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Abstract: The modification method of aluminosilicate clays and the modifier content have a decisive
influence on the structure and properties of the obtained nanocomposites. Therefore, the development
and research of new techniques of nanoclays modification are of great importance for polymer nano-
chemistry. The work studied the modification of montmorillonite (MMT) using polyvinylpyrrolidone
(PVP) in an aqueous colloidal solution with the subsequent separation of three separate fractions
of the solution according to the previously developed method. The influence of the initial mass
ratio of components (MMT/PVP) on the structure and thermal properties of the modified MMT in
each solution layer was determined. Scanning electron microscopy (SEM), X-ray diffraction (XRD),
thermal gravimetry (TG), differential scanning calorimetry (DSC), and Fourier-transform infrared
(FTIR) spectroscopy were used for research. It was established that the mass ratio of components
in the initial solution has almost no effect on the structure of MMT in the top and middle solution
layers, but significantly affects the yield of final products. Different structures can be obtained in the
bottom layer of the solution. Still, intercalated MMT was obtained exclusively at the mass ratio of
MMT/PVP = 1:2. In addition, the work investigated the structure and thermal properties of modified
montmorillonites with the same PVP content, and it has been proven that such composites have
dissimilar structures and properties when obtained by different methods.

Keywords: montmorillonite; polyvinylpyrrolidone; modification in solution; structure; intercalation;
exfoliation; flocculation

1. Introduction

The polymer industry has undergone significant changes in the past few years and is
trying to become more environmentally friendly. Therefore, manufacturers of polymer prod-
ucts, in particular polymer packaging and disposable goods, increasingly use biodegradable
or biopolymers instead of traditional synthetic polymers. However, biodegradable poly-
mers have several significant disadvantages that limit their fields of application. Among
them are low mechanical strength, thermal resistance, resistance to solvents, insufficient
barrier properties, etc. To eliminate these shortcomings and at the same time meet the
requirements of biodegradability and cost of materials, it is necessary to use appropriate
environmentally friendly fillers or modifiers. One of the most modern and advantageous
methods of improving the performance characteristics of biodegradable polymers is the
introduction of nanostructured fillers to obtain hybrid polymer nanocomposites [1-6]. The
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most common nanofillers are carbon nanotubes, graphene, chitosan and silica nanoparticles,
starch nanocrystals, cellulose nanofibers, and layered silicates [4,7-10].

Mapossa et al. [11] analyzed the structure and properties of various composites based
on biodegradable polymers and bentonite clays and showed their potential for multi-
functional applications. Including bentonite clay in biodegradable polymers can lead to
increased crystallinity and thermal stability due to the creation of a thermal barrier and
significantly increase the tensile strength, impact strength, and stiffness of composites.
Such bio(nano)composites are versatile and promising in various industrial applications
such as packaging, energy storage, electromagnetic shielding, and electronics, including
flexible electronics.

Layered clay minerals were first used in the 1980s to produce nylon—clay nanocom-
posite using MMT [12,13]. Due to the successful development of nylon-MMT nanocom-
posite, clay minerals of various structural types have been widely used as fillers for the
development of functional materials based on thermoplastic [2,10,11] and thermoset poly-
mers [14,15]. Anisotropic shapes of crystalline structures, such as lamellar nanoparticles
with different aspect ratios, are believed to lead to diverse/controllable functions of the
resulting hybrid materials [1,16,17]. The degree of dispersion of such nanoparticles in
the polymer matrix is a crucial parameter that determines the properties of the obtained
nanocomposites [18]. In turn, the degree of dispersion depends on the affinity between the
polymer and the clay mineral. This affinity is increased by modification of the outer and
inner (interlayer space of layered silicates) surfaces of clay mineral particles [18-23].

