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In this work, a new method of modifying montmorillonite (Mt) with polyvinylpyrrolidone (PVP) was
developed, which makes it possible to obtain modified Mt with different structures and modifier content
simultaneously. The essence of the method consists in mixing colloidal solutions of Mt and PVP, process-
ing the mixture with ultrasound, settling, and selecting individual layers of the final solution. Several
methods, such as scanning electron microscopy (SEM), X-ray diffraction (XRD), thermal gravimetry
(TG), differential scanning calorimetry (DSC), Fourier-transform infrared (FTIR) spectroscopy, have been
used to characterize pure substances and to study the structure and thermal behavior of the composites.
It was established that PVP macromolecules could both intercalate in the interlayer space of Mt and form
exclusively exfoliated Mt. In addition, under certain conditions, Mt flocculated with PVP can be obtained.
It is shown that during intercalation, PVP macromolecules displace and replace montmorillonite water in
the interlayer space of clay mineral.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polymer nanocomposites based on layered silicates, such as Mt,
still attract considerable attention because they show a sharp
improvement in mechanical, thermal, barrier properties, and fire
resistance with a small content of nanofiller (Dulebová et al.,
2017; Jamil et al., 2022; Xie et al., 2022; Moradi et al., 2023; Xu
et al., 2023; Zeng et al., 2023). Unfortunately, the promising prop-
erties of the nanocomposite are usually difficult to achieve due to
the high activity of the excess surface of the nanomodifier with a
tendency to agglomerate (Yu et al., 2023). To improve the disper-
sion of the nanoadditive, various treatments are used to improve
their compatibility in the polymer matrix (e.g., modifications of
,
.

the nanoparticle surface by grafting polymer monomers, thermal
or chemical treatment of nanofillers) (Sun et al., 2023). Each pair
polymer-nanoadditive requires an individual approach to the
nanocomposite production method (Madejová et al., 2023; Zhao
et al., 2023). In the case of Mt-type nanoparticles, they are most
often subjected to chemical treatment to increase their compatibil-
ity with the matrix, consisting of introducing alkylammonium or
alkylphosphonium salt cations between the stacks of aluminosili-
cate packages (Sinha Ray and Okamoto, 2003; Gao, 2004).

To understand the influence of layered silicates on the proper-
ties of the polymer matrix, it is necessary to analyze the
microstructure of the silicate. The crystallite (tactoids) consists of
stacks containing between 10 and 100 parallel, equally spaced sil-
icate platelets; each platelet is approximately 200 nm in length and
1 nm in thickness. The primary particles with a major dimension of
several tens of microns, generally consist of a compact stack of
individual silicate crystallite (Koo et al., 2003). The input of an
organic substance between the layers of packets is called intercala-
tion, and apart from giving it an organophilic character, the addi-
tional task of this procedure is to increase the distance between
the packets. At the same time, the multilayer structure of silicate
is not destroyed. Better results of strengthening the nanocomposite
with Mt particles are obtained if the organoclay is exfoliated, i.e.,
completely loses its layered structure, and polymer chains separate
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the nanofiller sheets. Most often, in nanocomposites, both of the
above phenomena co-occur: intercalation occurs in some packets,
and some have entirely stratified (exfoliated). Such a nanocompos-
ite is called flocculated (Gao, 2004; Wu et al., 2005; Dellisanti et al.,
2006; Soegijono et al., 2020).

In this work, Mt was modified with the help of a water-soluble
polymer, polyvinylpyrrolidone, to use the obtained product further
to get ecological nanocomposites with high operational properties,
in particular, based on biodegradable polymers. Water-soluble
polymers such as PVP (Gultek et al., 2001), poly (vinyl alcohol)
(PVA) (Strawhecker and Manias, 2000), and poly(ethylene oxide)
(PEO) (Kuppa and Manias, 2003) can easily intercalate into sodium
Mt without hydrophobic treatments (Koo et al., 2003). PVP interca-
lates Mt (Krasinskyi et al., 2017; Krasinskyi et al., 2019a; Krasinskyi
et al., 2019b; Krasinskyi et al., 2021), and this is the basis for the
creation of thermoplastic nanocomposites. In addition, PVP has
an initiating effect in the polymerization of hydroxyalkylene
methacrylates as an active complexing agent (Bashtyk et al.,
2018; Grytsenko et al., 2019; Moravskyi et al., 2019), and also par-
ticipates in the formation of new polymer matrices of liquid-
structured type (Suberlyak et al., 2011; Suberlyak et al., 2012).

