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ABSTRACT

The study aims to develop environmentally sustainable polymer composites using
superhydrophobic clay (SHC) fillers derived from natural Kazakh deposits. These composites
are designed to enhance the mechanical and thermal performance of agricultural packaging
materials, thereby reducing polymer waste and extending product lifespan in agro-industrial
applications. Two types of natural clays — montmorillonite from the Tagan deposit and
halloysite from the Beloe Glinishche deposit — were modified using octadecylamine (ODA) and
tetrakis(decyl)Jammonium bromide (TKAB) to obtain SHC powders with contact angles
exceeding 170°. These SHCs were incorporated into polypropylene (PP) and polyethylene (PE)
matrices at varying concentrations (1-10%) using melt-mixing techniques. The resulting
nanocomposites were analyzed through rheological, mechanical, and thermal testing, as well
as X-ray diffraction (XRD), scanning electron microscopy (SEM), and infrared spectroscopy (IR).
Both MMT SHC and HNT SHC showed excellent dispersion in nonpolar polymer matrices and
significantly improved the composites’ tensile strength, flexural modulus, and thermal stability
— even at low filler concentrations (1-3%). Contact angles of 170° (MMT SHC) and 172° (HNT
SHC) demonstrated highly stable lotus-effect properties. Sedimentation tests confirmed their
high colloidal stability in nonpolar environments, while XRD and IR analyses verified successful
intercalation of surfactants into the clay structure. The incorporation of superhydrophobic clay
fillers into PE and PP matrices enhances composite durability and mechanical performance,
offering a promising pathway toward reducing agricultural polymer waste. These findings
support the use of local, eco-friendly clay resources to develop high-performance
biocompatible composites for sustainable agricultural applications.
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INTRODUCTION properties even at low filler concentrations. These

composites demonstrate improved stiffness, strength, and

In recent years, the development of polymer-clay
nanocomposites has become a major focus in materials
science due to the superior properties these materials offer
over traditional composites. Incorporating clay particles
into polymer matrices can significantly enhance the
resulting materials' mechanical, thermal, and barrier
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resistance to thermal degradation, making them ideal for a
wide range of applications in industries, including
automotive manufacturing, electronics, packaging, and
construction.

Clays, particularly montmorillonite (MMT) and
halloysite, possess layered structures that enable them to

oLk »

;»‘ﬁ %
P -
= X
-, USP:

A Publication of Unique
Scientific Publishers

Biosciences  14(4):  664-673.


https://doi.org/10.47278/journal.ijab/2025.082
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-8163-7035
https://orcid.org/0000-0002-1761-9745
https://orcid.org/0000-0002-3232-5972
https://orcid.org/0000-0003-1114-1901
https://orcid.org/0000-0003-0659-6397
https://orcid.org/0000-0001-8989-866X
mailto:olrozhkova@mymail.academy
https://doi.org/10.47278/journal.ijab/2025.082

interact effectively with polymers, improving dispersion
and interfacial bonding. Organophilic clays are ideal for
producing polymer-clay composites due to their unique
ability to penetrate nonpolar environments (Patel et al,
2006; Anthoulis et al, 2009; Mittal, 2009). This feature
results from the modification of the surface of layered
mineral particles by cationic surfactants. Many techniques
have been developed to modify layered silicates, and their
contact angles range from 100° or more (Pazos et al., 2015;
Hggsaa et al., 2018; Liu et al, 2018; Cao et al, 2019;
Karatas et al., 2022; Nuruzzaman et al., 2022; Wall et al.,
2022; Liu et al,, 2023).

