
RSC Advances

PAPER
Synthesis, structu
G.A. Krestov Institute of Solution Chemistr

E-mail: avn@isc-ras.ru

Cite this: RSC Adv., 2020, 10, 34885

Received 24th July 2020
Accepted 27th August 2020

DOI: 10.1039/d0ra06443b

rsc.li/rsc-advances

This journal is © The Royal Society o
re and thermal properties of
montmorillonite/ionic liquid ionogels
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Sodium montmorillonite (Na-MMT) was synthesized as a result of two-stage processing of natural

bentonite (Bent), and its particle-size distribution, structure and morphology were studied. It was found

that the two-stage processing of the original clay resulted in a significant increase in the specific surface

area (from 72 to 120 m2 g�1). The prepared Na-MMT powder was modified by two ionic liquids (ILs),

namely, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMImNTf2) and 1-butyl-3-

methyl-imidazolium bis(trifluoromethylsulfonyl)imide (BMImNTf2). Several methods, such as SEM, XRD,

TG, DSC, FTIR spectroscopy were used to study the structure and thermal behavior of the produced

ionogels. The effects of the IL cation on thermal characteristics of the Na-MMT/IL ionogels were studied.

Using the DSC, characteristic temperatures of glass transition, crystallization and melting were

determined for Na-MMT/IL composites. Taking into account the literature data and using the method of

thermogravimetric analysis, it was shown that ionogel formation was accompanied by a decrease in the

thermal stability of the IL.
1 Introduction

Recently, functional materials based on various clay minerals
have been the subject of intensive research in connection with
the possibility of their practical application in many industries,
medicine, as well as for solving environmental problems.1,2

Clay minerals are widely used in daily life due to their
availability, low cost, unique texture and physicochemical
properties, such as developed specic surface area, high
adsorption and ion-exchange properties, thermal stability and
the presence of active centers of various origins. One of the
important clay minerals is montmorillonite (MMT). It belongs
to the structural family of 2 : 1 phyllosilicates, whose structure
includes layers of silicon–oxygen tetrahedra, between which
aluminum-oxygen octahedra are enclosed.3 The MMTs plates
have a thickness of about 1 nm.

The lamella plates are bonded to each other by weak inter-
action forces (van der Waals bonds) and form packets with
regular galleries between the individual layers.4 Therefore,
layers can be easily separated from each other. Stabilization of
silicate layers by van der Waals can lead to self-assembly.

Some silicon ions (Si4+) in tetrahedral positions are replaced
by aluminum ions (Al3+), and some aluminum ions in octahe-
dral positions are replaced by magnesium ions (Mg2+) and iron
ions (Fe2+/Fe3+). This leads to a negative structural charge,
which is compensated by interlayer (exchange) cations.5 The
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main exchange cations are Ca2+ and Na+. The cations can be
exchanged by inorganic cations that come from organic mole-
cules, quaternary ammonium compounds, surfactant and ionic
liquids.6,7

Ionic liquids are a class of low-temperature salt melts with
a melting point below 100 �C, consisting of bulk organic cations
(imidazolium, pyridinium, alkylphosphonium or alkylammo-
nium ions) and inorganic or organic anions. Some ionic liquids
remain liquid even at ambient temperature.8,9 Due to their
properties, such as a wide range of liquid temperatures (up to
minus 70–90 �C), high chemical and thermal resistance, low
vapor pressure, non-ammability and excellent solvation
ability, ionic liquids are widely used in various industries.10 The
literature contains information on the use of ionic liquids in
energy devices and converters, as electrolytes for batteries,
capacitors, solar cells, catalytic media, and analytical chem-
istry.11–14 It should be noted that IL can be used in devices that
operate at elevated temperatures for a long time. Ionic liquids
are good solvents for a wide range of inorganic, organic and
polymeric materials. They are widely used in green chemistry as
alternative solvents in organic synthesis.15

Among compounds of this class, ILs based on the N,N-dia-
lkylimidazolium cation and bis (triuoromethylsulfonyl) imide
are the most studied.10,16,17 The use of these ionic liquids has
been reported in thin-lm transistors, fuel cells and batteries,
as well as in organic light-emitting devices.18,19