Natural and synthetic water-soluble polymers are widely used for “eco-modification”
of layered silicates, namely polysaccharides, alginates, cellulose, gelatin [24-27], as well as
PVP, polyvinyl alcohol (PVA), polyacrylamide (PAA), polyethylene glycol. (PEG) [1,21,28].
These polymers are applied to stabilize nanoparticles (prevent aggregation), improve their
dispersion in solvents, and, as a protective layer for growing nanoparticles of the required
morphology [29-31]. Koczkur et al. [29] showed that PVP is a surface stabilizer, growth
modifier, nanoparticle dispersant, and reducing agent during the colloidal synthesis of
nanostructures. The growth and morphology of nanoparticles depend primarily on the
molecular weight of PVP and its amphiphilic nature. In this way, it is possible to regulate the
solubility of the obtained nanostructures in various solvents, provide selective stabilization
of their surface [32-34], and even gain access to kinetically controlled growth conditions.

Levy and Francis [35], using the methods of X-ray diffraction and desorption of '®Cd
and 8°Sr, showed that PVP is adsorbed on the surface of MMT and attaches to tetrahedral
sheets. Moreover, with a decrease in the number of solvent layers in the interlayer space
of MMT, the amount of adsorbed PVP decreases. Sequaris et al. [36,37] also studied the
adsorption of PVP on the MMT surface. The formation of intercalated montmorillonite
tactoids and the growth of basal spacing (d001) with an increase in the adsorbed PVP
amount were confirmed. The formed polymer layer on the surface of MMT significantly
affects its adsorption capacity, especially the degree of binding of anionic and neutral
organic chemicals. Szczerba et al. [38] showed that PVP is adsorbed on the 001 surfaces of
layered silicate (smectite) with the formation of a layer 5-6 A thick, and the PVP chains
that are directly connected to the silicate surface are more rigid and ordered than the outer
chains. In addition, the charge in tetrahedral or octahedral positions of smectite practically
does not affect the PVP structure.

In most works, exfoliated nanocomposites based on MMT are obtained at a low
nanoclay content, mainly from 1 to 7 wt% [39-42], rarely with 20 wt% [43]. Villaca et al. [44]
presented a method for obtaining exfoliated nanocomposites based on MMT and PVP in
an aqueous solution with a high content of MMT from 50 to 67 wt%. They showed that the
yield of the exfoliated nanocomposite significantly depends on the duration of mechanical
stirring of the suspension, and optimal characteristics are achieved after 18 h of stirring.
The nanocomposite with an MMT content of 67 wt% has significantly higher heat resistance
than the original PVP.
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Dornelas et al. [45] presented a method of obtaining montmorillonite intercalated
with PVP (PVP K-30) in CHCI, solution at room temperature and mechanical stirring.
It is shown that the yield of intercalated MMT depends on the initial mass ratio of the
components in the solution and is 27%, 20%, and 15% for the PVP/MMT mass ratio of 2:1,
1:1, and 1:2, respectively. The resulting intercalated nanocomposites are recommended for
use as a matrix for the sustained release of drugs and as dissolution enhancers.

Therefore, the mass ratio of the components during the obtaining of MMT/PVP
nanocomposites significantly affects the yield and structure of the final products. In a
previous work [46], we presented a new method of MMT modification using PVP. The mod-
ification process is carried out in an aqueous solution with a mass ratio of MMT/PVP = 1:2
and subsequent solution separation into three fractions (nanocomposites of different struc-
tures). Simultaneously intercalated, flocculated, and exfoliated MMT is obtained from one
prepared solution. Considering the above, this work aims to investigate the influence of
the initial MMT/PVP mass ratio on the yield, structure, and thermal properties of mont-
morillonites obtained by this method. The work task is also to compare the structure and
properties of these MMT-s with the nanocomposite of the composition MMT/PVP = 1:12,
obtained similarly but without solution fractionation. This ratio of MMT/PVP is chosen
because it has been established in previous work [46] that exfoliated MMT contains about
93 wt% PVP.

2. Materials and Methods
2.1. Materials

MMT K10 (281522, Sigma-Aldrich, St. Louis, MO, USA) with a surface area of
220-270 m? /g, charge-balancing cation K+, cation exchange capacity of 58-60 meq/100 g,
and PVP 10 (P1368, Duchefa Biochemie, Haarlem, The Netherlands) with an average
molecular weight average of 10,000 are used.