The most effective clay minerals are those with higher
contact angles (Luo et al., 2014; Gllen & Deler, 2024; Khan
et al, 2024; Swain et al, 2024). Organophilic clays are
referred to as superhydrophobic if their contact angle
exceeds 150° (Patel et al, 2006; Anthoulis et al., 2009;
Mittal, 2009; Chen et al.,, 2014; Choung et al,, 2014; Luo et
al, 2014; Pazos et al, 2015; Hggsaa et al., 2018; Liu et al.,
2018; Cao et al,, 2019; Karatas et al., 2022; Nuruzzaman et
al, 2022; Wall et al,, 2022; Liu et al., 2023). The higher the
superhydrophobicity of the clay (near 180°), the more
adapted it is to incorporate into a nonpolar polymer matrix.
This kind of superhydrophobic clay (SHC) serves as filler
material in the production of polymer composites
(Anthoulis et al, 2009; Mittal, 2009; Chen et al, 2014;
Choung et al, 2014; Luo et al, 2014; Pazos et al, 2015;
Hggsaa et al., 2018; Liu et al., 2018; Cao et al,, 2019; Karatas
et al., 2022; Nuruzzaman et al,, 2022; Wall et al,, 2022; Liu et
al., 2023; Sirisaksoontorn & Lerner, 2023). Today, the need
for materials with improved mechanical, thermal, and
technological properties cannot be overestimated (Chua &
Lu, 2007; Li et al., 2010; Wang et al., 2010; Khan et al., 2024).
Clay-polymer nanocomposites are a relatively new class of
materials that demonstrate improved properties under very
low stress levels compared to regular composite fillers
(Khan et al,, 2024; Swain et al., 2024).

The development of materials production in this area
allows for the manufacture of lighter materials with a
higher elastic modulus and a lower coefficient of linear
thermal expansion. These characteristics make these
materials desirable for several applications, including those
requiring higher heat distortion temperatures, greater
stiffness and robustness, and improved resistance
properties (Gllen & Deler, 2024).

These materials are widely used in automotive,
electronics, and construction industries due to their
superior characteristics, which make them a suitable
substitute for metal parts (Du et al, 2024; Prabhudeva &
Karmakar, 2024; Swain et al., 2024).

Polypropylene (PP) is distinguished by its low cost,
high heat distortion temperature, and exceptional
versatility in properties and applications, making it a
popular and convenient thermoplastic material (El Fadl et
al, 2024; Feng et al, 2024). To improve the
competitiveness of polymer solid materials in technical
resin applications, it is important to increase their
dimensional stability, heat distortion temperature,
stiffness, robustness, barrier properties, and toughness
without compromising on the ease of processing
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(Ahmadizadegan & Esmaielzadeh, 2023; Costanza-
Sharifian & Najafi, 2023; Robinson et al, 2024).

Nanocomposites are typically obtained with using SHC
and PP or polyethylene (PE). To obtain a nanocomposite
that satisfies all technical requirements, the properties of
the SHC used need to be improved. Scientific papers
typically touch on the use of organo-modified clays
(Cloisite 20A, Cloisite 30B, Southern Clay Products, etc.) in
the production of PP-clay composites when focusing on
rheological properties. Our study focuses on Kazakhstan
because the country has a vast supply of clay minerals,
the best known being the Tagan deposit of MMT clays
and the Karaganda deposit of halloysite clays. However,
the potential of these deposits is understudied. MMT clay
from the Tagan deposit is used to produce unique SHCs
that have a contact angle of 8 = 170° (Ibraimova et al.,
2023; Rozhkova et al., 2023). The research aimed to
develop a method for obtaining SHC with high contact
angles (over 170°) from halloysite and halloysite clays
and to assess the effect of these contact angles on the
incorporation of the SHC into polymer matrices.

The scientific novelty consists in the fact that
organoclays have higher contact angles closer to 180° (6 =
1700 for MMT SHC and © = 1710 for halloysite SHC). It is
difficult to trap a water droplet on the flat surface of
superhydrophobic powders even for a fraction of a second.
They behave like mercury droplets, which appears to be
owed to hydrogen bonds and the lotus effect. In previous
studies, the highest contact angles obtained reached up to
157° (Chua & Lu, 2007; Li et al, 2010; Wang et al., 2010;
Chen et al, 2014; Choung et al, 2014; Luo et al, 2014;
Pazos et al, 2015; Hagsaa et al,, 2018; Liu et al,, 2018; Cao
et al, 2019; Karatas et al., 2022; Nuruzzaman et al., 2022;
Wall et al., 2022; Sirisaksoontorn & Lerner, 2023; Du et al,,
2024; Feng et al., 2024; Gilen & Deler, 2024; Khan et al,
2024; Swain et al., 2024). The only way these droplets can
be measured is through fast measurement techniques and
numerous repetitions. The obtained superhydrophobic
micro- and nanopowders demonstrate high stability in
nonpolar environments.

MATERIALS & METHODS

Study Location

The study was conducted in 2023 at the Tagan (East
Kazakhstan region, Kazakhstan) and Beloe Glinishche
(Karaganda, Kazakhstan) fields. Add a map of the study
area.