In the last two decades, the attention of scientists has been
attracted by ionic liquids as modiers of layered silicates. It was
shown that the modication of the clay surface by ionic liquids
RSC Adv., 2020, 10, 34885–34894 | 34885
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Table 1 The chemical composition of the Dash-Salakhlinsky
bentonite

Oxide SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O
Value (wt%) 57.70 13.75 5.27 2.49 2.67 1.90 0.23

Fig. 1 Structural formulas of the 1-ethyl-3-methylimidazolium cation
[EMIm]+ (a), the 1-butyl-3-methylimidazolium cation [BMIm]+ (b) and
the bis(trifluoromethylsulfonyl)imide anion [NTf2]

� (c).

Fig. 2 Scheme showing the two-stage processing of natural
bentonite for Na-MMT synthesis.
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occurs through the intercalation and adsorption of organic
cations into the structure of the material.20–24

The interaction of clays with organic cations of ionic liquids
proceeds by the mechanism of ion exchange. The replacement
of inorganic exchangeable cations with organic ones changes
the surface properties of clays from hydrophilic to hydrophobic
and signicantly increases the distance between aluminosili-
cate layers. Additional saturation of MMT interlayer cavities will
lead to the production of hybrid materials with improved
physicochemical properties as compared to natural silicates.
Analysis of the literature shows the possibility of using such
composite materials, so-called ionogels, as adsorbents for
organic substances and metal ions, catalysts, substrates for
solid-phase extraction, etc.25–29

It should be especially emphasized that ionogels are of
signicant interest for creating new types of solid electrolytes
for electrochemical devices and as greases that operate in a wide
temperature range.30–33 Clays (one of the components of ion-
ogels) have high Bronsted and Lewis acidity, which makes them
catalytically active in various organic and inorganic reactions.34

Therefore, studies of the effect of the ller on the thermal
stability of ionogels are important for clarifying the regularities
associated with the stability of ionogels in a wide temperature
range.

In the current work, montmorillonite was synthesized based
on Dash-Salakhlinsky bentonite, which is characterized by
a high content of montmorillonite, comparable to the best
samples of other bentonite deposits in the world. Then, mont-
morillonite was enriched with Na+ ions and modied by two
methylimidazolium-based ionic liquids: 1-ethyl-3-
methylimidazolium bis(triuoromethylsulfonyl)imide
(EMImNTf2) and 1-butyl-3-methyl-imidazolium bis(tri-
uoromethylsulfonyl)imide (BMImNTf2). The structure,
morphology, and thermal behavior of the resulting Na-MMT/IL
ionogels were investigated.

It should be noted that in the mentioned papers,23,24 ionic
liquids were intercalated into the layered structure of the Na-
MMT by dispersion in aqueous solutions, and the main goals
were to study the IL adsorption on Na-MMT and ion exchange.
In contrast, in the studies presented, we focused on the effects
of clay on the properties of IL and vice versa. In particular, we
found that the thermochemical characteristics of the prepared
ionogels differed from those for the corresponding ILs.

2 Materials and methods
2.1 Materials

Bentonite of the Dash-Salakhlinsky deposit (Republic of Azer-
baijan) was used in the current work. This deposit is a type of
high-quality sodium and alkaline-earth bentonite. In mineral-
ogical terms, this bentonite contains more than 80% mont-
morillonite. The chemical composition of the Dash-
Salakhlinsky bentonite is given in Table 1. The loss of ignition
is equal to 15.99 wt%.

The ionic liquids of 1-ethyl-3-methylimidazolium bis(tri-
uoromethylsulfonyl)imide (EMImNTf2) and 1-butyl-3-methyl-
imidazolium bis(triuoromethylsulfonyl)imide (BMImNTf2)
34886 | RSC Adv., 2020, 10, 34885–34894
were purchased from Sigma-Aldrich (USA). These chemicals
were used without further purication.

Fig. 1 shows the structural formulas for the cations and
anion in the IL under study; the cations differ in the number of
carbon atoms. Below, we demonstrate that this structural
difference causes a signicant difference in phase transitions
upon heating.