Many works are devoted to studying nanocomposites based on
Mt and PVP. Wang et al. (2012) used a nanomodifier based on PVP
and Mt to significantly improve the barrier properties of
polyvinylidene fluoride and filter membranes based on it. Koo
et al. (2003) and Zabska et al. (2011) reported when the Mt content
in PVP is up to 20% and the components are mixed in an aqueous
solution, exfoliated nanocomposites are formed. With a higher
range of Mt, intercalated nanocomposites are formed. Mechanical
mixing, ultrasonic mixing, and ball mill mixing were used.
Séquaris et al. (2000) studied the adsorption behavior of PVP on
Na-Mt in diluted solutions, representative of environmental soil
solution conditions. The formation of intercalated montmorillonite
tactoids and the growth of basal spacing (d001) with an increase in
the adsorbed PVP amount were confirmed. The formation of a
polymer layer on the surface of MMT significantly affects its
adsorption capacity, particularly the binding extent of anionic
and neutral organic chemicals. Jianzhong et al. (2007) used cetri-
monium bromide (quaternary amine) to modify Mt. The compo-
nents were mixed in an aqueous solution at a temperature 80 �C
using a stirrer and ultrasound. Then the resulting product was
mixed with PVP in a ratio of 1:1 to obtain a nanocomposite. Mixing
was done at 90 �C using a mechanical stirrer and ultrasound. In this
way, an intercalated nanocomposite was obtained.

Nanocomposites containing poly(vinyl acetate) and Mt were
prepared using a single emulsion polymerization with the addition
of PVP (Corobea et al., 2006). Depending on the Mt/PVP ratio, the
clay was dispersed in the final polymer matrix in various forms,
from individual sheets to agglomerates of transformed tactoids.

New nanocomposite films based on amylose (AM) and Fe3+–Mt
in a PVP matrix were obtained by casting from a solution
(Abdollahi et al., 2020). An increase in the content of Fe3+–Mt
improved the hydrophilic and mechanical properties of PVP/AM
films and increased their thermal stability.

Choudhary and Sengwa (2012) studied of the dielectric proper-
ties of colloidal dispersions of polyethylene oxide with PVP and Mt.
The direct current ionic conductivity and the real part of the per-
mittivity of hydrocolloids increased. At the same time, the relax-
ation time of the electrode polarization decreased with
increasing Mt concentration. These dielectric parameters
depended significantly on temperature.

Nanocomposites of PVA, PVP, and Mt were prepared by mixing
in a solution and then cast into films (Mondal et al., 2013). The for-
mation of an intercalated PVA/Mt nanocomposite was established.
A layered and highly intercalated PVA/PVP/Mt nanocomposite was
formed in the presence of PVP. Including PVP in the PVA/Mt matrix
2

enhances the interaction of hydrogen bonds between PVA and Mt.
It thus improves the mechanical properties and thermal stability of
the nanocomposites. The presence of a bulky ester group in the PVP
chain limits its intercalation. In contrast, the adsorption behavior
of PVP on Mt sheets mainly leads to exfoliated Mt structures in
PVA–PVP–Mt nanocomposites (Sengwa and Choudhary, 2014). At
the initial addition to the PVA/PVP mixture of 1 wt% Mt primary
crystal structure of the composite underwent significant changes
with the formation of new alternative crystal structures. Sharp
changes in the direction and character of hydrogen bonds inside
the PVA crystal structure explain this. With a further increase in
the content of Mt to 10 wt%, there were significantly fewer such
changes in the nanocomposite structure (Choudhary et al., 2021).

Thus, intercalated and exfoliated nanocomposites can be
obtained by mixing PVP with Mt. The structure of such nanocom-
posites primarily depends on the PVP/Mt ratio and the method of
their preparation. This work aimed to develop a new and simple
method of modifying Mt with PVP, which will make it possible
simultaneously to obtain modified Mt with different structures.
2. Materials and methods

2.1. Materials

Montmorillonite K10, purchased from Sigma Aldrich (281522),
USA, with polydisperse particles 150–300 nm in size, in the form
of agglomerates 3–20 lm (SEM analysis), specific surface area of
220–270 m2/g, bulk density of 300–370 kg/m3, pH = 2.5–3.5, cation
exchange capacity of 58–60 meq/100 g, charge-balancing cation K+

and chemical composition (wt%) SiO2: 72.7; Al2O3: 16.8; Fe2O3:
4.9; MgO: 1.6; was used. Polyvinylpyrrolidone 10, purchased from
Duchefa Biochemie (P1368), Netherlands, with a molecular weight
average of 10000, a density of 1.200 kg/m3, and a bulk density from
400 to 600 kg/m3, was used to modify Mt.