Materials
Clay Samples

MMT clay from the Tagan field is known for its high
purity, containing approximately 95% MMT. Halloysite clay
from the Beloe Glinishche field. The deposit contains about
82% halloysite, which naturally forms nanotubes (halloysite
nanotubes, or HNTs). In addition, for the sake of
comparison, the study included organophilic clay made
from halloysite clays of the Karaganda deposit (halloysite
deposit Beloe Glinishche), the contact angle of which
equals 8=1710 (HNT SHCQ).



Polymer Matrices

The materials used as polymer matrix were
homopolymer PP samples produced by Sibur LLC, Russian
Federation (melt flow index — 0.7g/10min, density -
940kg/m3) and homopolymer PE samples produced by
Flagman TK LLP, Kazakhstan (melt flow index — 0.3g/10
min, density — 930kg/m3).

Obtaining SHC

To obtain the SHC, first, solutions of ODA and TKAB at
a concentration of Tmol/L were prepared. Clay samples
purified from impurities and washed using decantation
method were placed into the same solutions, 100g each.
The obtained suspension was then vigorously mixed for 12
hours at 70°C. After this modification, the suspension was
washed a few times to remove excess cationic surfactant.
The resulting samples were dried in a drying chamber until
fully dry at 70°C. In the next step, these samples were
pulverized and passed through a sieve with an opening of
63um or less. Contact angles were measured using
powdered SHC samples. Before measuring contact angles,
the SHC powders were pressed by hand because of their
stickiness. As a result, the procedure of measuring the
contact angles of SHC samples caused no difficulties. A
feature of these two types of SHCs is that MMT clay has a
1:2 type crystal structure, while HNT clay has a 1:2 type
crystal structure. In addition, HNT clays are natural
nanocomposites that take the form of a twisted tube,
whereas MMT particles are usually micro-sized and come
in the form of layered plates.

Preparation of PP-SHC Nanocomposite

Nanocomposite samples were prepared by mixing
PP granules with SHC at a ratio of 99:1; 97:3; 95:5; 93:7,
and 90:10, respectively. The nanocomposites were
produced using SHC with contact angles equaling
0=170°C (from Tagan MMT) and 6=172°C (from
Karaganda halloysite (Beloe Glinishche)). As a result, we
obtained 20 nanocomposite samples. Laboratory
composite batches were made using a PolyDrive twin-
rotor mixer (Thermo Haake, Germany) equipped with a
100 cm3 electrically heated chamber with two
unidirectionally rotating rotors.

Different types of PPs are distinguished by their
molecular structure. Depending on the structure of PP
isomers, their melting point can vary from 80 to 165-
170°C, and their density ranges between 850 and
910kg/m?3. The reason for choosing PP over PE is that PP is
less dense, harder, and more heat resistant than PE. PP is
less susceptible to cracking when exposed to aggressive
media compared to PE. To obtain a homogeneous mass,
the process of mixing PP and PE with clays was repeated
several times at different temperatures and points in time.
Ultimately, PP and PE granules were mixed with SHC
samples at 190 and 180°C, respectively, for 10 minutes
with the extruder running at a speed above 60rpm. After
mixing, the extrudate had a clear perfect molten structure
with no lumps. The mixing was achieved through shearing
in a narrow gap between the turns of complex
configuration rotors and between rotors and the wall. A
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high shear rate was achieved by different rotor speeds. The
obtained nanocomposite was used to form 8 cm long, 2
mm thick, and 4 mm wide plates to test their rheological
properties on rheometers. The influence of clay
concentration on the rheological properties of the
copolymer melt was examined on a Rosand capillary
rheometer (Malvern, Great Britain) and a RheoStress-600
rotary viscometer (Thermo Haake, Germany).

The capillary rheometer has two viscometric chambers
with capillaries of a finite and conditionally "zero" length.
The first one predominantly realizes shear flow, which
allows plotting the flow curves of composite melts. The
second one is responsible for converging flow, which
mainly stretches the melt. The presence of two capillaries
allows the true flow curves to be obtained using the
method of two capillaries. The tests performed on the
rotational rheometer involved two deformation regimes —
shear flow at the shear rate in the range of 10-3-102c-1
and periodic harmonic oscillations in the field of linear
mechanical behavior of the tested sample in the frequency
range of 101-103c-1. In the course of the tests, the
samples were deformed between a conical and a flat
surface (the cone diameter was 20 mm, the angle between
the cone's generatrices and the plane was 1 degree). Shear
stresses and effective viscosity were found at a constant
cone rotation speed. Both the elastic and viscous
components of the elastic modulus were found at constant
frequency and amplitude of its oscillations.

