Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2026 IM® (IacTuryT Metasodisuxu
Nanosistemi, Nanomateriali, Nanotehnologii im. I'. B. Kypaiomosa HAH Vkpainn)
2026, 1. 24, Ne 2, cc. 649-667 HazapykosaHo B YKpaisi.
https://doi.org/10.15407/nnn.24.02.0649

PACS numbers: 07.60.Pb, 07.79.Fc, 07.85.Qe, 61.05.cf, 61.05.cp, 81.07.Pr, 81.70.Fy

Characterizing Crystallinity and Phase Compounds
in Polyvinyl Alcohol—Montmorillonite Nanocomposites
Through X-Ray Diffraction and Optical Microscopy

Blerina Papajani!, Elvin Como?, Albana Hasimi?, and Alfred Lako®

!Department of Physics,

University of Elbasan ‘Aleksandr Xhuvani’,
Ismail Zyma Str.,

3003 Elbasan, Albania
2Department of Meteorology,

Institute of GeoSciences,

60 Don Bosko Str.,

1024 Tirana, Albania

3Department of Environmental Engineering,
Polytechnic University of Tirana,

4 Deshmoret e Kombit Blvd.,

1000 Tirana, Albania

The aim of this study is to analyse modern advancements in x-ray diffrac-
tion and optical microscopy to enhance the characterization of polyvinyl
alcohol-montmorillonite nanocomposites. The development of advanced
nanocomposites has garnered significant attention due to their potential
applications in various fields. Among these, polyvinyl alcohol reinforced
with montmorillonite has emerged as a promising material, owing to its
enhanced mechanical and thermal properties. However, a thorough under-
standing of the crystallinity and phase compounds in these nanocompo-
sites is essential for optimizing their performance and quality. To achieve
this goal, recent studies on these techniques are reviewed, and their effec-
tiveness, advantages, and limitations are evaluated. The results demon-
strate that digital holography, fluorescence microscopy, and confocal mi-
croscopy improve significantly the visualization of microstructural fea-
tures and provide detailed 3D images and quantitative phase contrast.
In situ x-ray diffraction allows real-time monitoring of structural chang-
es, while small-angle x-ray scattering provides detailed information about
the size, shape, and distribution of nanostructured features. Synchrotron
x-ray diffraction offers very high resolution and sensitivity, facilitating
precise characterization of the nanocomposites’ properties. By integrating
these advanced techniques, the study establishes a comprehensive frame-
work for understanding the crystallinity and phase composition of polyvi-
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nyl alcohol-montmorillonite nanocomposites, paving the way for opti-
mized material development.

MeTo0 HAHOTO OOCTiM:KeHHs OyJio ImpoaHasisyBaTH CYYacHi NOCATHEHHSA B
PeHTr'eHiBChbKill gudpaKToMeTpii i onmTMUHIN MiKpocKomii s moJimimeHHs
xXapakTepusalii HAaHOKOMIIOSHUTIB IIOJIiBiHIJIOBUH CHUPT—MOHTMOPUJIOHIT.
Pospobra mepemoBMX HAHOKOMIIO3UTIB IIPMBePTAaE 3HAUHY YBary 3aBIAKH
iXHHOMY TOTEHIIITHOMY 3aCTOCYBaHHIO B pisHux ranysax. Cepex HUX mOJi-
BiHiJIOBU# CIIUPT, apMOBAaHWN MOHTMOPUJIOHITOM, CTaB IEPCIEKTUBHUM Ma-
TEPiAIOM 3aBAAKM CBOIM IIOJINIIIEHMM MEXAHIYHUM i TEPMiUYHMM BJIACTHBO-
cram. OgHaK TrInMOOKe PO3YMiHHA KPHCTAJTIUYHOCTH Ta (PA30OBUX CHOJYK Y
X HAHOKOMIIO3UTAX € BaYKJIWBUM IJS OINTHMisallii iXHbOI IIPOAYKTUBHOC-
™ % AKocTu. 1A mocsaArHeHHA Iiiei MeTM HeIoAaBHI JOCHIAMKEHHS IO IUX
MeTOAUKAaX OyJI0 PO3TIAHYTO, 4 TAaKOMK OI[iHeHO iXHi e()eKTHBHICTbL, IIepeBa-
ru it oOmMekeHHsA. PesyabTaTu MOKa3yoOTh, 10 mudpoBa rojorpadisa, giioo-
PeCIleHTHA MiKPOCKOIIis Ta KOH(POKAJIbHA MiKPOCKOIIiA 3HAYHO HOJIIMIIYIOTH
BigyaJsisaIito MiKpPOCTPYKTYPHUX OCOOJHBOCTEel i 3a0e3meuyioTh IeTajabHi
3D-300pakeHHsa Ta KiJdbKicuuii ¢aszoBuii KoHTpacT. PeuTreniBcbka mudpa-
KIiga in situ mae 3MOTYy MOHITOPUTHU CTPYKTYPHI 3MiHM B Pe:KMMi peabHOTO
yacy, ToJi K po3cigsHHA PeHTI'eHOBUX IIPOMEHIB IiJ MaJuUMU KyTaMU HaJae€
IeTajabHy iH(opMAaIlito Ipo po3Mip, GopMy Ta PO3IOAIT HAHOCTPYKTYpPOBa-
HUX ocobsmBocTeii. CHHXPOTpPOHHA PEeHTIeHiBchbKa Audpakilis sabesmeuye
IysKe BHCOKY PO3IiJbuy 3JaTHICTH i UYTJIMBiCTH, IO CIPHUAE TOUHINl Xapak-
Tepusallii BJACTHUBOCTEeI HAHOKOMIIO3UTY. 3aBOAKM iHTerpaiii mmx mepemno-
BUX METOHiB HOCJIi’KeHHS CTBOPIOE KOMILIEKCHY OCHOBY [OJA PO3YMiHHS
KpucrajgiuHoctTu Ta (asoBOr0 CKJIAAy HAHOKOMIIOSUTIB IIOJIiBiHiIOBMI
CIUPT—MOHTMOPUJIOHIT, MPOKJAZAIOUN ILIAX IJSI OINTUMi30BaHOI pPO3pPOOKU
MaTepiamiiB.
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1. INTRODUCTION

