°C using
MgCO3-Mg(OH)>-xH,O as a starting material [12]. The group of Vicente and
Sanchez published several papers on the synthesis of Li'/Na" hectorites with high
specific surface areas (SSAs) of up to 603 m?-g~! via a microwave-assisted method
[8,14]. Moreover, in recent decades, numerous studies focused on the hydrothermal
crystallization of hectorites [15-18] in the presence of water-soluble organic
compounds (tetracthylammonium (TEA)) or polymers (such as poly(ethylene oxide)
and poly(vinylpyrrolidone)) have been reported. Unfortunately, in addition to the
necessity of removing organic additives, the lateral dimension of the as-obtained
synthetic hectorites did not exceed 300 nm. Furthermore, the utilization of freshly
prepared brucite (Mg(OH)2) reagent and minimum duration of the hydrothermal
reaction represent the two key parameters for the synthesis of hectorites with high
crystallinity and aspect ratios [ 14-20].

Qarhan Salt Lake, which is located in the Qinghai Province of China, is rich in Li,

Mg, Na, and K elements. In particular, it contains about 4800 million tons of



magnesium salts. Consequently, finding a suitable application for the Mg-rich salt
lake brine containing Li elements is very important for the effective use of salt lake
resources in China.

In this paper, we report the synthesis of Na hectorites with high aspect ratios from
the Mg-rich brine of the Qarhan Salt Lake, which was utilized as a source of both Mg
and Li elements. For large-scale potential applications, the relationship between the
electrical conductivity and physico-chemical properties of the as-synthesized Na

hectorites dispersions has been investigated in detail.

2. Experimental
2.1 Chemicals

In this study, the concentrated Qarhan Salt Lake brine containing 0.91 mol-L™! of
lithium, 4.55 mol-L"! of magnesium, 0.07 mol-L! of sodium, 0.17 mol-L' of
potassium, and 0.24 mol-L! of boron was utilized. In addition, NH3-H>O (28 wt%
solution), analytical grade Na;SiO3-9H,0, tris(ethylenediamine)cobalt(IIl) chloride
(CeH24C13CoN6-3H20), and HF (40 wt% solution) were purchased from Sinopharm
Chemical Regent Co., Ltd. All reagents were used as received without further
purification. A 9 M NH;-H>O solution was prepared by diluting the 28% NH3-H>O

solution with a proper amount of deionized water.

2.2 Synthesis of hectorites

First, 50 mL of the as-received concentrated salt lake brine was diluted with 50 mL



of deionized water followed by the precipitation with 3 mL of 9 M NH3-H>O solution
at a temperature of 50°C in a water bath for 1 h. After thoroughly washing with
deionized water to the neutral pH, white precipitate (denoted as a precursor) was
obtained.

The freshly prepared wet precursor was directly mixed with 11.69 g of
NaxSi03-9H>O in 138.3 mL of deionized water to satisfy the stoichiometric
composition of hectorites [8,12,16-18]. The obtained mixture was heated to 180°C for
8, 15,24, 48, 72, 96, 120, 192, or 264 h inside a 150-mL stainless autoclave reactor
(the resulting samples were denoted as Hec-x h, where x indicated the hydrothermal
reaction time). Due to the hydrolysis of Na>SiO3 in aqueous solution, the pH of the
as-prepared mixture before hydrothermal treatment was around 12.4 (without adding

any acid-base pH adjustors).

2.3 Electrical conductivity and pH measurements

Na hectorite aqueous suspensions were prepared by mixing the 0.0135, 0.0270,
0.0540, 0.0810, 0.1080, 0.1350, 0.1620, 0.1890, 0.2160 and 0.2700 g pre-dried
samples with 90 ml of deionized water (18.25 MQ-cm) in an ultrasonic bath 25°C for
10 min followed by the rigorous magnetic stirring for 240 min to obtain
homogeneously dispersed suspensions, respectively. The concentrations of
as-prepared suspensions were 0.15, 0.30, 0.60, 0.90, 1.20, 1.50, 1.80, 2.10, 2.40 and
3.00 mg:mL!, respectively. Electrical conductivities and pH variations of the

as-prepared hectorite suspensions were measured at different concentrations with a



Senven Excellence multi-meter (Mettler-Toledo International Trading Co. Ltd.)
equipped with a quality pH meter (InLab Science Pro-ISM) and an electrical
conductivity meter (InLab 710). All measurements were performed at a temperature
of 20+1°C. In order to eliminate the influence of the dissolved CO; from air during
the preparation stage, all suspensions were sealed with parafilm. In addition,

deionized water was used as a blank sample for comparison purposes.