2.2. Sample preparation

In the first stage, an aqueous solution with a concentration of
5 wt% of Mt is subjected to ultrasonic waves with a frequency of
40 kHz for 6–8 min in the Sonic-0.5 apparatus (Polsonic, Poland).
Then, the suspension obtained in this way is treated for 25 min
in an ultrasonic field and with intensive stirring, with an aqueous
solution with a concentration of 20 wt% of PVP in such a way that
the mass fractions of both dissolved components, i.e., Mt and PVP,
are equal to 1:2, respectively. After that, the resulting mixture is
separated into three layers (Fig. 1a), subjected to decantation, sep-
aration of each layer, filtration, and drying of the target products
under vacuum at a temperature of 70–80 �C until complete
removal of water. The layers were separated by decanting first
the upper liquid layer. After that, two layers remained in the vessel
- a white pasty sediment (Mt/PVP-middle) and a gray powdery
sediment (Mt/PVP-bottom) (Fig. 1b, 1c). These two layers were
separated by repeated dissolution, decantation, and washing of
the white pasty sediment.

After drying, three products were obtained: the bottom layer
(Mt/PVP-bottom) in the form of a finely dispersed light gray pow-
der, the middle layer (Mt/PVP-middle) – in the form of a finely dis-
persed white powder, and the top layer (Mt/PVP-top) – in the form
of a light-yellow film, which was ground to a fine powder using a
W _Z-1 laboratory mill (Research Institute of the Bakery Industry,
Poland). The obtained powders were additionally dried in a vac-
uum at 60 �C for 3–4 h before the research. The fractions yield is
(relative to the total mass of dry PVP and MMT before mixing):
Mt/PVP-bottom – 20–21%, Mt/PVP-middle – 34–35%, and Mt/
PVP-top – 40–41%. Irreversible losses of raw materials were about



Fig. 1. The separation process of individual suspension fractions: a) three-layer suspension of Mt/PVP in water; b) after decanting the top layer; c) the middle layer (white)
over the bottom layer.
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3–6%. It can be assumed that the losses are mainly related to the
evaporation of own moisture from hygroscopic PVP and MMT dur-
ing drying of the obtained products under vacuum.

The ultrasonic waves move a given volume of the solution and
produce local effects with ultrasonic frequency, ensuring high mix-
ing speed and efficiency. This method of obtaining modified mont-
morillonite is environmentally friendly and highly efficient and
also excludes the use of complex chemical compounds.

2.3. Sample characterization

2.3.1. X-ray diffraction (XRD)
The modified Mt and pure substances were identified via XRD.

Diffraction patterns were measured on a PANalytical Empyrean
diffractometer (Malvern Panalytical, Malvern, UK) with CuKa radi-
ation (1.54056 Å) at a tube voltage of 45 kV and a tube current of
40 mA. The angular range was 3� to 60� with a step size of 0.017�
and a counting rate of 15 s/step. Deconvolution of the reflections
was performed to determine the d-value of interlayer space accu-
rately. The Bragg equation was used to determine the d-value of
interlayer space (Musiol et al., 2016). OriginPro 8 was used to ana-
lyze the acquired data.

2.3.2. Differential scanning calorimetry (DSC)
Differential scanning calorimeter, type DSC 1 STARe System

(Mettler Toledo, Swiss), was used to determine the thermal prop-
erties of modified Mt and pure substances. DSC measurements
were performed under nitrogen with rate flow of 50 ml/min. About
5 mg of the sample was placed on an aluminum pan for sampling.
The samples were successively: heated from �40 to 300 �C at
10 �C/min, annealed at 300 �C for 3 min, cooled to �40 �C at
10 �C/min, and reheated to 300 �C at a rate of 10 �C/min. The sec-
ond heating cycle was used in the analysis of the thermal proper-
ties of the studied samples.

2.3.3. Thermogravimetric analysis (TGA)
Thermogravimetric analyzer, type Q500 (TA Instruments, USA),

intended for determination of thermal stability and Mt content.
Thermogravimetric analysis (TGA) was performed in the tempera-
ture range of 25–1000 �C under a nitrogen atmosphere with a flow
rate of 60 ml/min and a heating rate of 10 �C/min. The mass of the
samples was about 18 mg. Before the tests, all samples were dried
at 70–75 �C for 5 h in an air dryer.

2.3.4. Fourier-Transform infrared (FTIR) spectroscopy
Attenuated total reflectance Fourier transform infrared (ATR-

FTIR) spectrometer, type Cary 630 (Agilent Technologies, USA)
3

meant for examination of changes in macromolecules structure.
Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectra of the studied samples were recorded in absorbance
mode at a constant spectral resolution of 4 cm�1, for the wavenum-
ber ranged from 3700 to 400 cm�1, after acquiring 8 scans.
2.3.5. Scanning electron microscopy (SEM)
The scanning electron microscope, type Hitachi SU8010 (Hita-

chi, Japan), is meant to examine the microstructure of samples
and the microanalysis of elements. The microstructure of the pow-
der samples was determined by the SEM using the secondary elec-
tron (SE) detector and an accelerating voltage of 15 kV. A 5-nm
thick gold layer was sputtered on all the samples to be analyzed
by the SEM for better imaging quality. For that purpose, a cathode
sputtering apparatus (sputter coater, type Cressington 108auto;
Cressington Scientific Instruments Ltd., Germany) was used, which
was equipped with a coating thickness gauge based on a quartz
crystal of varying conductivity. In the case of Energy Dispersive
X-ray (EDX), microanalysis of the pure substances and modified
Mt samples 15 kV of accelerating voltage was applied. For EDX
microanalysis, samples that were not sputtered with gold were
investigated.
3. Results and discussion