2.2. Preparation of Modified MMT Samples

MMT samples are prepared using a previously developed MMT modification method
using PVP in an aqueous colloidal solution with the subsequent selection of three separate
solution fractions [46]. Colloidal solutions of MMT and PVP are prepared as described in
the previous work [46]. However, this work, unlike the previous one, studied nanocom-
posites obtained with different ratios of MMT/PVP in the initial solution. Therefore,
aqueous colloidal solutions of MMT and PVP were mixed under the influence of ultra-
sound in such proportions that the mass ratio of MMT and PVP in the suspension was
4:1,3:1, 2:1, 1:1, and 1:2, respectively. After mixing, each resulting suspension is separated
into three layers (fractions). As a result, after appropriate treatment of these fractions,
three modified montmorillonites are obtained from each suspension: the bottom layer
(MMT/PVP-bottom)—finely dispersed light gray powder, the middle layer (MMT/PVP-
middle)—finely dispersed white powder, and the top layer (MMT /PVP-top)—light-yellow
film, which was ground using a laboratory mill.

The yield of each type of modified MMT is presented in Table 1. As the content of
MMT in the initial mixture increases, the yield of the bottom and middle layers increases.
This indicates that most of the original MMT is contained in the bottom and middle layers,
and the top layer consists mainly of PVP. The XRD, TGA, and FTIR analysis results also
confirm these conclusions.

A nanocomposite with a mass ratio of MMT/PVP = 1:12 is also obtained for compara-
tive studies. Colloidal solutions of MMT and PVP are prepared similarly. They are mixed
under the influence of ultrasonic waves with a frequency of 40 kHz (in the Sonic-0.5 appara-
tus (Polsonic, Warsaw, Poland) for 25 min in quantities so that the mass ratio of MMT/PVP
is 1:12, respectively. This colloidal solution is homogeneous and does not separate into any
layers. The resulting mixture is dried at 70-80 °C in an air dryer, and then under vacuum
to completely remove water. Next, the target product is ground in a laboratory mill.
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Table 1. Fractions yield of modified MMT depending on the component ratio.
Fractions Yield, [%]
MMT:PVP Ratio .
MMT/PVP-Bottom MMT/PVP-Middle MMT/PVP-Top
4:1 35+1 56 + 1 7x1
3:1 31+1 55+1 11+£1
2:1 28+1 48+ 1 20+1
1:1 24 +1 38+1 34+1
1:2 20+1 34+1 41+1
2.3. Methods

The crystal structure of the nanocomposite samples was investigated via X-ray Diffrac-
tion. Diffraction patterns were measured on a PANalytical Empyrean diffractometer
(Malvern Panalytical, Malvern, UK) within angles from 4° to 60° with a step of 0.017° and the
exposure time of each point of 15 s. Illuminating lamps with CuKo radiation (A = 154,056 A,
45 kV, 40 mA) were used.

A Cary 630 type attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectrometer (Agilent Technologies, Santa Clara, CA, USA) was used to investigate the
chemical structure of the samples. The spectra were taken in the absorption mode after
8 scans, at a resolution of 4 cm™!, for the range 3700-400 cm~ L,

The thermal stability of the samples was investigated in a nitrogen atmosphere (flow
rate of 60 mL/min) using a Q500 thermogravimetric analyzer (TA Instruments, New Castle,
DE, USA). Samples weighing approximately 18 mg were heated to 1000 °C at a heating
rate of 10 °C/min. The sample weight loss during heating was recorded (TG curves).

A differential scanning calorimeter type DSC 1 STARe System (Mettler Toledo, Colum-
bus, OH, USA) was used to study the thermal behavior of the nanocomposites. DSC
measurements were performed on samples weighing approximately 5 mg in a nitrogen
atmosphere (flow rate of 50 mL/min). The studied samples were first heated from —40 to
300 °C, annealed at 300 °C for 3 min, then cooled to —40 °C and reheated to 300 °C. The
sample heating-cooling rate was 10 °C/min. The second heating cycle was used to deter-
mine the glass transition temperature of the samples.

The surface microstructure of nanocomposite samples was studied using a Hitachi
SU8010 scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) using a secondary
electron (SE) detector at an accelerating voltage of 15 kV. The samples were pre-sputtered
with gold (5 nm) to improve image quality. Elemental microanalysis of nanocomposites
was carried out using energy-dispersive X-ray radiation (EDX) at an accelerating voltage of
15 kV.