2.4 Characterization

Powder X-ray diffraction (PXRD) patterns of the as-prepared samples were
obtained using a Rigaku D/Max-2200 PC diffractometer with Cu Ka radiation (A =
0.15418 nm). The X-ray tube was operated at 40 kV and 30 mA. The data were
collected with an angular step of 0.05° at 2 s per step and sample rotation.

Chemical analysis of the as-synthesized samples was conducted via inductively
coupled plasma atomic emission spectroscopy (ICP—AES, Thermo ICAP6500) by
dissolving 4 mg of the samples in 0.5 mL of HF (40 wt%) followed by the dilution
with distilled water to a fixed volume (50 mL). Cation exchange capacity (CEC) was
determined by dispersing 0.02 g of the pre-dried synthetic hectorites at 100°C in 20
mL of 0.0005 M tris(ethylenediamine)cobalt(Ill) chloride (CsH24C13CoNg-3H20)
aqueous solution with the subsequent magnetic stirring at a temperature of 25°C for
10 h and centrifugation. The obtained supernatant was analyzed by ICP-AES.

Solid-state nuclear magnetic resonance (NMR) experiments were conducted on a

Brucker Avance 400 spectrometer equipped with a 4-mm probe and operated at a



frequency of 79.51 MHz for 29Si. 29Si MAS (Magic Angle Spinning) spectra were
recorded under high-power proton decoupling conditions.

Specimen imaging was conducted using a field-emission scanning electron
microscope (FE-SEM, Su8010, Hitachi, Japan) and a high-resolution transmission
electron microscope (HR-TEM, Tecnai G2TF20, FEI Corp. USA) equipped with a
selected area electron diffraction (SAED) module.

Nitrogen adsorption and desorption isotherms were recorded on Quantachrome
Instruments Autosorb 1Q2. Prior to analysis, the samples were outgassed at a
temperature of 150°C for 4.2 h. SSA and pore size distribution were determined using
the Brunauer-Emmett-Teller (BET) and Barett-Joyner-Halenda (BJH) methods,
respectively.

An ultraviolet-visible (UV-vis)/near infrared (NIR) spectrometer (PE 750) was
used to obtain diffuse reflectance spectra (DRS). Surface characteristics of the studied
samples were evaluated via Fourier transform infrared spectroscopy (FT-IR,
Thermo-Nicolet Nexus, USA) in the spectral range of 400-4000 cm™' at a resolution
of 4 cm™!. Each sample was mixed with the oven-dried spectroscopic grade KBr and
pressed into an almost transparent disc.

Thermal properties of the samples dried at 80°C for 12 h in a vacuum oven were
evaluated using a computer-controlled thermogravimetric/differential thermal analysis
instrument (TG/DTA, SDTQ600, USA). The corresponding measurements were

performed between the room temperature and 1100°C at a heating rate of 5°C/min.



3. Results and discussion
3.1 Physico-chemical properties of synthetic Na hectorites

Fig. 1 displays the XRD pattern of the precursor precipitated via the dropwise
addition of 9 M NH3-H>O to the salt lake brine. The major reflections observed at 26

= 18.8°, 33.3°, 37.6°, 50.7°, 58.9°, and 72.1° corresponded to the (001), (100), (101),
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Fig. 1. An XRD pattern obtained for the precipitated precursor.

crystal planes of hexagonal Mg(OH),, which was in good agreement with the standard
JCPDS card (No. 44—1482) [21]. While the reflections at 26 = 5.8° and 13.1° can be
identified as the (100) and (201) planes of LiBO> (JCPDS card No. 47-0340), the
broadened peak at 26 = 37.6° is attributed to the overlapping (101) and (022) planes
of Mg(OH), and LiBO», respectively. The obtained results indicate that the main

component of the precipitated precursor is Mg(OH), with a small amount of LiBO»

impurity.