3.1. Crystal structure of the modified Mt

The X-ray diffraction patterns for the modified Mt and original
substances are presented in Fig. 2a-e. The diffractograms of the
original MMT (Fig. 2 curve a), Mt/PVP-bottom (Fig. 2 curve b),
and Mt/PVP-middle (Fig. 2 curve c) have a similar appearance.
These patterns contain reflections corresponding to Mt ((001),
(002), (110), (220)) and quartz ((101), (112)) (Table 1). However,
the characteristic reflections intensity and position differ for these
samples. In the Mt/PVP-bottom sample, all characteristic reflec-
tions shifted toward smaller 2H angles, which increased the inter-
layer distance d(001) to 1.100 nm compared to 1.005 nm for the
original Mt (Table 1). Therefore, it can be assumed that Mt/PVP-
bottom is characterized by a similar structure of two-
dimensional layers as unmodified Mt; no new phases are formed,
and no exfoliation occurs, but only the interlayer space increases.
This is confirmed by introducing PVP macromolecules into the
interlayer space of Mt, i.e., its intercalation.

In the Mt/PVP-middle sample, all characteristic reflections of Mt
slightly shifted toward larger 2H angles (Table 1). As a result, there
was a slight decrease in the interlayer distance d(001) by
0.006 nm. This can be explained by the removal of montmorillonite



Fig. 2. X-ray diffraction patterns for Mt (a); Mt/PVP-bottom (b); Mt/PVP-middle (c); Mt/PVP-top (d), and PVP (e).

Table 1
Results of XRD analysis for modified Mt.

Reflection
Index

Mt Mt/PVP-bottom Mt/PVP-middle Mt/PVP-top

2H, deg d, nm 2H, deg d, nm 2H, deg d, nm 2H, deg d, nm

M (001) 8.79 1.005 8.03 1.100 8.84 0.999 – –
M (002) 17.71 0.500 17.06 0.519 17.81 0.498 – –
M (110) 19.77 0.449 19.17 0.463 19.82 0.448 19.72 0.450
Q (101) 26.59 0.335 26.04 0.342 26.64 0.334 – –
M (220) 34.91 0.257 34.41 0.260 35.01 0.256 34.81 0.258
Q (112) 45.44 0.199 44.95 0.202 45.49 0.199 – –
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water from the interlayer space and the intercalation of a smaller
amount of PVP there. Such differences in the structure of Mt/
PVP-middle and Mt/PVP-bottom are explained by different
amounts of PVP in the samples (see Section 3.2). In addition, a sig-
nificant decrease in the intensity of the Q(101) reflection at 2H =
26.64� and its splitting into two reflections can be observed on the
diffractogram, as well as the disappearance of individual reflec-
tions characteristic of the original Mt. Therefore, it can be assumed
that such Mt is flocculated by PVP macromolecules. That is, Mt/
PVP-middle is characterized by a partially layered structure with
the introduction of PVP macromolecules into the interlayer space
(intercalation) and a partially exfoliated structure with separation
of Mt sheets by PVP chains.

The diffractogram of the Mt/PVP-top sample (Fig. 2 curve d) is
similar to the diffractogram of the original PVP (Fig. 2 curve e).
However, in this sample, the reflection at 2H = 20.12�, which is
characteristic of PVP, disappears, and minor reflections M(110)
at 2H = 19.72� and M(220) at 2H = 34.81�, which are characteris-
tic of the original Mt, appear. It is worth noting that these two
reflections are shifted to the region of smaller 2H angles compared
to the reflection of the original Mt (Table 1). The absence of the M
(001) reflection at 2H = 8.79� on the Mt/PVP-top diffractogram,
which characterizes the interlayer space in Mt and several other
4

characteristic reflections of Mt, indicates complete exfoliation of
Mt and separation of Mt sheets by PVP chains. It can be assumed
that there is a small amount of exfoliated Mt in the Mt/PVP-top
sample since the intensity of the Mt reflections in the diffrac-
togram is low.

3.2. Thermal degradation of the modified Mt samples

TGA was used to study the intercalation effect of Mt, the results
of which are presented in Table 2 and Fig. 3. The mass loss rate
(DTG) of the samples was also recorded (Fig. 4). The thermal
decomposition of the original Mt occurs in three stages (Fig. 3
curve a and Table 2). In the 25–150 �C, hygroscopic and interlayer
water is removed with a loss of 9.3% of the sample mass. In the
temperature range of 150–512 �C, the mass loss of the sample is
2.4% and is associated with the removal of hydroxyl water from
the Mt crystal lattice. Upon further heating the sample to 980 �C,
the Mt crystal lattice is destroyed, and its dehydration is com-
pleted. The sample mass loss at this stage is 2.3%.