Polyvinyl alcohol (PVA) is a versatile synthetic polymer renowned
for its remarkable properties, including excellent film-forming abil-
ity, chemical resistance, and biocompatibility [1-3]. PVA is widely
used in various applications such as packaging, textiles, pharmaceu-
ticals, and biomedical fields. Its solubility in water and biodegrada-
bility also makes it an environmentally friendly material [4]. The
molecular structure of PVA, characterized by hydroxyl groups
along its polymer chain, imparts unique physicochemical properties,
which are crucial for numerous industrial applications. A critical
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aspect of PVA performance is its crystallinity, which influences
significantly its mechanical strength, thermal stability, and barrier
properties [5—7]. Crystallinity in polymers refers to the degree of
structural order within the material, where regions of highly or-
dered, tightly packed polymer chains (crystalline regions) coexist
with disordered, amorphous regions. The extent of crystallinity can
affect the polymers’ properties, with higher crystallinity generally
leading to enhanced strength and stability. In addition to crystallin-
ity, the presence of phase compounds within the PVA can further
modify its characteristics. Phase compounds refer to distinct re-
gions or domains within the polymer matrix, which have different
compositions or structures. In the context of nanocomposites, the
incorporation of nanomaterials such as montmorillonite (MMT) can
lead to the formation of new phase compounds, which can enhance
the overall performance of the polymer [8]. These phase compounds
can influence the mechanical, thermal, and barrier properties of the
nanocomposite, making their characterization essential for optimiz-
ing material properties.

Understanding the crystallinity and phase compounds in PVA,
especially, in nanocomposites like PVA-MMT, is vital for develop-
ing materials with tailored properties for specific applications.
Among other methods, the most widely used ones for studying these
properties are optical microscopy (OM) and x-ray diffraction (XRD).
OM provides several advantages for the study of crystallinity and
phase compounds in PVA-MMT nanocomposites. It allows for direct
visualization of the microstructure, making it easy to identify and
analyse the spatial distribution of crystalline regions and phase
compounds [9-11]. As a non-destructive technique, OM preserves
the samples’ intrinsic properties, enabling further analyses with
other methods. Additionally, OM allows for real-time observation of
dynamic processes such as crystallization or phase transitions under
various environmental conditions, offering insights into the behav-
iour of the nanocomposites during processing or in-service use [12].
Furthermore, the relatively low cost and widespread availability of
optical microscopes make OM a practical choice for preliminary
studies and routine analyses in most research and industrial labora-
tories.

Despite its advantages, optical microscopy has several limita-
tions. It is limited by its resolution, constrained by the wavelength
of visible light, which restricts the ability to resolve fine details at
the nanoscale, essential for studying PVA-MMT nanocomposites.
Additionally, it often suffers from a shallow depth of field, making
it challenging to obtain clear images of thick or layered samples.
Traditional OM primarily provides intensity-based images, lacking
phase-contrast information necessary to differentiate between mate-
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rials with similar optical densities, hindering clear identification of
different phases within the nanocomposite. Extensive sample prepa-
ration, including staining or embedding, can introduce artefacts
and potentially alter the samples’ native structure, complicating
image interpretation and leading to inaccurate conclusions. Moreo-
ver, conventional OM lacks the capability to capture dynamic pro-
cesses in real time, a significant limitation for studying time-
dependent phenomena such as crystallization, phase transitions, or
mechanical deformation in PVA-MMT nanocomposites [13].