After heating the prepared samples to 180°C for different periods, the aqueous
mixtures of Mg(OH)> precursor and NaxSiO3-9H>O were fully converted to
hectorite-like powders, as indicated by the XRD patterns depicted in Fig. 2. The

reflections at around 20 = 19.4°, 33.7°, and 60.18° are assigned to the (110/020),

spacing

7 (001)
-¥(110,020)
-3(130,200)
’ (330,060)

264 h —
\ ‘ . 192h
%h“ 120k Z
N ——1
k’_\,\ i T2h

ANEAN

- ==
AN |

€
\ ‘ ‘ — 48
L‘\:\*\~ il
\ ; ; e 15h
\ ; | P M [Clay sheet
) ‘ — __sh, L
1’0 2‘0 3’0 4‘0 5’0 6‘0 7’0

20(%

Fig. 2. XRD patterns obtained after heating the as-synthesized samples to 180°C for (a) 8 h, (b) 15
h, (¢) 24 h, (d) 48 h, (e) 72 h, (f) 96 h, (g) 120 h, (h) 192 h, and (i) 264 h.

(130/200), and (330/060) planes of hectorites, respectively [16-18]. No characteristic
peaks of any impurities (such as Mg(OH), and LiBO») were detected for all patterns,
indicating that not only a highly pure hectorite-like material was synthesized from the
salt lake brine, but also that LiBO, impurity had no apparent effect on the crystal
structure of synthetic hectorites. The greater is the hydrothermal reaction time, the
higher are the intensities of these typical diffraction peaks, which confirm the
preferred growth of the as-prepared hectorite-like material across the (ab) plane. In

addition, it should be noted that the main difference between the synthetic hectorites



hydrothermally synthesized at 180°C for less (patterns a—e in Fig. 2) and more than
96 h (patterns f—i in Fig. 2) is the shape of their (001) reflection, which indicates
whether the structure of the formed material is stacked [22]. In particular, the

low-angle shift of the (001) reflection peak from 26 = 7.83° (for Hec-96 h and

Table 1. Compositions, SSAs, and pore sizes of the as-synthesized hectorites after heating to
180°C for different times.

CEC Pore
SiO: Mg Li Na Si/Mg BET S.A.
Sample (mEq/g 5 Size
(ppm)  (ppm) (ppm) (ppm)  (mol/mol) (m?/g)
sample) (nm)
Hec-8h 38.74 14.45 0.29 0.95 1.07 0.33 559 1.7
Hec-15h 36.13 13.89 0.35 1.18 1.04 0.34 519 1.7
Hec-24h 39.17 13.61 0.27 0.88 1.15 0.35 523 1.7
Hec-48h 39.24 13.61 0.26 0.86 1.15 0.39 546 1.7
Hec-72h 41.54 13.05 0.56 1.86 1.27 0.41 520 1.7
Hec-96h 40.40 12.91 0.61 2.01 1.25 0.45 510 1.7
Hec-120h 39.99 12.77 0.67 2.21 1.25 0.45 391 1.7
Hec-192h 40.00 11.79 0.66 2.19 1.37 0.47 389 1.7
Hec-264h 42.00 11.79 0.74 2.44 1.42 0.48 314 1.7

Hec-120 h) to 6.26° (for Hec-192 h and Hec-264 h) observed in this study indicates
the formation of a layered structure with a broadened interlayer distance. The
calculated basal spacing of Hec-192 h and Hec-264 h (1.409 nm) is slightly higher

than that of Hec-96 h and Hec-120h (1.127 nm). Furthermore, because the lattice



parameter of one hectorite clay unit is around 0.96 nm [19], the gallery region of the
as-synthesized hectorites has a length of 0.167-0.449 nm, which is due to the
presence of interlayer cations such as Li*, K*, and Na* ones [12,14,19]. Since very
little pattern differences exist between synthetic hectorites with various cations

[16-18], it was impossible to obtain any specific information about particular types of

the interlayer cations in the prepared samples from their diffraction patterns.
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Fig. 3. Variations of the (a) molar ratio of Si/Mg and (b) Na content in synthetic hectorites plotted
as functions of the synthesis time.