The synthesis of the Na-MMT samples was carried out in two
stages (Fig. 2). Firstly, montmorillonite was obtained from
natural bentonite by the elutriation method. For these
purposes, 20 g of bentonite clay was dissolved in 1 L of distilled
water and settled for 24 hours. Aer sedimentation, the upper
part of the dispersed phase was separated and centrifuged.
Then, the selected fraction was dried at a temperature of 100 �C.
In the second stage, the elutriated montmorillonite (MMTelutr)
was enriched with Na+ ions. To do this, MMT was treated with
a 1 M NaCl solution (10 g of clay per 1 L of solution) with
continuous stirring on a magnetic stirrer with heating (80 �C)
for 3 hours.

The cation exchange capacity (CEC) of Na-MMT was deter-
mined using the methylene blue adsorption method.35 The
found value (84 meq./100 g of dry clay) correlates with the data
reported in the literature.26,36
This journal is © The Royal Society of Chemistry 2020
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The Na-MMT/IL composites were produced by mixing the
components with a vibration shaker IKA VORTEX 4 basic (IKA-
Werke GmbH & Co. KG, Germany). The resulting mixture was
placed in an ultrasonic bath CT-431D2 (CTbrand Wahluen
Electronic Tool Co. Ltd., China) for 2 hours, and then in
a vacuum drying oven LT-VO/20 (Labtex, Russia) at a tempera-
ture of 80 �C for 24 hours. The synthesized ionogel was centri-
fuged at 6000 rpm for 45 minutes. Then, the excess ionic liquid
was removed, and the remaining saturated ionogel was kept for
2 weeks, controlling the delamination. Upon delamination, the
excess ionic liquid was again removed.
Fig. 3 DLS particle-size distribution of the natural bentonite (a) and
Na-MMT (b) powders.
2.2 Methods and apparatus

2.2.1 Dynamic light scattering (DLS). Dynamic light scat-
tering (Malvern Zetasizer Nano ZS, Malvern, UK) was used to
monitor the particle size (diameter) in the 0.3–10 000 nm range.
Before testing, a suspension of clay in distilled water was
prepared, sonicated and kept for 24 hours.

2.2.2 Nitrogen vapor adsorption–desorption. The quanti-
tative porosity parameters of the clay samples were determined
by the method of low-temperature (77 K) nitrogen vapor
adsorption–desorption with a QuantaChrome Nova 1200 (USA)
surface area analyzer. Before the adsorption measurements, the
powder was degassed at 90 �C for 7 h. The isotherms were
analyzed using the Brunauer–Emmett–Teller (BET) and Barrett–
Joyner–Halenda (BJH) models.

2.2.3 Scanning electron microscopy (SEM). The surface
morphologies of the Na-MMT powder and Na-MMT samples
modied by an ionic liquid were investigated using a Tescan
Vega 3 SBH (the Czech Republic) scanning electron microscope.

2.2.4 Wide-angle X-ray scattering (WAXS). The crystal
structures of the MMT powder and MMT samples modied by
ionic liquid were investigated by X-ray diffraction (XRD) in the
wide-angle range of 2q ¼ 4–60� using a DRON-UM1 (Russia)
diffractometer (CuKa radiation, l ¼ 0.154 nm), operating at
a voltage of 40 kV and a current of 40 mA.

2.2.5 Thermogravimetric (TG) measurements. Thermogra-
vimetric analysis was performed using a TG 209 F1 thermal
analyzer (Netzsch, Germany). The samples of about 10 mg in
a platinum crucible were heated in an argon ow (30 ml min�1)
with a rate of 10 �C min�1 to a temperature of 600–800 �C, and
the weight loss was measured. The accuracy of the sample mass
measurement was 1 � 10�6 g, and the accuracy of the temper-
ature measurement was 0.1 �C. Three TG scans were performed
for each sample.