After the modification of clays with cationic surfactant
molecules, the filler samples were washed several times to
remove excess cationic surfactant. ODA and TKAB
solutions were used as the hydrophobizers of clay
particles.

Data Analysis
a) SHC from HNTs (HNT SHC) was obtained by modifying
the particles of Beloe Glinishche halloysite with ODA. The
contact angle was determined using pressed HNT SHC.
Measurements were taken several times to ensure
reliability. A droplet of distilled water was placed on top of
the powder and the resulting HNT SHC contact angle
averaged 172°.
b) Superhydrophobic MMT clay from the Tagan deposit
(MMT SHC) was obtained by modifying the particles of
Tagan MMT with TKAB. Once again, the contact angle was
determined using pressed HNT SHC powder and was
measured repeatedly to ensure the reliability of the results.
The contact angle obtained by placing a droplet of distilled
water on top of the MMT SHC powder averaged at 170°.
The data obtained through mechanical and
rheological tests were analyzed using standard statistical
methods

RESULTS & DISCUSSION

SHC Characteristics and Properties

Table 1 presents contact angle values and the images
of water droplets on the surface of halloysite, MMT, HNT
SHC, and MMT SHC powders.



Table 1: Contact angles of clays and their superhydrophobic types
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Object

Images of water droplets on the surface of clay and SHC powders

Halloysite, Beloe Glinishche field

After hydrophobization with ODA (HNT SHC)

Tagan MMT

After hydrophobization with TKAB

The reason behind the choice of the ODA modifier for
HNT and TKAB for MMT was the fact that numerous
studies have proven that the maximum contact angles for
HNT are obtained by modifying it with ODA. The maximum
contact angles of MMT are achieved with TKAB. The
greater the contact angle, the better the intercalation of
particles into the interpackage space of clay minerals.
These SHC micro- and nanoparticles can demonstrate
greater stability in nonpolar environments and penetrate
solid polymer particles better. All of the tested SHC
samples were treated with ultrasound before modification
with the cationic surfactant using a colloid mill equipped
with ultrasound. Fig. 1 demonstrates the kinetics of
sedimentation determined optically.

Fig. 1 shows that the maximum light transmittance of
hexane in the presence of MMT SHC and HNT SHC
particles is approximately 24%, which means that the
solution remained cloudy even 70 minutes later. This
suggests that SHC particles distribute best in nonpolar
liquids (€=2.1) and remain more stable in them. It can be
concluded that the tested SHCs will easily distribute in a
polymer matrix, as PP and PE are both nonpolar
materials. It can be assumed that the intercalation of the
cationic surfactant into the clay mineral proceeds
according to Fig. 2.

X-ray diffraction analysis successfully detects the
introduction of any substances into the interpackage space
and provides indisputable proof of the process of
intercalation of the cationic surfactant into the
interpackage space of clays. The results of X-ray diffraction
analysis are presented in Fig. 3.

Contact angle  Abbreviation
19° HNT
172° HNT SHC
39° MMT
170° MMT SHC
1.% e
' . ¢ 2
- . 1
= T
RS
t, min

Fig. 1: Sedimentation kinetics of SHC samples in a hexane environment
determined optically; 1 — MMT SHC; 2 — HNT SHC.

Fig. 2: Schematic illustration of the stage of intercalation of the cationic
surfactant into the interpackage space of clay structure (Costanza-Robinson
et al., 2024).
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As demonstrated in Fig. 1, after modification, the
interpackage space changed from 13.84 to 16.61A for
MMT and from 9.9 to 17.50A for HNT, indicating the
intercalation process's success. Morphological changes
after the modification of micro- and nanoparticles are also
noticeable in the results of SEM analysis (Fig. 4).

The SEM images indicate morphological changes after
the modification of micro- and nanoclays.