The mass loss of Mt/PVP-bottom (Fig. 3 curve b) and Mt/PVP-
middle (Fig. 3 curve c) samples up to a temperature of 150 �C is sig-
nificantly lower than that of pure Mt and is 3.1% and 5.3%, respec-
tively. This indicates that in these samples, montmorillonite water



Table 2
Results of TG/DTG analysis for modified Mt samples.

Sample Temperature range, �C Mass loss, % Mass residue, %

Mt 25–150 9.3 90.7
150–512 2.4 88.3
512–980 2.3 86

Mt/PVP-bottom 25–150 3.1 96.9
150–512 6.6 90.3
512–980 4.1 86.2

Mt/PVP-middle 25–150 5.3 94.7
150–512 14.8 79.9
512–980 8.9 71.0

Mt/PVP-top 25–95 7.1 92.9
95–345 3.9 89.0
345–486 80.8 8.2
486–980 4.2 4.0

PVP 25–85 8.5 91.5
85–350 2.3 89.2
350–486 86.9 2.3
486–800 2.3 0
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in the interlayer space was replaced by PVP macromolecules,
which are destroyed at much higher temperatures. Intensive
destruction of a pure PVP sample occurs at temperatures above
350 �C (Table 2, Fig. 3 curve e and Fig. 4 curve e). Significant mass
loss of Mt/PVP-bottom (6.6%) and Mt/PVP-middle (14.8%) samples
in the temperature range of 150–512 �C confirms the presence of
PVP macromolecules in the interlayer space of MMT. The mass loss
of pure Mt in this range is only 2.4%. The higher rate and more sig-
nificant mass loss of the Mt/PVP-middle sample (Fig. 4 curve c and
Table 2) compared to pure Mt, and Mt/PVP-bottom in the temper-
ature range of 150–512 �C may indicate that in this sample, in
addition to intercalation, there was partial exfoliation of Mt sheets
by PVP chains. Thermal destruction of such PVP chains occurs fas-
ter than intercalated (interlayer) ones. In addition, after heating to
1000 �C, the mass residues of the Mt and Mt/PVP-bottom samples
are the same and amount to about 86%, while the mass residue of
Mt/PVP-middle is significantly lower and is 71%. This indicates a
substantially higher amount of PVP in the Mt/PVP-middle sample.
Fig. 3. TGA of Mt (a); Mt/PVP-bottom (b); Mt/PV

5

Such data confirm the intercalation of Mt by PVP macromolecules
in the Mt/PVP-bottom sample and its flocculation in the Mt/PVP-
middle sample. The obtained results correlate well with the results
of the XRD analysis. It is worth noting that the Mt/PVP-bottom and
Mt/PVP-middle samples are characterized by a more significant
mass loss than the Mt sample in the temperature range of 512–
980 �C indicating easier dehydroxylation of Mt layers after modifi-
cation with PVP.

The TG/DTG curves of Mt/PVP-top and pure PVP samples are
similar (Fig. 3 curve d and Fig. 3 curve e, Fig. 4 curve d and Fig. 4
curve e, respectively). Thermal destruction of these samples occurs
during four stages (Table 2). These samples lose mass most inten-
sively in the temperature range of 345–486 �C. However, the mass
loss of samples at this stage is different and amounts to 80.8% for
Mt/PVP-top and 86.9% for pure PVP. Upon further heating to
1000 �C, PVP burns completely, and the mass residue of Mt/PVP-
top is 4.0%. That is, it can be stated that the content of exfoliated
Mt in the Mt/PVP-top sample is about 4 wt%.

The results of TGA (Table 2) and EDX (Table 4) indicate that the
highest amount of the initial PVP is in the sample Mt/PVP-top and
is about 93–96 wt%, in the sample Mt/PVP-middle the content of
PVP is approximately 19–22 wt%, and in the sample Mt/PVP-
bottom – about 4–6 wt%. The different PVP content in separate
fractions of Mt-suspension contributed to different sedimentation
rates of Mt particles (Séquaris et al., 2000). As a result, three types
of modified Mt structures were obtained.
3.3. FTIR spectra of the modified Mt samples

The FTIR spectra of the original Mt powder, pure PVP, and Mt
samples modified with PVP are compared in Fig. 4 in the region
of 3700–400 cm�1. The non-intense broad band of Mt at
3640 cm�1 (Fig. 5 curve a) corresponds to the interlayer hydroxyl
stretching (mSiAOH) (Tonle et al., 2009; Ahmed et al., 2018). The
broad band at 3400 cm�1 and the minor band at 1633 cm�1 have
been assigned respectively to the stretching (mOH) and bending
(dOH) modes of absorbed water. The band at 798 cm�1 are attrib-
P-middle (c); Mt/PVP-top (d), and PVP (e).