2.2.6 Differential scanning calorimetry (DSC). A DSC 204
F1 Phoenix calorimeter (NETZSCH, Germany) was used to
determine the thermodynamic parameters such as the melting
point (Tm), crystallization (Tc), glass transition temperature (Tg),
and the heat capacity change (DCp) of the phase transition. The
sample of approximately 10 mg in a hermetically sealed plat-
inum pan was heated to 80 �C, cooled with liquid nitrogen to
�110 �C, and then heated to 150 �C. The rate of both cooling
and heating was 10 �C min�1. The measurements were carried
out in an argon atmosphere. The accuracy of the temperature
measurement was 0.1 �C.
This journal is © The Royal Society of Chemistry 2020
2.2.7 Fourier-transform infrared (FTIR) spectroscopy. A
VERTEX 80v infrared-Fourier spectrometer (Germany) was used
for the spectrophotometric measurements. The FTIR reection
spectra were recorded in the region from 400 to 4000 cm�1 at
room temperature, and the resolution was 2 cm�1. The
measurements were carried out in a thin layer of IL deposited
on a diamond crystal by casting at ambient temperature.
3 Results and discussion
3.1 Granulometric analysis of the clay samples under study

The DLS results for the studied clay powders are shown in
Fig. 3(a and b). As can be seen from Fig. 3a, the original
bentonite predominantly contains particles less than 7000 nm
in diameter. Size distribution is bimodal with maxima near 459
and 5560 nm.

Unlike the original bentonite, the Na-MMT powder lacks
a fraction of larger particles (with diameters of 2000–6500 nm).
In this case, the particle-size distribution is monomodal
(Fig. 3b). Note that for the MMTelutr sample obtained as a result
of the rst stage of processing, the particle-size distribution is
almost the same as that for the Na-MMT powder; therefore, we
did not give it here.
3.2 Porous structure of the clay samples under study

The low-temperature nitrogen adsorption–desorption was used
to quantify the porosity of the original bentonite, as well as its
changes during the two-stage synthesis of the Na-MMT.
RSC Adv., 2020, 10, 34885–34894 | 34887
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Fig. 4 shows that all the isotherms belong to type IV,
according to the IUPAC classication.37 This type of isotherm is
typical of solid bodies with mesopores.

Analysis of the recorded isotherms was carried out using the
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda
(BJH) models. The following parameters were found.

SBET is the specic surface area determined from isotherms
using the BET model.

VT is the total pore volume dened as the volume of liquid
nitrogen corresponding to the amount adsorbed at a relative
pressure (P/P0) of 0.99.
Fig. 4 Isotherms of the N2 low-temperature adsorption–desorption
and BJH pore-size distributions (insertions) for natural bentonite (a),
MMTelutr (b), and Na-MMT (c).

34888 | RSC Adv., 2020, 10, 34885–34894
rav is the average pore radius.
rprob is the most probable pore radius corresponding to the

peak of the BJH pore-size distribution.
Table 2 shows the listed values determined for bentonite,

MMTelutr, and Na-MMT powders.
It can be seen that the two-stage processing of clay leads to

a signicant increase in the specic surface area, while the total
volume of the porous space increases slightly. This effect is fully
correlated with the fact that the Na-MMT powder has a larger
number of small pores than the original bentonite (Table 2,
column 4).

Insertions in Fig. 4a–c show the pore-size distributions for
Bent, MMTelutr, and Na-MMT samples plotted using the BJH
model. We can see that almost 100% of the total pore volume is
pores with a radius smaller than 15 nm. This provides evidence
for the framework mesoporosity of the clay samples under
study. All pore-size distributions were narrow with peaks at
2.14–2.15 nm. A small peak at 4 nm was observed only for the
original clay sample. Although the position of the main peak
(2.14–2.15 nm) practically does not change, its height increases
in the sequence of Bent < MMTelutr < Na-MMT. This means that
the two-stage treatment of bentonite increased the contribution
of pores with a specied size to the total volume of the pore
space lled with nitrogen.

To quantitatively evaluate the heterogeneities of the clay
samples, the fractal Frenkel–Halsey–Hill (FHH) model38 was
applied. Data for low-temperature nitrogen adsorption/
desorption were utilized to determine the surface fractal
dimensions of the porous materials (df). The values of df for the
current powder materials were determined using eqn (1), which
take adsorbate surface tension effects into account:

Vads

Vm

z

�
RT log

�
P0

P

��df�3

(1)

In this equation, Vads is the adsorbed volume and Vm is the
volume necessary for the formation of one monolayer, so the
Vads

Vm
ratio represents the surface fractional coverage. It can be

seen in eqn (1) that value of df can be calculated from the slope

of the plot logðVadsÞ vs. log
�
log

�
P0
P

��
.