XRD offers several significant advantages for studying the crys-
tallinity and phase compounds in PVA-MMT nanocomposites [14,
15]. One of its primary strengths is its high precision in identifying
and quantifying crystalline phases, making it an essential tool for
determining the degree of crystallinity within the sample. XRD
provides detailed information about the crystal structure, lattice
parameters, and phase composition, allowing for a thorough analy-
sis of the materials’ properties. Additionally, XRD is a non-
destructive technique, preserving the sample for further analysis.
Its ability to analyse bulk materials, combined with its quantitative
nature, makes XRD a robust method for comprehensive crystallini-
ty characterization [16]. However, conventional XRD struggles with
the resolution required to distinguish closely-spaced diffraction
peaks in complex materials like PVA-MMT nanocomposites, obscur-
ing detailed crystalline-phase information and hindering accurate
crystallinity determination. It can be insensitive to weak diffraction
signals, critical for identifying minor phases or poorly ordered re-
gions, leading to incomplete or misleading characterizations. While
providing atomic-scale structural information, conventional XRD is
less effective at characterizing larger nanostructures such as the
size, shape, and distribution of MMT platelets within the PVA ma-
trix, limiting the understanding of their influence on composite
properties. Traditional XRD provides static snapshots, failing to
capture dynamic processes like real-time structural changes due to
temperature variations or mechanical stress. Proper sample prepa-
ration and alignment are crucial; misalignment or improper prepa-
ration can introduce artefacts or errors in diffraction patterns, re-
sulting in inaccurate structural interpretations.

As discussed earlier, conventional XRD and OM are valuable
tools for analysing the crystallinity and phase composition of mate-
rials. However, these methods have inherent limitations that can
restrict their effectiveness, particularly, when dealing with complex
nanocomposites. To address these challenges, this work focuses on
analysing recent advancements in the XRD and OM techniques. The
goal is to expand the capabilities of these conventional methods, en-
abling more accurate and detailed characterization of the crystallin-
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ity and phase compounds in PVA-based nanocomposites. By inte-
grating modern approaches and technologies, such as enhanced im-
aging methods and advanced diffraction techniques, it is possible to
overcome the limitations of conventional methods and achieve a
more comprehensive understanding of the materials’ structure and
properties.

2. MATERIALS AND METHODS

This review focuses on two primary techniques for studying the
crystallinity and phase compounds in polyvinyl alcohol—
montmorillonite nanocomposites: OM and XRD. These methods were
selected for their complementary capabilities in providing both
qualitative and quantitative insights into the microstructural char-
acteristics of the nanocomposites. The selection of literature for
this review was guided by specific inclusion and exclusion criteria
to ensure a comprehensive and up-to-date understanding of these
methods. For optical microscopy, the inclusion criteria focused on
articles published within the last five years, which presented signif-
icant advancements and innovative approaches in imaging tech-
niques. Priority was given to studies, which explored new imaging
modalities, enhanced resolution, and improved measurement accura-
cy. Works, which introduced or reviewed techniques, such as confo-
cal microscopy, fluorescence microscopy, and digital holography,
were particularly valued. These articles were selected based on their
rigorous experimental design, reproducibility of results, and thor-
ough data analysis, ensuring that only high-quality scientifically
robust studies were included. Additionally, review and tutorial arti-
cles, which provided a comprehensive overview of current tech-
niques and offered practical guidance for their implementation,
were also considered.

The selected works on optical microscopy highlight key advance-
ments and comprehensive reviews of modern techniques. These
studies demonstrate innovations in enhancing resolution, improving
measurement accuracy, and increasing the non-destructive analysis
capabilities of OM. By focusing on recent developments in imaging
modalities, including confocal microscopy, super-resolution fluores-
cence microscopy, and digital holography, these works contribute
significantly to the field by expanding the capabilities of conven-
tional OM methods. In the realm of x-ray diffraction, the selection
criteria emphasized articles, which focused on non-destructive anal-
ysis techniques and detailed structural analysis without damaging
the sample. Preference was given to recent publications from the
last five years, which introduced cutting-edge technologies or sig-
nificant improvements in existing methods. This included high-
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resolution XRD, synchrotron-radiation studies, and other advanced
techniques, which enhance the precision and depth of crystallo-
graphic analysis. The selected articles were required to present
high-quality data, with clear visualizations such as detailed diffrac-
tion patterns and comprehensive analyses of crystallographic infor-
mation.