Fig. 4. DTG analyses of Mt (a); Mt/PVP-bottom (b); Mt/PVP-middle (c); Mt/PVP-top (d), and PVP (e).
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uted to SiAO stretching vibrations, whereas the bands at 1032 and
451 cm�1 originate from the Mt SiAOASi stretching and deforma-
tion vibrations. The band at 910 cm�1 corresponds to the
AlAMgAOH stretching. The band at 522 cm�1 corresponds to
AlAOASi vibrations associated with aluminosilicate packets in
the disturbed muscovite structure (Gubernat and Zambrzycki,
Fig. 5. ATR-FTIR spectra of Mt (a); Mt/PVP-bottom (b)

6

2021). The weak band at 622 cm�1 corresponds to coupled AlAO
and SiAO out-of-plane vibrations (Kim et al., 2006; Ahmed et al.,
2018).

FTIR spectra of Mt/PVP-bottom (Fig. 5 curve b) and Mt/PVP-
middle (Fig. 5 curve c) samples are similar to the spectrum of the
original Mt. The spectrum of the Mt/PVP-top sample (Fig. 5 curve
; Mt/PVP-middle (c); Mt/PVP-top (d), and PVP (e).



Fig. 6. DSC curves of the first heating of Mt (a); Mt/PVP-bottom (b); Mt/PVP-middle (c); Mt/PVP-top (d), and PVP (e).
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d) is identical to the spectrum of pure PVP (Fig. 5 curve e). Such
results correlate well with the XRD analysis and confirm the con-
clusions made earlier regarding the structure of the obtained sam-
ples of modified Mt. However, new absorption bands appeared at
1652 and 1653, 747, 749 cm�1, and 1300–1500 cm�1, characteris-
tic of PVP (Fig. 5 curve e). The absorption band at 1652 cm�1 (on
the pure PVP spectra – 1654 cm�1) is characteristic of the stretch-
ing vibrations of the cyclic amide group in the structure of the lac-
tam of the PVP heterocycle, as the band at 1271 cm�1 (on the pure
PVP spectra – 1282 cm�1) is characteristic of planar deformation
vibrations of the C–H bond in the PVP structure (Baganizi et al.,
2017; Krasinskyi et al., 2021). The relative intensity of these
absorption bands (relative to the absorption band at 749–
747 cm�1, which is the same for both samples) is higher for the
Mt/PVP-middle sample, which indicates a higher amount of PVP
in this sample and correlates well with the TGA results. In addition,
the spectra of the Mt/PVP-bottom and Mt/PVP-middle samples
have bathochromic shifts of the absorption bands at 1032, 798,
522, and 451 cm�1, which are characteristic of the original Mt.
The absorption band at 1032 cm�1 in the Mt/PVP-bottom sample
appears at 1016 cm�1, and in the Mt/PVP-middle sample at
1015 cm�1, the 798 cm�1 band in the Mt/PVP-bottom sample
appears at 793 cm�1, and in the Mt/PVP-middle sample at
795 cm�1, the 522 cm�1 band in the Mt/PVP-bottom sample
appears at 521 cm�1, and in the Mt/PVP-middle sample at
517 cm�1, the 451 cm�1 band in the Mt/PVP-bottom sample
appears at 443 cm�1, and in the Mt/PVP-middle sample at
448 cm�1. Therefore, it can be stated that in the Mt/PVP-bottom
and Mt/PVP-middle samples, water molecules in the interlayer
space of Mt and water molecules adsorbed by montmorillonite
are replaced by PVP macromolecules with subsequent physical
interaction of PVP with Mt.

In contrast to the spectrum of pure PVP, the spectrum of the Mt/
PVP-top has three absorption bands with shifts that are character-
istic of Mt, namely a split band at 1015–1040 cm�1 (on the pure Mt
spectra – 1032 cm�1), a band at 518 cm�1 (on the pure Mt spectra –
522 cm�1) and a band at 462 cm�1 (on the pure Mt spectra –
451 cm�1). In addition, the spectrum of Mt/PVP-top has hyp-
sochromic and bathochromic shifts of all absorption bands charac-
teristic of PVP. In particular, the band at 1654 cm�1 shifted to
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1650 cm�1 (bathochromic shift), and the band at 1282 cm�1

shifted to 1285 cm�1 (hypsochromic shift). The results confirm
the presence in the Mt/PVP-top sample of exfoliated Mt plates, sep-
arated between PVP macromolecules and connected to them by
physical bonds.