The data on the fractal dimension for Bent, MMTelutr, and
Na-MMT powders found in this way are shown in Table 2. These
values provide evidence that the researched powder has an
extended surface. The fractal dimension (as a quantitative
indicator of the heterogeneity pore-size distribution) increases
in the sequence of Bent < MMTelutr < Na-MMT.
Table 2 Porous structural parameters for the powders under study

Powder SBET (m2 g�1) VT (cm3 g�1) rav (nm) rprob (nm) df

Bent 72.47 0.120 3.27 2.15 2.65
MMTelutr 102.29 0.133 2.60 2.14 2.72
Na-MMT 119.67 0.142 2.38 2.14 2.74

This journal is © The Royal Society of Chemistry 2020



Fig. 5 SEM-images of bentonite (a) and Na-MMT (b) surfaces.

Fig. 7 WAXS patterns for bentonite (1), MMTelutr (2), and Na-MMT (3).
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In accordance with the data of low-temperature nitrogen
adsorption/desorption, the studied clay samples can be attrib-
uted to mesoporous bodies. The two-stage processing of the
original bentonite results in an increase in the surface area, the
total pore volume, and the fraction of smaller pores.
Fig. 6 SEM-images of the Na-MMT/BMImNTf2 (a) and Na-MMT/
EMImNTf2 (b) surfaces.

This journal is © The Royal Society of Chemistry 2020
3.3 Surface morphologies of clay and the synthesized clay/IL
ionogel samples

The surface morphologies of bentonite, Na-MMT and Na-MMT/
IL composites were investigated using SEM and are presented in
Fig. 5 and 6.

Fig. 5b shows that the Na-MMT powder has aggregate
particles on its surface characterizing the tightly stacked silicate
layers. The aggregate sizes correlate with the granulometric data
(Fig. 3b).

It can be seen from Fig. 6(a and b) that the composite of Na-
MMT with methylimidazolium-based ionic liquids has
a massive thin-layered structure with some interlayer spaces.
This interlayer space may be occupied by organic molecules.
Thus, the Na-MMT/IL composite is an ionic liquid lled with
aggregated montmorillonite particles and the ionic liquid
completely surrounds the clay particles.
3.4 Crystal structure of the studied clay powders and clay/IL
composites

To obtain information on the structural changes occurring in
the clay during its processing, the WAXS technique was used.
Fig. 7 shows the X-ray diffraction patterns for bentonite,
MMTelutr, and Na-MMT powders.

The pattern of the original bentonite contained reexes
corresponding to MMT ((001), (002), (020), (201)), quartz (101),
and plagioclase (�112). However, the (101) reex disappeared at
the rst stage of processing (Fig. 7, pattern 2).
Table 3 XRD analysis data for the studied powders and Na-MMT/IL
composites

Sample 2q0 (deg) d001 (nm) L (nm)

Bent 6.50 1.36 49.26
MMTelutr 7.35 1.20 41.86
Na-MMT 9.20 0.96 49.34
Na-MMT/BMImNTf2 6.41 1.38 90.95
Na-MMT/EMImNTf2 6.96 1.27 83.61

RSC Adv., 2020, 10, 34885–34894 | 34889



Fig. 8 WAXS patterns for Na-MMT (1), Na-MMT/BMImNTf2 (2), and
Na-MMT/EMImNTf2 (3).

Fig. 10 DSC traces of the second heating cycle for the Bent/
BMImNTf2 (1) and Na-MMT/BMImNTf2 (2) composites.

RSC Advances Paper
A shi of the (001) reex to large angles as a result of the rst
and then second processing stages was observed (Table 3). This
indicates a decrease in the basal distance in the clay mineral.
Thus, a two-stage treatment of natural bentonite affects the self-
assembly of silicate layers. It has been reported by Takahashi
et al.39 that the basal distance at the (001) reex of the dried
montmorillonite powder was equal to 0.968 nm. This result is in
good agreement with the present XRD data.