3. Results and Discussion
3.1. Crystal Structure of the Modified MMT

The X-ray diffraction patterns for the studied samples are shown in Figures 1-3.
The original MMT (Figure 1, curve a) has a typical MMT crystal structure. All main
characteristic reflections are present, including montmorillonite reflections: M(001) at
20 = 8.79, M(002) at 20 = 17.71, M(110) at 20 = 19.77, M(220) at 2@ = 34.91 and quartz
reflections: Q(101) at 2@ = 26.59, Q(112) at 2@ = 45.44. Identical reflections are present in the
diffractograms of all MMT /PVP-bottom samples (Figure 1) regardless of the MMT/PVP
ratio in the original mixture, however, their position and intensity differ significantly. For
example, the MMT/PVP-bottom sample at the MMT:PVP ratio 1:2 (Figure 1, curve f) is
characterized by a shift of all characteristic reflections towards smaller 2@ angles and
a decrease in their intensity. This indicates the entry of PVP macromolecules into the
interlayer space of MMT, that is, its intercalation. The formation of an intercalated structure
in the sample was confirmed in a previous work [46]. At other ratios of MMT and PVP,
all the characteristic reflections in the MMT/PVP-bottom samples are shifted towards
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larger 20 angles compared to the pure MMT (Figure 1, curves b—e). This may indicate the
adsorption of PVP on the MMT surface and the absence of its intercalation. Therefore, it
can be concluded that for the intercalation of MMT with PVP according to the developed
method, it is necessary to have an excess of PVP in the initial solution.
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Figure 1. X-ray diffraction patterns for MMT (a) and MMT /PVP-bottom at the MMT:PVP ratio 4:1
(b); 3:1 (c); 2:1 (d), 1:1 (e), 1:2 (f).
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Figure 2. X-ray diffraction patterns for MMT (a) and MMT/PVP-middle at the MMT:PVP ratio 4:1
(b); 3:1 (c); 2:1 (d), 1:1 (e), 1:2 (f).
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Figure 3. X-ray diffraction patterns for MMT/PVP = 1:12 (a), MMT/PVP-top at the MMT:PVP ratio
1:2 (b) and PVP (c).
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In the MMT/PVP-middle samples, all characteristic MMT reflections are slightly
shifted towards larger 2@ angles, regardless of the ratio of components (Figure 2, curves
b—f). The appearance of these diffraction patterns differs from the pure MMT. Individual
MMT reflections disappear, and PVP reflections appear. The intensity of M(001), M(002),
and Q(101) reflections of these samples depends on the MMT/PVP ratio and is the highest
for samples of pure MMT and MMT/PVP = 1:2. It can be argued that all MMT/PVP-middle
samples have a flocculated structure (partially intercalated and exfoliated structure) [46]
regardless of the initial ratio of components. It can be assumed that the MMT/PVP-middle
= 3:1 contains the least amount of intercalated MMT. This is confirmed by the very low
intensity of the M(001) reflection (Figure 2, curve c).

The diffractograms of samples MMT/PVP = 1:12 (Figure 3, curve a), MMT/PVP-top
(Figure 3, curve b), and pure PVP (Figure 3, curve c) are almost identical. It is worth noting
that the initial MMT /PVP ratio almost does not affect the appearance of the MMT/PVP-
top diffractogram therefore Figure 3 shows only the diffractogram of the MMT /PVP-top
at the MMT:PVP ratio 1:2. The M(001) reflection at 20 = 8.79°, which characterizes the
interlayer space in MMT, is absent in the MMT/PVP-top and MMT/PVP = 1:12. This
indicates almost complete exfoliation of MMT in these samples. However, it is possible
to highlight some differences in the diffractograms of these samples. The diffraction
pattern of the MMT/PVP-top sample (Figure 3, curve b) shows reflections M(110) at
20 =19.72° and M(220) at 2@ = 34.81°, which are characteristic of MMT at 20 = 19.77°
and 20 = 34.91°, respectively (Figure 1, curve a). These reflections are absent in the PVP
and MMT/PVP =1:12, and in the MMT/PVP-top sample, they are shifted to the area of
smaller 20 angles compared to pure MMT. In the MMT/PVP = 1:12 sample, there is a
Q(101) reflection at 2@ = 26.79° (Figure 3, curve a), which is characteristic of MMT at
20 =26.59° (Figure 1, curve a). This reflection is absent in PVP and MMT/PVP-top. The
reflection at 20 = 21.32° is present in the diffractograms of all three samples. Its intensity is
highest in PVP and lowest in MMT/PVP = 1:12. Other analyses confirm these differences
in the structure of the MMT /PVP-top and MMT/PVP = 1:12 samples. It can be assumed
that this is due to different physical interactions between PVP macromolecules and MMT
sheets in the samples.