Table 1 lists the composition analysis results for the as-synthesized hectorites,
which show that the only type of interlayer cations corresponds to Na ions with a
radius of rna+ 0.102 nm; hence, the produced samples can be described as Na
hectorites. Despite the large contents of K, Na, and Li ions in the as-obtained brine,
the presence of only Na cations in the as-synthesized hectorites indicates their greater
ability to be intercalated into the hectorite lattice (as compared to those of K (rk+ is
0.122 nm) and Li (ri+ is 0.076 nm) ions). Moreover, as shown in Table 1 and Fig. 3,

the molar ratio of Si/Mg, Na content, and CEC of the produced material increase with



an increase in the hydrothermal treatment time. Thus, the Si/Mg molar ratio increased
from 1.04 to 1.42 with synthesis time, which was very close to the ideal molar ratio of
1.5 obtained for hectorites [16-18], which suggested the condensation of silicates in
the bone structure of the as-synthesized materials [18].

The chemical bonding environment of SiO4 tetrahedra in the as-prepared samples
was evaluated by recording their 2Si-MAS-NMR spectra (see Fig. 4(a)). They show
that the analyzed specimens exhibit two broad resonance peaks at —85.1~—88.3 ppm
and —93.9~-95.5 ppm, which can be identified as the Q2 and Q3 silica species,
respectively (here, the terms Q and x in Qx (x=2, 3) denote the Si atom bonded to four
oxygen atoms and number of Si neighbors, respectively [19]). The relatively high
widths of these two peaks can be attributed to the chemical and structural complex of
silicon nuclei in the sample framework. According to Fig. 4(b), which shows the top
view of the hectorite crystal structure, two different chemical environments exist for
Si atoms: Q3 units arranged in honeycomb hexametric rings and Q2 units located at
the sheet edges. In our study, prolonging the hydrothermal synthesis time from § to
264 h shifts the silicate Q3 Si(OSi);(OMg) peak from —95.5 ppm to —93.9 ppm, which
is eventually stabilized at around —94.0 ppm after 24 h. This Q3 peak appears between
—95.0 and —94.0 ppm for natural hectorites [16,22-23], at —100 ppm for metakaolinite
bricks, at —97.0 ppm for talcs, at —95.0 ppm for Li hectorites, and at —94.0 ppm for
montmorillonite [19,24-26]. Another peak centered at —85.0 ppm confirms the
presence of silicon species with the Si(OSi)(OM). (M=H, Mg) structure. The

chemical shift of Si(OSi)2(OH), on the MCM-41 silica surface was observed at



—89.00 ppm [27,28], while the chemical shift of Si(OMg)(OSi)2(OH) for the layered
talc with the ideal formula Mg3;Si4O10(OH)2 was detected at —85.20 and —87.50 ppm
[19]. However, it was very difficult to identify the Q2 species in the present study via
2Si-MAS-NMR spectroscopy. In addition, it should be noticed that at treatment
times greater than 24 h, the two characteristic Si bands exhibit a low-field shift of
about 2 ppm, which results from the intensification of the Si—-O—Mg band between the
tetrahedral and octahedral sheets [29,30] and indicates the improved structure identity

of tetrahedral silicon sheets in the as-prepared samples.
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Fig. 4. (a) Solid-state 2?Si-MAS—NMR spectra of the hectorite clays hydrothermally treated at a
temperature of 180°C for different periods. (b) A schematic of the silicate tetrahedral sheet (top
view). Different colors represent various chemical bonding structures of the silicate lattice.

Fig. 5(a) shows the FT—-IR spectra of the Hec-8 h, Hec-120 h, and Hec-264 h samples.
Because the peaks centered at 3430 and 1630 cm™' correspond to the physically
absorbed water [31], the spectral region from 1200 to 4000 cm™! is not displayed here.

As shown in Fig. 5(b), due to the interactions between the interlayer water species and



the clay lattice, both the H-O and Si—O band vibrations largely depend on the
chemical environment of the Si and O atoms. Briefly, the (a) H-O---H(H2Ointer), (b)
H—-O---H(H2Ovetween), (¢) H-O-Si, and (d) H-O-Mg OH groups can exist in

nanolayered clays. Furthermore, because the Si—O stretching vibrations in the layered
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Fig. 5. (i) FT-IR spectra of the as-synthesized hectorite-like samples and (ii) Schematic
illustration of the bonding structure in clay sheets.