Fig. 8 shows the X-ray diffraction patterns for the Na-MMT
powder, as well as for the Na-MMT/BMImNTf2 and Na-MMT/
EMImNTf2 ionogels. Compared to the Na-MMT pattern, we can
see that the (001) reex was shied to 1.38 nm due to the
intercalation of the BMImNTf2. Similarly, the (001) reex shi
to 1.24 nm was observed due to the EMImNTf2 intercalation.
The crystallite size (L) as determined by the Scherrer method,
for Na-MMT/IL composites was larger than in the Na-MMT
(Table 3). This effect indicates the intercalation of the IL
molecules into the clay cavities and their adsorption between
splayed platelets at the tactoid edges.

However, it should be recognized that intercalation is only
partial. The fact is that cations interact with silicate layers,
which are negatively charged. The basal distance is the sum of
the silicate plate thickness and the interlayer space (gallery) in
which the cations are located.4 When the inter-layer spaces are
lled, the intercalated IL ions are oriented in the “tail-to-head”
fashion. Cations of IL can be located in the gallery at certain
angles, depending on the size of both the gallery and the ions.39
Fig. 9 Schematic structure of the Na-MMT/EMImNTf2 (a) and Na-MMT

34890 | RSC Adv., 2020, 10, 34885–34894
In the current study, we calculated these angles using
a simple geometric model,40 taking into account the results of
the X-ray analysis and the sizes of the cations. We found that for
the intercalated [BMIm]+ cation (0.66 nm in diameter41), this
angle was 39.5�, and for the intercalated [EMIm]+ cation
(0.606 nm in diameter39), this angle was 30.8�. Based on these
calculations, a schematic structure could be proposed for the
studied Na-MMT/IL ionogels and is shown in Fig. 9.

The IL anions interact with the outer surface of the clay
particles, which is positively charged. Thus, we can say that the
structure of the ionogels is complex, and it is formed by
a framework of clay particles containing IL cations in the inner
interlayer space, and in the outer layer. The outer layer is
formed by IL anions adsorbed on the surface of the plates,
compensating their charge with sodium cations displaced due
to ion exchange, and a bulk ionic liquid lling the macrospace
formed as a result of contacts between clay particles. This is
clearly reected in the thermal behavior of the ionogels.
3.5 Phase transitions in the clay/IL composites

Fig. 10 and 11 show the DSC patterns of the second heating
cycles for the studied clay/IL ionogels recorded in the temper-
ature range from �110 to +100 �C. In these graphs, the inec-
tion point of the curve corresponds to the glass transition
temperature (Tg), the exothermic peak (Tc) corresponds to
crystallization, and the endothermic peak (Tm) corresponds to
/BMImNTf2 ionogels.

This journal is © The Royal Society of Chemistry 2020



Fig. 11 DSC traces of the second heating cycle for the Bent/EMImNTf2
(1) and Na-MMT/EMImNTf2 (2) composites.

Table 4 Characteristic parameters of the thermal behavior of the clay/
BMImNTf2 samples under study determined by DSC

Parameter Bent/BMImNTf2 Na-MMT/BMImNTf2 BMImNTf2

Tg (�C) �80.2 �78.0 �86.3a

�86.8b

DC (J (g K)�1) 0.165 0.169 0.393b

0.09c

a Reported by Alekseeva et al.21 b Reported by Ramenskaya et al.17 and
recalculated taking into account the molecular weight of BMimNTf2
(419.37 g mol�1). c Reported by Dzyuba et al.42

Fig. 12 TG and DTG traces recorded for the clay/BMImNTf2 ionogels.
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the melting point. The characteristic parameters of the
observed phase transitions are given in Tables 4 and 5.

The thermograms for composites with BMImNTf2 are pre-
sented in Fig. 10. For such systems, the thermograms had only
an inection point corresponding to Tg, and there were no
crystallization or melting peaks. As Table 4 shows, the intro-
duction of clay into the IL increased the glass transition
temperature of BMImNTf2 by 6–8 �C. However, it is not possible
to evaluate the effect of clay on the change in the specic heat
capacity during the glass transition, since the literature data on
the DC values differ greatly for both BMImNTf2 and EMImNTf2
(Tables 4 and 5).