3.4. Differential scanning calorimetry

Modified Mt and original substances were investigated by the
DSC method. The thermogram of the first heating of a sample of
pure Mt (Fig. 6 curve a) has a well-defined endotherm in the tem-
perature range of 30–130 �C (DH = 162.8 J/g) with a peak at 79 �C
(Table 3), which is associated with the evaporation of absorbed
water from the surface and multilayer structure of Mt. Upon fur-
ther heating of the sample, two minor endo-peaks are observed
at 169 �C (DH = 0.3 J/g) and 277 �C (DH = 1.6 J/g), which shift to
181 �C (DH = 0.6 J/g) and 264 �C (DH = 0.9 J/g) during the second
scan (Fig. 7 curve a and Table 3), respectively. These endo-peaks are
most likely due to the subsequent evaporation of interlayer water
and partial evaporation of hydroxyl water of the Mt crystal lattice,
as confirmed by TGA data.

On the thermogram of the first heating of the pure PVP (Fig. 6
curve e and Table 3), there is an endotherm associated with the
release of absorbed water from the PVP sample in the range of
34–120 �C (DH = 359.1 J/g) with a peak at 84.6 �C. This endotherm
is absent upon repeated heating (Fig. 7 curve e). The glass transi-
tion temperature of the PVP sample is recorded on the DSC curve
during the second scan (Tg = 142 �C). No melting or crystallization
peaks are observed in the heating curves of the PVP sample and in
the cooling curve, indicating the original PVP’s amorphous struc-
ture. The cooling curves of the samples are not presented in the
article, since there are no physical transitions on them.

The endo-effects of evaporation of absorbed water in the tem-
perature range of 27–148 �C are also present on the thermograms
of the first scan of the samples Mt/PVP-bottom (Fig. 6 curve b), Mt/
PVP-middle (Fig. 6 curve c) and Mt/PVP-top (Fig. 6 curve d). How-
ever, the values of the enthalpies of these processes differ signifi-
cantly – for Mt/PVP-bottom DH = 88.6 J/g, for Mt/PVP-middle
DH = 160.5 J/g and Mt/PVP-top DH = 281.2 J/g (Table 3). This indi-
cates a different amount and type of water evaporated from these



Fig. 7. DSC curves of the second heating of Mt (a); Mt/PVP-bottom (b); Mt/PVP-middle (c); Mt/PVP-top (d), and PVP (e).

Table 3
Results of DSC analysis for modified Mt samples.

Sample T, �C DH, J/g Stage (process)

Mt 30–130 162.8 Evaporation of absorbed water
169–175 0.3 Evaporation of interlayer water
275–281 1.6 Evaporation of hydroxyl water

Mt/PVP-bottom 27–148 88.6 Evaporation of absorbed water
179 – Transition of PVP to a highly elastic state

Mt/PVP-middle 30–140 160.5 Evaporation of absorbed water
161 – Transition of PVP to a highly elastic state
181–252 13.5 Redox processes in PVP macromolecules

Mt/PVP-top 28–126 281.2 Evaporation of absorbed water
144 – Transition of PVP to a highly elastic state
218–286 16.9 Destruction of the fluctuation network

PVP 34–120 359.1 Evaporation of absorbed water
142 – Transition to a highly elastic state
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samples and is consistent with the TGA data (Table 2). Upon fur-
ther heating, the Mt/PVP-top sample, a blurred endotherm with a
peak at 260 �C (DH = 16.9 J/g) is observed on the thermogram,
most likely associated with the partial destruction of the fluctua-
tion network formed between PVP macromolecules and layered
sheets Mt. On repeated scanning, this endotherm is absent. On
the thermogram of the first heating of the Mt/PVP-middle sample,
a blurred exo-effect is observed in the temperature range of 181–
252 �C (DH = 13.5 J/g), which disappears upon repeated heating
and is absent on the thermograms of the remaining samples. Redox
processes in PVP macromolecules that did not intercalate in the
interlayer space of Mt or did not form a fluctuating network with
partially exfoliated Mt sheets can explain this exo-effect. On the
thermogram of the first scan of pure PVP, a very blurred exo-
effect can be observed in this temperature region. That is, it can
be concluded that redox processes occur more intensively in indi-
vidual PVP macromolecules under the influence of Mt during heat-
ing to high temperatures. On the thermograms of the second
heating of the Mt/PVP-bottom (Fig. 7 curve b), Mt/PVP-middle
(Fig. 7 curve c), and Mt/PVP-top (Fig. 7 curve d) samples, their glass
transition temperatures can be recorded, which are 179 �C, 161 �C,
and 144 �C (Table 3), respectively. As we can see, the glass transi-
tion temperature of PVP in the Mt/PVP-bottom sample increases by
8

37 �C, in the Mt/PVP-middle sample by 19 �C, and the Mt/PVP-top
sample by only 2 �C. Such results are an additional confirmation of
the previously expressed assumptions about obtaining an interca-
lated structure in the Mt/PVP-bottom sample, a flocculated struc-
ture in the Mt/PVP-middle sample, and a completely exfoliated
structure with a small amount of Mt in the Mt/PVP-top sample.
3.5. Surface morphology and composition