silicate lattice is significantly affected by the distortions of tetrahedral layers [32], it is
possible to monitor the structural evolution of the hectorite-like samples with time
from the variations of the FT-IR O-H and Si—O vibrations. Generally, these
hectorite-like samples contain two strong peaks, which can be attributed to the
tetrahedral Si—O stretching and bending vibrations observed at 1010 and 456 cm™,
respectively (Fig. 5 (a)). With increasing synthesis time, the Si—O stretching band
centered at 1010 cm™! becomes narrower due to increased degree of hydration [31-32].
The blue peak shift at 456 cm™' with hydration time originates from the in-plane

bending vibration of Si—O-Si, indicating the enhanced identity of silicon sheets in



specimens with prolonging hydrothermal treatment time [23,33], which is consistent
with the results presented in Fig. 4. Furthermore, the intensity of the broad peak
centered at 653 cm™' (corresponding to the deformation of OH groups in the
H—-O-Mg structure) increases with an increase in the hydrothermal treatment time
(indicating a more complete rearrangement of the OH groups in the hectorite
octahedral lattice [31-35]), while the small and broad absorption peak at around 898
cm™' likely results from the OH bending in the H-O-Si band [24,36-37].
Consequently, due to the assignment of the H-O—-Mg and H-O-Si bands in Fig. 5, the
Q2 Si structure (which is present in the 2°Si spectra depicted in Fig. 4) corresponds to
Si(OMg)(0OSi)2(OH) species.

Figs. 6 and 7 show the FE-SEM and HR-TEM images of the as-synthesized Na
hectorites. The inserted SAED patterns mainly exhibit two diffraction rings
representing the (130/200) and (330/060) planes, indicating the formation of
hectorite-like samples. After increasing treatment time, the number of cracks in the
described two-dimensional plates sharply decreases due to the “edge-to-edge”
interactions, thus forming Na hectorite nano-plates with high aspect ratios (lateral
diameters: 0.7-5 pm, thickness: around 10 nm; see Fig. 6). In particular, the Hec-264
h sample is characterized by a large aspect ratio of up to 500. In addition, as shown in
Figs. 6(c) and (d), the “edges” in these two samples can be attributed to the curled
edge view. Furthermore, as shown in Fig. 6, the surfaces of the produced samples
contain many uniformly dispersed white dots with sizes ranging from 20 to 200 nm.

In order to identify these dots, an energy disperse spectroscopy (EDS) technique was



employed. However, the performed EDS mapping and spot analyses were unable to
provide detailed information on the main components of these hectorite-like samples
(Fig. 6(e)—(1)). Because multiple pores with similar diameters were observed in the
TEM image of Hec-96 h (Fig. 7(a)), it can be concluded that the white dots depicted
in Fig. 6(b) represent nano-pores. Moreover, after extending the treatment time to 264
h (see Fig. 7(b)), the randomly distributed layered thin lines can be attributed to the
scaly cracked and “textured” surfaces containing cross-linked bridges of stacked

layers in the nanometer range (15-25 nm).
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Fig. 6. FE-SEM images of the as-synthesized hectorites produced via the hydrothermal treatment
at a temperature of 180°C for (a) 8 h, (b) 96 h, (c) 120 h, and (d) 264 h.(e)—(i) EDS maps obtained
for the Hec-8 h sample.
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Fig. 7. HR—TEM images of the Na hectorite samples synthesized via the hydrothermal treatment
at a temperature of 180°C for (a) 96 h and (b) 264 h. The inserts contain the SAED patterns of the
corresponding samples.

Fig. 8 shows the N> adsorption-desorption isotherms of the as-synthesized Na
hectorites recorded in the relative pressure (P/Po) range from 10~ to 0.995. According
to the IUPAC classification, all the obtained isotherms are similar in shape and
correspond to type IV with a typical Hz hysteresis loops in the P/Po range of
0.36—-0.95 (which is characteristic of porous plate-like materials). As indicated by the
inserted pore size distribution (PSD) graphs depicted in Fig. 8, the average pore size

of these samples is about 1.7 nm. In addition, meso-pores and macro-pores are also



Fig. 8. (a) Nitrogen adsorption-desorption isotherms and (b) PSD desorption graphs of the

hectorite clays hydrothermally treated at a temperature of 180°C for different periods.

present in some of the as-prepared specimens, which results in the appearance of
hysteresis loops with different shapes [16,38-40]. Moreover, due to the significant
reduction in the number of cracks with an increase in the hydrothermal treatment time
(Fig. 6), the SSA of the as-prepared samples decreases and becomes stabilized at a
level of around 380 m?/g (Table 1). Currently, while some studies reported the mixed
appearance of pores with different structures and attempted to establish the effect of
the pore structure on SSA, no particular model explaining the relation between them
has been proposed [39-41].