Fig. 11 shows DSC curves for clay/EMImNTf2 ionogels, where
the thermograms have an inection point corresponding to Tg.
Table 5 Characteristic parameters of the thermal behavior of the clay/
EMImNTf2 samples under study determined by DSC

Parameter Bent/EMImNTf2 Na-MMT/EMImNTf2 EMImNTf2

Tg (�C) �83.7 �79.7 �91.7a

DC (J (g K)�1) 0.167 0.125 0.122a

0.02b

Tc (�C) �33.7 �33.4 �45.9a

Tm (�C) �21.9 �21.9 �19.3a

a reported by Ramenskaya et al.17 and recalculated (DC value) taking
into account the molecular weight of EMImNTf2 (391.31 g mol�1).
b reported by Dzyuba et al.42

This journal is © The Royal Society of Chemistry 2020
The heating of the samples led to the appearance of a broad
exothermic peak of crystallization and then to an endothermic
peak of melting.

Table 5 shows that for the clay/EMImNTf2 composites, the
glass transition temperature is 8–12 degrees higher than for the
pure IL. Other quantitative indicators of thermal behavior also
change. We can state the “connement” effect, i.e., change in
the properties of both BMImNTf2 and EMImNTf2 upon inter-
calation into the clay.
3.6 Thermal degradation of the clay/IL ionogels

Fig. 12 and 13 show the TG and DTG traces recorded for the
studied clay/IL composites.

The thermal degradation of the studied materials proceeded
in two stages. In the rst stage, the mass reduction in the
samples (Dm1) was caused by water removal; this value did not
exceed 3.5% (Tables 6 and 7). Note that the rst stage was
absent for individual ILs.17 This difference can be explained by
the presence of water in the clay pores.

The onset and end temperatures (T1 and T2) of the rst stage
for composites were determined by the tangent intersection
method. As can be seen from Tables 6 and 7, the temperature
interval of the rst stage was 50–160 �C.

The second step is associated with the IL thermolysis and
was manifested in the rapid reduction of the sample mass. To
characterize the degradation process we used the following
parameters:
Fig. 13 TG and DTG traces recorded for the clay/EMImNTf2 ionogels.

RSC Adv., 2020, 10, 34885–34894 | 34891



Table 6 Characteristic temperatures and mass-loss magnitudes of
thermal decomposition for the clay/BMImNTf2 composites

Parameter Bent/BMImNTf2
Na-MMT/
BMImNTf2 BMImNTf2

First stage
T1 (�C) 62.5 60.5 —
T2 (�C) 143.6 157.9 —
Dm1 (%) 2.61 0.55 —

Second stage
T10% (�C) 396.1 401.1 420a

Td (�C) 454.6 459.0 481.5b

Tend (�C) 468.8 466.6 500.1b

Dm2 (%) 48.59 55.05 90.4b

mIL (%) 48.02 54.91 —

a Reported by Ramenskaya et al.17 b Reported by Alekseeva et al.21

Table 7 Characteristic temperatures and mass-loss magnitudes of
thermal decomposition for the clay/EMImNTf2 composites

Parameter Bent/EMImNTf2 Na-MMT/EMImNTf2 EMImNTf2

First stage
T1, �C 54.5 58.9 —
T2, �C 146.4 132.2 —
Dm1, % 3.48 0.83 —

Second stage
T10% 403.2 406.1 444a

Td, �C 460.4 452.4 479b

Tend, �C 469.2 461.8 500a

Dm2, % 49.30 53.29 90a

mIL, % 45.04 52.36 —

a Reported by Ramenskaya et al.17 b Reported by Ramenskaya et al.43

Fig. 14 FTIR spectra of Na-MMT (1) BMImNTf2 (2) and Na-MMT/
BMImNTf2 (3).

Fig. 15 FTIR spectra of Na-MMT (1) EMImNTf2 (2) and Na-MMT/
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T10% is the temperature of the 10% mass-loss.
Td is the temperature at the maximum rate of mass-loss that

corresponds to the minimum of the DTG trace.
Tend is the degradation end temperature determined by the

tangent intersection method.
Dm2 is the mass reduction in the second stage.
In addition to the listed values for composites found in the

current study, Tables 6 and 7 provide literature data on similar
parameters for individual ILs. At the transition from the IL to
the clay/IL composite, values of T10% and Td decreased consid-
erably. This means that the interaction of the IL with alumosi-
licate decreased its thermal stability. This effect was observed
for both BMImNTf2 and EMImNTf2 and is evidently associated
with the weakening of the cation–anion bonds in IL, as well as
the formation of intermolecular bonds with the active groups in
clay.