3.2. FTIR Spectra of the Modified MMT

A detailed description of the FTIR spectra of pure PVP and MMT is presented in
previous work [43]. The spectra of the MMT /PVP-bottom samples (Figure 4) are almost
identical to the MMT/PVP-middle samples (Figure 5) regardless of the initial MMT/PVP
ratio in the solution. In the spectra of these samples, in contrast to the sample of pure MMT
(Figures 4 and 5, curve a), new absorption bands appear in the range of 1652 cm~! (C=O
group), 747 cm~! (CH2 group), and 1271 cm~! (C-H group), which are characteristic of
original PVP (Figure 6, curve b). These absorption bands’ position and relative intensity
may vary slightly for different samples. In particular, in the spectra of MMT/PVP-middle
samples, the relative intensity of these three absorption bands is higher than for MMT /PVP-
bottom samples, which may indicate a higher content of PVP in MMT /PVP-middle samples.
The change in the initial ratio of the components (MMT/PVP) practically does not affect
the spectra of these samples, so it can be assumed that the content of MMT in the bottom
and middle layers of the suspension does not depend on the initial ratio of MMT/PVP, but
only affects the yield of products.

The spectra of the MMT/PVP-top samples are similar to the spectrum of MMT/PVP = 1:12
and pure PVP (Figure 6). However, the spectra of the MMT/PVP-top samples with different
MMT /PVP ratios differ significantly (Figure 6). As the MMT content in the original mixture
increases, the relative intensity of the absorption bands of stretching (1032 cm~!) and
deformation (451 cm™!) vibrations of the Si-O-Si bond in the structure of MMT increases
significantly. At the same time, the relative intensity of the bands characteristic of PVP
decreases. That is, the amount of MMT in the MMT/PVP-top samples increases with the
increase in the amount of MMT in the original mixture. The spectrum of MMT/PVP = 1:12
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is very similar to the PVP spectrum (Figure 6, curves a and b). However, there are significant
shifts in the characteristic absorption bands, and their relative intensity differs significantly
(in the sample of MMT/PVP = 1:12 it is higher). In particular, as the modification result,
there were bathochromic shifts of the absorption bands at 1653 cm~! and 647 cm™~1 to 1646
cm ! and 645 cm ™1, respectively. The rest of the absorption bands characteristic of PVP
have hypsochromic shifts in the sample MMT/PVP = 1:12. This confirms the presence
of a physical interaction between PVP macromolecules and exfoliated MMT sheets in
this sample. The spectrum of the MMT/PVP = 1:12 sample, unlike the spectra of the
MMT/PVP-top samples, does not contain absorption bands characteristic for MMT at
1032 and 451 cm . This further confirms the assumptions about some differences in the
structure of these samples made in the XRD analysis.

Absorbance / (a.u.)

®

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wawenumber / (cm™)

Figure 4. ATR-FTIR spectra of MMT (a) and MMT/PVP-bottom at the MMT:PVP ratio 4:1 (b); 3:1 (c);
2:1(d), 1:1 (e), 1:2 (f).

Absorbance / (a.u.)
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Figure 5. ATR-FTIR spectra of MMT (a) and MMT/PVP-middle at the MMT:PVP ratio 4:1 (b); 3:1 (c);
2:1(d), 1:1 (e), 1:2 (f).