The surface morphology of the original substances and the
modified Mt was studied using SEM (Fig. 8), and EDX analysis
was also carried out (Table 4). The Mt sample has the form of poly-
disperse particles in forming agglomerates (Fig. 8a). Mt has a thin
layer structure with some interlayer spaces. After modification
with PVP in an aqueous solution under the influence of ultrasound,
the Mt structure changed. The Mt/PVP-bottom sample has a similar
multilayer structure (Fig. 8b), but the sizes of the Mt sheets
increased. This is due to the intercalation of PVP polymer chains
into the Mt multilayer structure. The Mt/PVP-middle sample has
a more porous structure, with partial exfoliation of the Mt sheets
covered with PVP (Fig. 8c). The Mt/PVP-top sample has a com-
pletely exfoliated structure in which the Mt sheets are wholly cov-



Fig. 8. SEM images of Mt (a); Mt/PVP-bottom (b); Mt/PVP-middle (c); Mt/PVP-top (d), and PVP (e).
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Table 4
EDX elemental compositions of modified Mt.

Element Elemental content, wt%

Mt Mt/PVP-bottom Mt/PVP-middle Mt/PVP-top PVP

C 1.85 6.96 30.36 41.15 42.99
O 45.51 51.45 35.27 30.76 29.18
Si 31.83 25.87 18.39 4.18 –
N – 2.66 5.71 21.97 27.83
Al 10.23 6.99 5.16 1.36 –
Fe 2.38 1.80 1.36 0.25 –
Na 0.70 0.61 0.52 0.08 –
Mg 0.88 0.53 0.42 – –
K 6.62 3.13 2.81 0.25 –
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ered with PVP (Fig. 8e). The original PVP consists of polydisperse
particles ranging in size from 10 to 50 lm (Fig. 8e).

The main elements in pure MMT are O (45.51%), Si (31.83%), Al
(10.23%), K, Fe, Mg, Na, and C are also present in the sample
(Table 4). A sample of pure PVP contains only three elements – C
(42.99%), O (29.18%), and N (27.83%). All samples of modified Mt
contain elements included in pure Mt and pure PVP, but the con-
tent of these elements differs significantly. This indicates a differ-
ent amount of initial components in the samples of modified Mt.
The lowest amount of PVP is in the Mt/PVP-bottom sample, and
the highest is in the Mt/PVP-top sample. Such results correlate well
with the results of XRD and TGA.
4. Conclusions

In this work, a new and straightforward method of Mt modifica-
tion was developed, which consists in mixing, under the influence
of ultrasound, aqueous colloidal solutions of Mt and PVP (in a ratio
of Mt to PVP as 1 to 2) and selecting individual fractions that are
formed during the settling of the resulting solution. As a result,
three types of environmentally friendly nanomodifiers with differ-
ent structures can be received from one prepared solution. The for-
mation of intercalated Mt in the modified solution’s lower
(deposited) layer, flocculated Mt in the middle layer of the solu-
tion, and exfoliated Mt in the upper layer of the solution was con-
firmed using XRD, TG, FTIR-ATR, DSC, and SEM analyses. It was also
established that each of the obtained samples of modified Mt (Mt/
PVP-bottom, Mt/PVP-middle, and Mt/PVP-top) contains a different
amount of PVP. The most significant amount is in the upper layer of
the modified solution. The glass transition temperature of PVP in
each of the nanocomposites is different; in the Mt/PVP-bottom
sample, it increases by 37 �C, in the Mt/PVP-middle sample by
19 �C, and the Mt/PVP-top sample by only 2 �C. The results of
FTIR-ATR analysis confirm the presence of physical interaction
between Mt and PVP in all obtained samples of modified Mt.

The main advantages of the developed method of Mt modifica-
tion are its environmental friendliness (it does not require the use
of any toxic chemicals; only a biocompatible water-soluble poly-
mer was used - low molecular weight PVP, which is used in med-
icine), simplicity (does not require the use of complex or specific
equipment), high productivity (from one of the solution, three
types of nanomodifiers can be obtained at once) and relatively
low irreversible losses of raw materials (in the range of 3–6%).
The yield of each product is established.

Each type of modified Mt can be further used to modify poly-
mers, including biodegradable ones, to obtain nanocomposites
for various purposes. Preliminary studies of the influence of inter-
calated and flocculated Mt on some properties of the biopolymer
polybutylene succinate (PBS) were carried out to obtain biodegrad-
able packaging. Samples of flat films based on PBS and modified Mt
were obtained. It can be argued that intercalated and flocculated
10
Mt affect the MFR of PBS, increase the tearing strength of the films,
and significantly improve the optical and mechanical properties of
the film. Moreover, this effect is different from the effect of pure Mt
on these characteristics of PBS. The following works will be
devoted to a detailed study of such biodegradable nanocomposites.
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