Infrared spectroscopy further proves the success of
intercalation of surfactant molecules into the interpackage
space by the presence of respective characterizing
absorption bands for the cationic surfactant. Bands around
1,552 cm-1 corresponds to C-N bonds, peaks in the area of
1,471cm-1  describe the presence of oscillations
corresponding to —CH2- bonds, and absorption bands
around 2,861 and 2,936cm-1 correspond to C-H bonds in
the hydrocarbon chain of the cationic surfactant.

Properties and Characteristics of PP and PE and their
Composites with Clays

The viscosity of PP is of utmost importance in the
molten state because it determines how easily a PP
product can be extruded or injection molded. In fiber
extrusion, melt elasticity is important to the processability
of a PP product because it relates to how easily the
material can be pulled into a fiber. Pseudoplastic fluids are
characterized by a decrease in viscosity with increasing
shear rate, which means that in pseudoplastic fluids the
shear stress increases slower than the shear rate. Most
polymer solutions and melts possess the properties of
pseudoplastic liquids (Ahmadizadegan & Esmaielzadeh,
2023; Baruel et al,, 2023; Cunha et al,, 2023; Firmanda et al.,
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Fig. 3: X-ray diffraction analysis
of clay and SHC samples; a -
MMT; b —= MMT SHC; ¢ — HNT; d -
HNT SHC.

2-Theta - Scale

b

2-Theta - Scale

d

Fig. 4: SEM images of MMT(a),
MMT SHC(b), HNT(c), and HNT
SHC (d).

2023; Guo et al., 2023; lbraimova et al,, 2023; Peng et al,
2022; Rozhkova et al., 2023; Ulrich et al.,, 2023; Zeng et al.,
2023; Liu et al., 2024; Sharifian & Najafi, 2023).

However, in the case of molded products from filled
polymers, the filler introduced into the composition, being
an active component of the system, can change the
molecular and supramolecular structure of the polymer
(the degree of its crystallinity, size, shape, the distribution
of structural units for crystallizing polymers, etc.), which
can lead to changes in the flow pattern of polymers.

The polymer crumbs used in our tests ranged in size
from 2 to 3mm. To ensure an evenly mixed clay sample
and PE, we tried to melt the mechanical mixture prepared
in advance until the clay particles were evenly dispersed in
the PP mixture.

Different types of PP are distinguished based on their
molecular structure. Depending on the structure, the
melting points of PP stereocisomers can vary from 80 to
165-170°C and density ranges from 850 to 910kg/m?®. Our
reason for choosing PP along with PE was that PP is less
dense and harder and heat resistant compared to PE.
Moreover, PP is less susceptible to cracking under the
influence of aggressive media than PE.

In the course of the studies, we needed to obtain 20
samples of micro- and nanocomposites — five samples
from the Tagan MMT (Fig. 5), five samples of SHC from the
halloysite of the Beloe Glinishche deposit, and five samples
of pure PP and PE each.

The composition and types of polymer-SHS
composites are provided in Table 2. The rheological curves
of PP and its nanocomposites are in Fig. 6 and 7.
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Fig. 5: IR-spectra of clay samples; a —
MMT and MMT SHC; b — HNT and HNT
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Table 2: Composition of the obtained micro- and nanocomposites
containing SHC

No. SHC content in the Homopolymer matrix content  Abbreviation
composite in the composite, %
1 1% MMT 99%PE MMT-PE1
2 3% MMT 97% PE MMT-PE3
3 5% MMT 95% PE MMT-PE5
4 7% MMT 93% PE MMT-PE7
5 10% MMT 90% PE MMT-PE10
6 1% HNT 99% PE HNT-PE1
7 3% HNT 97% PE HNT-PE3
8 5% HNT 95% PE HNT- PE5
9 7% HNT 93% PE HNT-PE7
10 10% HNT 90% PE HNT-PE10
11 1% MMT 99% PP MMT-PP1
12 3% MMT 97% PP MMT-PP3
13 5% MMT 95% PP MMT-PP5
14 7% MMT 93% PP MMT-PP7
15 10% MMT 90% PP MMT-PP10
16 1% HNT 99% PP HNT-PP1
17 3% HNT 97% PP HNT-PP3
18 5% HNT 95% PP HNT-PP5
19 7% HNT 93% PP HNT-PP7
20 10% HNT 90% PP HNT-PP10
Table 3  presents some  physicomechanical

characteristics of homopolymer PE and composite
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Fig. 8: Comparison of a) flow stress; b) yield point under uniaxial tension.