3.3. Thermal Degradation of the Modified MMT Samples

So, the structure of the MMT/PVP = 1:12 is similar to the MMT/PVP-top, which is
logical since their quantitative composition is the same. TGA (Figure 7) confirmed this con-
clusion. TG curves of MMT (curve a), MMT /PVP-bottom (curve b), and MMT/PVP-middle
(curve c) significantly differ from curves of MMT/PVP-top (curve d), MMT/PVP =1:12
(curve e), and PVP (curve f). Thermal phenomena in the MMT, PVP, MMT /PVP-bottom,
MMT /PVP-middle, and MMT/PVP-top are described in detail in the previous work [43].
Thermal destruction of MMT, MMT/PVP-bottom, and MMT/PVP-middle samples occur
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during three stages, and PVP, MMT/PVP-top, and MMT/PVP = 1:12 during four stages
(Table 2). The mass loss of the MMT/PVP = 1:12 (about 9.5%) is lower in the first two
stages of thermolysis (up to temperatures of 345 °C) compared to the PVP (about 10.8%),
MMT /PVP-top (about 11%), and MMT (about 10%) (Figure 7, Table 2). This mass loss is
mainly associated with the evaporation of absorbed water and the beginning of oxidation-
reduction processes in PVP macromolecules (at the second stage of thermolysis). At the
third stage of thermolysis in the range of 345486 °C, the MMT/PVP = 1:12 degrades faster
than the MMT /PVP-top but slower than the original PVP (mass loss of MMT/PVP = 1:12
is 86.2%, MMT /PVP-top—80.8%, PVP—86.9%). This mass loss is associated with the
destruction of PVP macrochains. The mass residue of the samples at 486 °C is also sig-
nificantly different: For MMT/PVP = 1:12, it is almost two times smaller (4.3%) than for
MMT /PVP-top (8.2%) and two times larger than the original PVP (2.3%). PVP completely
burns at 800 °C. The masses residues of MMT/PVP = 1:12 and MMT/PVP-top samples are
about 2 and 4%, respectively, at 980 °C. Thus, the destruction and dehydration of the MMT
crystal lattice at temperatures above 600 °C occur more intensively in the MMT/PVP = 1:12
than in the MMT/PVP-top. Similar results of accelerated thermal destruction of organically
modified MMT are found in many works [47,48]. The samples MMT/PVP =1:12 and
MMT/PVP-top have different structures and heat resistance, although their quantitative
composition is the same. That is, the modified MMT structure and thermal properties
significantly depend on the preparation method.

A AN
J \\/VN W \'\"#\NJ\,/\/MV\

Absorbance / (a.u.)

(®)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wawenumber / (cm™)

Figure 6. ATR-FTIR spectra of MMT/PVP = 1:12 (a), PVP (b) and MMT/PVP-top at the MMT:PVP
ratio 4:1 (c); 3:1 (d); 2:1 (e), 1:1 (f), 1:2 (g).

Table 2. Results of TG analysis for modified MMT samples.

Sample Temperature Range, °C Mass Loss, % Mass Residue, %

25-150 9.3 90.7

MMT 150-512 24 88.3
512-980 2.3 86

MMT,/PVP-bottom 25-150 3.1 96.9

(MMT:PVP = 1:2) 150-512 6.6 90.3

’ o 512-980 41 86.2

. 25-150 5.3 94.7

MMT/PVP-middle 150-512 14.8 79.9

(MMT:PVP = 1:2) 519980 8.9 71.0
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Table 2. Cont.

Sample Temperature Range, °C Mass Loss, % Mass Residue, %

25-95 7.1 92.9

MMT/PVP-top 95-345 3.9 89.0

(MMT:PVP = 1:2) 345-486 80.8 8.2

486980 42 4.0

25-95 6.5 93.5

95-345 3.0 90.5

MMI/PVP =1:12 345-486 86.2 43

486-980 2.7 2.0

25-85 8.5 91.5

85-350 2.3 89.2

PvP 350-486 86.9 2.3
486-800 2.3 0

Weight (%)

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) Universal V4.5A TA Instruments

Figure 7. TGA of MMT (a); MMT/PVP-bottom (b), MMT/PVP-middle (c), MMT/PVP-top (d) at the
MMT:PVP ratio 1:2; MMT/PVP = 1:12 (e) and PVP (f).