On comparing the DTG traces in Fig. 12 and 13, we can
conclude that for composites with Na-MMT, the maximum
thermal degradations rates were greater than for composites
with original bentonite. This effect was also observed regardless
of the nature of the ionic liquid under study.
34892 | RSC Adv., 2020, 10, 34885–34894
It should be noted that the loss of mass during thermal
decomposition correlates with the initial mass fraction of IL in
the composite (mIL). This means that when heated to 600 �C, the
clay as a component of the clay/IL composite does not thermally
decompose. Thus, the results of DSC and TG analysis showed
that when interacting with aluminosilicates, the thermal
behavior of ILs varied signicantly. This may be used to regulate
the properties of materials based on IL.
3.7 FTIR spectra of the Na-MMT/IL composites

The FTIR reection spectra of the Na-MMT powder, pure ionic
liquids of BMImNTf2 and EMImNTf2, as well as Na-MMT
samples modied with ionic liquids are presented in Fig. 14
and 15.

In the IR spectrum of Na-MMT (Fig. 14, spectrum 1), there
are bands due to the vibrations of OH groups (3628 and
3440 cm�1) and the stretching modes of absorbed water mole-
cules (1631 cm�1).3 The intense broad band with the maximum
at 1041 cm�1 corresponds to the Si–O–Si valence vibrations of
EMImNTf2 (3).

This journal is © The Royal Society of Chemistry 2020
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the tetrahedra in the silicon–oxygen framework.44 The narrow
band at 795 cm�1 corresponds to the deformation vibrations of
silanol groups. The magnesium–oxygen (nMgO) bond is
assigned to the band between 467 and 529 cm�1.

FTIR spectra of Na-montmorillonite, modied with ionic
liquids, show the presence of characteristic bands of inorganic
and organic components. In the spectrum of Na-MMT/
BMImNTf2, the nOH band belonging to clay at 3440 cm�1 is
observed as a small wave centered at 3600 cm�1, which indi-
cates that the introduction of BMImNTf2 leads to a decrease in
bound water.21 In the spectrum of the modied Na-MMT, one
can see the bands in the region of 2800–3000 cm�1, character-
istic of BMImNTf2, which are related to the symmetric and
asymmetric stretching vibrations of nCH groups. The peak from
1300 to 800 cm�1 is a superposition of bands belonging to
oxygen-containing groups of montmorillonite and BMImNTf2.
In the range of 600–400 cm�1, there are peaks of MMT, which
changed in comparison to pure clay.

It should be noted that in the spectrum of the Na-MMT/
BMImNTf2 ionogel (Fig. 14, spectrum 1), the above-mentioned
band at 1631 cm�1 was observed, which associated with
absorbed water molecules. This is consistent with the TG
analysis results, which demonstrated the dehydration of the
samples when heated.

The same trend was observed in the spectrum of the Na-
MMT/EMImNTf2 ionogel (Fig. 15).

4 Conclusions

In this work, sodium montmorillonite was synthesized as
a result of a two-stage treatment of natural bentonite, and its
structure and morphology were studied. It shows that the two-
stage processing of the original bentonite increased the
surface area, the total pore volume, and the fraction of smaller
pores. The Na-MMT synthesized from natural bentonite was
used to obtain ionogels with ionic liquids such as 1-ethyl-3-
methylimidazolium bis(triuoromethylsulfonyl) imide and 1-
butyl-3-methylimidazolium bis(triuoromethylsulfonyl) imide.
The structures and morphologies of the obtained composites
were studied by SEM, XRD, and FTIR methods. The thermal
behaviors of the Na-MMT/IL composites and the corresponding
ILs were compared using the DSC and TGmethods. It was found
that the phase transitions in the studied ionogels depended on
the nature of the IL cation. The results obtained in the present
work show the possibility of modifying the natural clay mineral
with ionic liquids, which will allow the formation of new
materials with special properties and potential technical and
environmental applications.
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