The TG/DTA profiles of the synthesized Na hectorite samples are shown in Fig.
9(a). The DTA plot for Hec-8 h exhibits three broad and weak exothermic peaks
centered at 60, 374, and 504°C, which can be attributed to the dehydration (60°C) and
dehydroxylation (374 and 504°C) of the clay edges and lattice [16]. In contrast, the
DTA spectrum recorded for the Hec-264 h sample (DTA-Hec-264 h), contains only

two peaks centered at 60 and 480°C corresponding to the dehydration and
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Fig. 9. (a) TG/DTA plots recorded for the Hec-8 h and Hec-264 h samples. (b) Weight variation of
the synthetic Na hectorite as a function of the synthesis time.

dehydroxylation processes, respectively. Carrado et al. have demonstrated that the
dehydroxylation temperature of hectorites can be as high as 700°C due to their
improved crystallinity [16,40], while Dumas et al. reported that the particle size
significantly influenced the dehydroxylation temperature of clay talc [19]. However, it
was difficult to determine a particular effect produced by the crystallinity and particle
size of the Na hectorite samples synthesized in this study since these parameters
increased with an increase in the hydrothermal treatments duration. In general, two
different mass losses were observed. The first mass loss (30—200°C) resulted from the
removal of surface water, and its relative magnitude decreased from 5% to 2% with
increasing treatment time due to the relatively small number of water species
adsorbed on the particle edges [19]. The second mass loss (200-800°C) originated
from the desorption of the edge and interlayer hydroxyl species from the Si and Mg
sites. After increasing synthesis time, the resulting Hec-264 h sample exhibited more
enhanced crystallinity and textured morphology (as compared to those of the Hec-8 h

sample) characterized by a flatter shape of its dehydroxylation plot due to the rapidly



increased particle size and reduced number of defects. The described phenomenon
was similar to that observed for synthetic talc powder [19]. As shown in Fig. 9(b), the
average total weight fractions of the as-synthesized hectorites were equal to about

83%.

3.2 Electrical conductivity of synthetic Na hectorite dispersions

According to the results presented in Fig. 10(a), the synthesized Na hectorite
dispersion exhibit significantly greater electrical conductivities as compared to that of
deionized water (around 1 puS/cm; the difference between this measured value and the
ideal one (0.05 puS/cm) results from the unavoidable dissolution of CO» species from
air). Generally, the conductivities of the produced dispersions increase with
concentration and synthesis time. Owing to the release of interlayer Na'/Li"/NH4"
cations and protonation of the edge OH groups, the pH of the hectorite-like
suspensions is usually higher than 7 [42,43], which can be illustrated by reactions

(1)—(2) below.

Hec — OH + H -:- OH(solvent)
— Hec — H,0
+ OH- e
Hec — Na + H - OH(solvent)
— Hec—H+ OH™

+ Na* (2)



where Hec—OH denotes the synthetic hectorites containing OH groups, while Hec—Na

and Hec—H indicate the synthetic hectorites containing Na" and H' interlayer cations.
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Fig. 10. (a) Electrical conductivity, (b) pH, and (c) calculated OH™ anion concentration of the
synthetic hectorite dispersions plotted as functions of concentration.

Therefore, the electrical conductivity (o) of a suspension (which is equivalent to its
ion conductivity cion) is generally determined by the presence of active Na“ and OH-

ions according to equation (1):



where F is the Faraday constant, and uow and un, are the mobilities of OH™ and Na*
ions, respectively. However, the electrical conductivities of the dispersions prepared
in this study, are described by more complex relationships.

The conductivities of the Hec-8 h, Hec-15 h, Hec-24 h, Hec-48 h, and Hec-96 h
samples mainly depend on the protonation of the OH groups attached to the Si and
Mg sites. The Hec-120 h, Hec-192 h, and Hec-264 h suspensions exhibit the highest
conductivities with similar values. In particular, both the protonation of OH groups
and release of interlayer Na' ions in the Hec-120 h dispersion contribute to its rapidly
increased conductivity (Figs. 10(b)—(c)). In contrast, although the pH values of the
Hec-192 h and Hec-264 h samples are smaller than that of Hec-120 h, their increased
basal spacing (see Fig. 2) increases the charge carriers mobility p in equation (1), thus
compensating for the decrease in conductivity induced by the rim protonation process.
As a result, the conductivities of these suspensions are comparable to that of
Hec-120h (see Fig. 10(a)).