3.4. Differential Scanning Calorimetry

The DSC analysis is used to study the thermal behavior of the MMT/PVP = 1:12
and MMT/PVP-top samples. The DSC curves of PVP and the MMT/PVP = 1:12 are very
similar (Figures 8 and 9). However, the glass transition temperature of pure PVP is almost
3 °C higher than that of the MMT/PVP = 1:12 sample (141.7 and 138.9 °C, respectively).
During the first heating of these samples, only one endopeak (in the 34-118 °C) is observed
on the DSC curves, which is associated with the evaporation of moisture. The enthalpy
values of these processes in the samples are almost identical (for PVP AH =359.1]/g, for
MMT/PVP =1:12 AH = 355.7 ]/ g). During the first heating of the MMT /PVP-top sample
(Figure 10), two endopeaks (in the ranges of 38-126 °C and 218-286 °C) are observed on
the DSC curve. Suppose the first endopeak can be explained by the moisture evaporation
(AH =281.2]/g). In that case, the second endopeak is most likely explained by the partial
destruction of weak physical bonds formed between MMT and PVP (AH =16.9]/g). These
endopeaks are absent during the second scan of the sample, which indicates the completion
of the above processes. During the cooling of the studied samples (crystallization curve),
no thermal processes occur (Figures 8-10), which confirms their amorphous structure. The
glass transition temperature of the MMT/PVP-top sample is 144.2 °C. Therefore, it notes
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Aexo

significant differences in the thermal behavior of the studied samples of modified MMT.
In particular, the glass transition temperature of the MMT/PVP-top sample increased
by 2.5 °C compared to the original PVP, and the MMT/PVP = 1:12 sample decreased by
2.8 °C. Also, the MMT/PVP-top sample has a significantly lower value of the enthalpy
of evaporation of absorbed water than the MMT/PVP = 1:12 and PVP samples, which
indicates a different amount and type of evaporated water and correlates with TGA data.
Such differences are explained by other physical interactions between PVP macromolecules
and exfoliated MMT sheets in these samples and their different structure. Preliminary
analyses and SEM confirm such assumptions.

r

Heating 1

Crystalization

Midpoint 141.66 °C
Heating 2

Integral -1773.87 mJ
normalized -359.08 Jg!
Onset 3442°C
Peak 84.62°C
Endset 119.12°C

Glass Transition
Onset 134.80 °C

r
-40

T
-20

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 *c

Lab: METTLER

Aexo

STAR® SW 11.00

Figure 8. DSC curves of PVP.

Heating 1

el
Crystalization
(¢

Heating 2

Ne 138.93°C
.

Integral -1849.62 m]
normalized -355.70Jg
Onset 33.78 °C
Peak 82.09 °C
Endset 118.00 °C

Glass Transition
Onset 133.47 °C

T
-20

T T T T T T T 1

T T T T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 °C

Lab: METTLER

STAR® SW 11.00

Figure 9. DSC curves of MMT/PVP = 1:12.



Appl. Sci. 2024, 14, 2983

11 of 15

~exo

Heating 1

Integral -1538.23 m] Integral -92.44 m]
normalized -281.21Jg! normalized -16.90 Jg™!
Onset 38.13°C Onset 218.45°C
Peak 87.97°C Peak 260.10 °C
Endset 125.80 °C Endset 286.02°C
5
mwW //
i
Crystalization //’/_/\’f//////
[,/)—’—/_/
Glass Transition
Heating 2 Onset 139.13°C

B I3
7

T T
-40 -20

T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200 220 240 260 280 °C

Lab: METTLER

STAR® SW 11.00
Figure 10. DSC curves of MMT/PVP-top at the MMT:PVP ratio 1:2.