Table 3: Technical characteristics of the obtained PE composites with varying content of MMT or HNT

Composition of PP Melt flow index,  Ultimate tensile strength at  Elongation at yield Elongation at Flexural Crystallization start
materials g/10min yield point, MPa point, % break, % modulus, MPa temperature, °C
Homopolymeric PE 0.4 36.3 10 ~200 1,620 130
MMT-PE1 4.72 44.5 10.65 ~455 1,740 139
MMT-PE3 345 40.07 10.05 ~100 1,667 132
MMT-PE5 3.69 42.5 10.35 ~160 1,679 136
MMT-PE7 3.98 46.5 10.75 ~425 1,720 154
MMT-PE10 3.82 49.8 10.85 ~385 1,730 149
HNT-PE1 33 40.07 10.0 ~210 1,765 133
HNT-PE3 3.39 423 10.1 ~260 1,820 137
HNT-PE5 3.71 45.6 10.2 ~320 1,850 139
HNT-PE7 3.79 473 10.5 ~355 1,930 149
HNT-PE10 3.61 49.8 10.6 ~198 1,940 145
Table 4: Technical characteristics of the obtained PP composites with varying content of MMT or HNT

Composition of PP Melt flow index,  Ultimate tensile strength at  Elongation at yield Elongation at Flexural Crystallization start
materials g/10min yield point, MPa point, % break, % modulus, MPa temperature, °C
Homopolymeric PP 0.8 36.3 10 ~200 1,560 140
MMT-PP1 34 40.07 101 ~200 1,565 141
MMT-PP3 3.69 41.32 104 ~160 1,720 144
MMT-PP5 3.73 43.1 10.5 ~220 1,750 147
MMT-PP7 3.78 46.8 10.7 ~255 1,830 153
MMT-PP10 3.87 489 10.8 ~295 1,840 157
HNT-PP1 43 49.8 10.47 ~435 1,890 153
HNT-PP3 44 45.6 10.35 ~310 1,780 147
HNT-PP5 4.1 40.07 10.0 ~200 1,535 141
HNT-PP7 4.2 42.3 10.05 ~280 1,710 144
HNT-PP10 4.3 47.3 10.55 ~375 1,780 157

Table 4 and Fig. 8 show some physico-mechanical
characteristics of homopolymer PP and composite
materials based on SHC samples and PP.

As can be seen from Table 3, the addition of
organoclays improves the physico-mechanical
characteristics of composites based on PE and PP materials
in all samples. It can be noted that the greatest
improvement is demonstrated by the PE-organoclay
composite containing 1% MMT SHC, whose ultimate
tensile strength at yield point, flexural modulus, and
elongation at yield point equal 44.5 MPa, 1,705 MPa, and
455%, respectively. Table 4 indicates that the most
improved physico-mechanical properties are shown by the
PE-organoclay composite with 1% HNT SHC, whose
ultimate tensile strength at yield point, flexural modulus,
and elongation at yield point are 49.8 MPa, 1890 MPa, and
435%, respectively.

A study by Sharifian and Najafi (2023) that focused on
PP/organoclay/MAPP composites (MAPP being clay
modifier) concluded that dispersion increases together
with the MAPP/organoclay ratio, regardless of the total
concentration of clay. The study found that high
concentrations of MAPP improve clay dispersion and
adhesion, thereby increasing the elastic modulus.

In our case, improved adhesion owes to the fact that
ODA molecules, which possess a long hydrocarbon chain
and sit on the surface of SHC particles, can improve the
interaction between PP fibers and SHC particles. In the
case of MMT SHC, the particles are predominantly micro-
sized layered plates and therefore fit into the matrix of a
homopolymer matrix much harder. Nevertheless, adhesion
is achieved due to the presence of TKAB molecules on the
surfaces and in the interpackage spaces of MMT particles.

Thus, our study thus shows that despite the
microstructure of MMT, given high contact angle values, it

is possible to obtain a composite material based on PE and
MMT SHC. Furthermore, it is possible to produce a
nanocomposite material based on PE with less MMT SHC
filler (about 1%) if the contact angle is high enough (over
170°) and with smaller amounts of HNT SHC filler (around
1%) given a high contact angle (over 172°).