In addition to the described two factors (protonation of OH groups and ion release),
the intrinsic conductivity of minerals also affects their electrical conductivity. As
demonstrated by Karato et al., the presence of two types of defects in minerals,

namely the electron (e' with excess negative charges) and hole (h" with positive



effective charges) ones, contribute to the electrical conductivity of the studied samples,

which can be expressed by equation (2) derived by Ziman and Kittel [44,1]:

2mkT 2 E
o= 232(2—2)3/2 X (memp)s X (pp + Ue) X exp (_ ﬁ) =

Aexp (— %) (2)

where e is the elementary charge of electron; & is the Boltzmann constant; R is the gas
constant; /4 is the Plank constant; me.; is the effective mass of electron or hole

respectively; ue 1s the mobility of electron or hole, respectively; and Ej is the optical
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Fig. 11. UV-vis diffuse reflectance spectra, (b) a plot of (a/v)? vs (hv) for the synthetic hectorites
hydrothermally treated at 180 °C for 8 and 264 h, and (c) calculated E, of the studied samples as a
function of the hydrothermal treatment duration.



band gap. Therefore, in order to determine the contribution of intrinsic conductivity to
the electrical conductivity of synthetic Na hectorites, it is necessary to investigate the
variations of £, with the hydrothermal treatment duration.

The DRS of the Hec-8 h and Hec-264 h samples recorded in the wavelength region
of 200—800 nm are shown in Fig. 11(a). In the range of 290—-800 nm, both samples
exhibit absorbance values between 16 and 24%. The obtained reflectance spectra were

converted to absorbance ones using the Kubelka-Munk equation (3) [45]:

(1-R)*> _

F(R) = R

s

where o is the absorption coefficient, S is the scattering coefficient, and R is the
reflectance. Thus, the optical band gap energy (E,) of hectorites was calculated using

equation (4) derived by Mott and Davis [46-47]:

(ahv)™
=B (hv

_g)

where B is the constant independent of the photon energy, /v is the photon energy, a is
the absorption coefficient, and m is the parameter depending on the type of the

photon-induced transition (m = 1/2 for the allowed direct transitions and m = 2 for the



allowed indirect transitions). Therefore, by combining equation (3) and (4), equation

(5) was obtained:

(F(R)hv)™
= B(hv

_g)

In this work, the magnitude of E, was estimated by extrapolating the linear regression
of (F(R)hv)? versus hv to zero. As shown in Fig. 11(b), the linear plots of (F(R)hv)? vs
(hv) obtained for the studied synthetic hectorites indicate that their absorption
mechanism corresponds to the allowed indirect transitions [46-47]. The magnitudes of
E; determined for the synthetic Na hectorites treated for 8 and 264 h are 6.23 and 5.68
eV, respectively. The variations of E, of synthetic Na hectorites plotted as functions of
the synthesis time are shown in Fig. 11(c). The obtained results indicate that the
increase in the duration of hydrothermal treatment increases the conductivity of
synthetic Na hectorites and decreases their E,. According to equation (2), since the
difference between the highest and lowest values of Ej is only around 0.55 eV, the
contribution of the intrinsic conductivity of synthetic Na hectorites to their electrical
conductivity (which is described by the term exp(— :;TQT)) is negligible.

4. Conclusions

In this work, we have successfully synthesized Na hectorite nanolayers with



tunable aspect ratios via the hydrothermal method using the Qarhan Salt Lakes brine
as a starting material. The obtained results indicate that the prolonged hydrothermal
duration contributes to the preferred growth of 2-dimensional synthetic Na hectorites
along their (001) plane and to the increased CEC and aspect ratio. After investigating
the influences of various factors on the electrical conductivity of the produced
hectorites, it was concluded that the observed conductivity variations of synthetic Na
hectorite suspensions resulted from the protonation of edge OH groups and release of

interlayer cations, and not from their intrinsic conductivity.
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