3.5. Surface Morphology and Composition

Since the sample MMT/PVP = 1:12 in all characteristics and structure is the closest to
MMT /PVP-top, SEM images of these samples are shown in Figure 11. SEM images of the
original substances are also presented. The original MMT is in the form of agglomerates
3-20 um in size, consisting of polydisperse particles 150-300 nm in size with a layered struc-
ture (Figure 11a). The particles of the original PVP have sizes from 10 to 50 um and different
shapes (Figure 11b). The sample MMT/PVP = 1:12 (Figure 11c) has a completely exfoliated
structure, in which individual sheets of MMT covered with PVP are evenly distributed. The
MMT /PVP-top sample (Figure 11d) has a similar structure to the MMT/PVP = 1:12 sample.
However, there are single non-exfoliated MMT packets. This may indicate the incomplete
exfoliation of MMT in this sample and the presence of a small amount of intercalated MMT
packets that positively affect the heat resistance of this sample compared to the completely
exfoliated MMT /PVP = 1:12.

EDX analysis (Table 3) confirms approximately the same amount of MMT in the
samples MMT /PVP-top and MMT/PVP = 1:12. The samples contain almost equal amounts
of elements Si and Al, which are absent in the original PVP.

Table 3. EDX elemental compositions of modified MMT.

Elemental Content, wt%

Flement MMT MMT/PVP = 1:12 (11\441\1\/;[://1{)\‘/]1? -=T(1);Pz) PVP
C 1.85 4231 4115 42.99
o) 4551 30.09 30.76 29.18
Si 31.83 435 418 -
N - 20.88 21.97 27.83
Al 10.23 1.73 1.36 -
Fe 2.38 0.23 0.25 -
Na 0.70 0.11 0.08 -
Mg 0.88 0.07 - -

K 6.62 0.23 0.25 -
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Figure 11. SEM images of MMT (a); PVP (b); MMT/PVP = 1:12 (c); MMT/PVP-top at the MMT:PVP
ratio 1:2 (d).

4. Conclusions

The paper examines the influence of the ratio of components on the MMT modification
process, which consists of mixing, under the ultrasound, aqueous colloidal solutions of
MMT and PVP and selecting individual fractions formed during the settling of the resulting
solution. Different structures and yields of target products can be obtained depending on
the ratio of the initial components. In particular, intercalated MMT can be obtained only in
the bottom layer of the solution at the MMT:PVP ratio 1:2. At other ratios of components
(MMT:PVP =4:1, 3:1, 2:1, 1:1), MMT with PVP molecules adsorbed on the surface is formed
in the bottom layer of the solution. In the middle and top layers of the solution, flocculated
and exfoliated MMT are formed, respectively, regardless of the ratio of components in the
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original mixture. The most optimal MMT:PVP ratio can be considered 1:2 because only
with this ratio can you obtain three types of modified MMT (intercalated, flocculated, and
exfoliated) from one prepared solution.

A comparative analysis of two exfoliated MMT/PVP nanocomposites (MMT/PVP = 1:12
and MMT/PVP-top at the MMT:PVP ratio 1:2) with the same PVP content (about 93 wt%),
obtained by different methods, showed differences in their structure and thermal behavior.
In particular, the formation of mostly exfoliated MMT structures in these samples was
confirmed by SEM, TGA, FTIR, DSC, and XRD. However, in the MMT/PVP-top sample,
in contrast to MMT/PVP = 1:12, a small number of intercalated MMT structures were
detected. It had a positive effect on the heat resistance of this sample and increased its
glass transition temperature. In the MMT /PVP = 1:12 nanocomposite, MMT is completely
exfoliated with a uniform distribution of MMT sheets between PVP macromolecules as, a
result, its heat resistance is lower than that of the MMT/PVP-top, and its glass transition
temperature is even 2.8 °C lower than that of the original PVP.

Each type of modified MMT can be further used to modify polymers, including
biodegradable ones, to obtain nanocomposites for various purposes. Preliminary studies
of the influence of exfoliated MMT (MMT/PVP-top) on the polyethylene (PE) stretch film
properties were conducted. It was established that adding a small amount of MMT/PVP-
top to PE increases the adhesive properties of the stretch film and allows the use of a
much smaller amount of special glue during extrusion. Intercalated and flocculated MMT,
for example, significantly changes the MFR of the biopolymer polybutylene succinate
(PBS) and improves the optical and mechanical properties of PBS-based films. The follow-
ing works will be devoted to a detailed study of the influence of the obtained modified
montmorillonites on the properties of various polymers.
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