The incorporation of superhydrophobic clays (SHCs)
into polypropylene (PP) and polyethylene (PE) matrices
significantly enhanced the mechanical and thermal
properties of the composites, supporting the growing
body of evidence on the efficacy of nanoclay fillers in
polymer reinforcement. The observed increase in tensile
strength, flexural modulus, and thermal stability aligns with
earlier studies demonstrating that modified nanoclays act
as multifunctional fillers, reinforcing polymer matrices
through strong filler-matrix interfacial interactions
(Mostafaei &  Zolriasatein, 2012). The successful
intercalation of ODA into HNTs and TKAB into MMT, as
confirmed by XRD and IR, reflects trends observed in
similar clay-polymer systems. For instance, Jeli¢ et al.
(2021) reported that ODA-modified HNTs demonstrated
expanded basal spacing and improved dispersion within
nonpolar polymer matrices, resulting in enhanced
mechanical properties of PP nanocomposites.

The current study's XRD results—showing an increase
in interlayer spacing from 13.84 to 16.61 A (MMT) and 9.9
to 17.50 A (HNT)—are consistent with these findings and
provide robust evidence of successful intercalation, which
is critical for optimal filler performance. Moreover, the
highly stable lotus-effect properties demonstrated by the
SHC composites, with contact angles exceeding 170°,
confirm the superhydrophobic nature of the fillers. Similar
superhydrophobic PP composites were developed by
Khattab et al. (2021), who also reported excellent
dispersion and durability in nonpolar environments,



reinforcing the sedimentation stability observed in our
study. The rheological behavior of the composites
indicated pseudoplastic flow characteristics, a well-
documented phenomenon in polymer-clay systems (Arrigo
& Malucelli, 2020). The addition of nanoclays often leads
to a reduction in viscosity at higher shear rates, facilitating
easier extrusion and molding. However, it is also known
that nanofillers can alter the crystallinity and molecular
arrangement of the polymer matrix. Prasad et al. (2020)
demonstrated that nanoclay-filled PP composites exhibited
modified crystallinity, leading to a balance between flow
properties and mechanical strength, which correlates well
with the present findings.

Morphological changes observed through SEM, such
as the improved interfacial adhesion and dispersion of
SHCs within the PP and PE matrices, are consistent with the
microstructural analyses reported by Zhang et al. (2019),
who highlighted the importance of clay dispersion in
ensuring optimal mechanical performance of polymer-clay
composites. Thermal stability, a critical parameter for
agricultural applications, was also significantly improved in
the current study. Peng et al. (2018) demonstrated that
nanoclay-modified PP composites exhibited higher
decomposition temperatures and reduced thermal
degradation rates, which were attributed to the barrier
effect of the clay layers. These findings directly support the
observed thermal improvements in our composites.

The choice of local Kazakh clays (Tagan MMT and
Beloe Glinishche HNT) not only underscores the
importance of utilizing indigenous resources but also
resonates with sustainable material development goals. A
recent study by lhekweme et al. (2020) highlighted the
potential of Central Asian clay minerals for advanced
material applications, affirming the significance of this
approach. In conclusion, the integration of SHC fillers into
PP and PE matrices successfully enhanced the composites’
mechanical strength, thermal stability, and
superhydrophobicity, offering a promising avenue for
reducing agricultural plastic waste. This study aligns with
recent advances in polymer-clay nanocomposites and
highlights the untapped potential of local clay resources
for developing sustainable agro-industrial materials.

Conclusions

Our studies are first to obtain superhydrophobic
micro- and nanopowders with contact angles approaching
180°.

Specifically, we reported the first instance of obtaining
HNT SHC with a contact angle of 172° by modifying HNT
from the Beloe Glinishche deposit with ODA. In addition,
MMT SHC with a contact angle of 170° was produced
through the modification of the microparticles of MMT
from the Tagan deposit.

The experiments showed that on the surface of micro-
and nanopowders of SHCs, water droplets behave like
mercury droplets, which vividly demonstrates the lotus
effect.

It was experimentally proven that the studied
superhydrophobic micro- and nanopowders demonstrate
high stability (do not settle for 70min and show a turbidity
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of 75% without changes) in a hexane environment (as an
example of a nonpolar environment).

The new micro- and nano powders were used to
obtain composite materials based on PP and PE. The
experiments showed that the consumption of organoclay
to produce the composite decreases with the introduction
of SHCs with higher contact angles in contrast to similar
SHCs with lower contact angles, which is an economically
advantageous aspect for their further production.
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