The selected works on x-ray diffraction showcase advanced meth-
odologies and innovations in materials’ characterization. These
studies emphasize the non-destructive nature of XRD techniques
and highlight significant improvements in the resolution and accu-
racy of XRD methods such as high-resolution and synchrotron x-ray
diffraction. They explore complex structural analyses and in situ
studies, which provide valuable insights into the properties and be-
haviour of PVA-MMT nanocomposites under various conditions.
This review, by adhering to stringent inclusion criteria and focus-
ing on the most recent and relevant literature, ensures a thorough
exploration of modern advancements in the OM and XRD tech-
niques.

3. RESULTS

This section presents the comprehensive findings from review of
advanced characterization techniques for studying the crystallinity
and phase composition of PVA-MMT. The analysis focuses on two
primary methodologies: optical microscopy and x-ray diffraction,
with particular attention to advanced approaches within each meth-
od. To overcome limitations of convenient methods, advanced OM
techniques such as digital holography, fluorescence microscopy, and
confocal microscopy provide higher resolution, enhanced phase con-
trast, and 3D-imaging capabilities. These techniques facilitate de-
tailed and accurate visualization of the PVA-MMT-nanocomposite
structure. Similarly, advanced XRD techniques like small-angle x-
ray scattering (SAXS), in situ XRD, synchrotron XRD offer en-
hanced resolution, sensitivity to weak signals, and the ability to
monitor dynamic processes. These methods provide comprehensive
insights into the crystallinity and phase composition of PVA-MMT
nanocomposites, enabling the development of materials with opti-
mized properties for specific applications.

3.1. Digital Holography

Digital holography (DH) is an advanced optical-microscopy tech-
nique that captures the entire optical field, including both ampli-
tude and phase information, in a single exposure [17]. This method
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can significantly enhance the study of crystallinity and phase com-
position in polyvinyl alcohol (PVA) reinforced with montmorillonite
(MMT) nanocomposites by providing detailed three-dimensional (3D)
imaging and quantitative phase contrast [18]. Digital holography
involves recording a hologram of the sample, using a digital sensor
and then reconstructing the image computationally [17]. One of the
key advantages of DH is its ability to provide quantitative phase
contrast. The phase information is directly related to the optical-
path length changes caused by variations in the refractive index
and thickness of the sample. The basic setup includes a coherent
light source, typically, a laser, which is split into two beams: the
reference beam and the object beam (Fig. 1). The object beam inter-
acts with the sample, while the reference beam bypasses it. Both
beams are then recombined to create an interference pattern (holo-
gram) on the digital sensor. The hologram contains all the infor-
mation needed to reconstruct the 3D image of the sample, including
phase and amplitude variations.

Digital holography can capture the 3D structure of PVA-MMT
nanocomposites with high precision. This capability allows for de-
tailed visualization of the distribution and morphology of crystal-
line regions and phase compounds. Crystalline regions and phase
compounds typically have different refractive indices compared to
the amorphous matrix, resulting in distinct phase contrasts. By an-
alysing the phase-contrast images, the distribution and number of
crystalline regions can be quantitatively assessed. This quantitative
data is crucial for understanding the degree of crystallinity in the
nanocomposite. The 3D-reconstruction capabilities of DH can reveal

|- o=

Fig. 1. Digital holographic microscope: 1—laser, 2—mirrors, 3—beam ex-
pander, 4—beam splitter cube, 5—object under study, 6—microobjective,
7—CCD camera.

A
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the spatial arrangement of MMT platelets within the PVA matrix,
providing insights into the degree of dispersion and exfoliation of
the clay nanoparticles. As a non-destructive technique, it is well
suited for real-time observations of dynamic processes in PVA-
MMT nanocomposites. For instance, the crystallization process can
be monitored in situ by observing the changes in phase contrast as
the sample is heated or cooled. This real-time capability provides
valuable information on the kinetics of crystallization and phase
transitions, which are essential for tailoring the material proper-
ties. Digital holography offers enhanced resolution and depth of
field compared to conventional optical microscopy. The ability to
focus through the entire thickness of the sample without mechani-
cal sectioning allows for comprehensive analysis of the internal
structure. This is particularly beneficial for studying thick or
opaque samples, where traditional optical-microscopy techniques
might be limited.

3.2. Fluorescence Microscopy

Fluorescence microscopy is an advanced imaging technique that lev-
erages the fluorescence properties of certain materials or dyes to
provide high-contrast images. This method can be particularly use-
ful for presented problem, offering detailed insights into the distri-
bution and interaction of different phases within the material [19].
Fluorescence microscopy involves exciting a sample with a specific
wavelength of light, causing fluorescent molecules within the sam-
ple to emit light at a longer wavelength. These fluorescent mole-
cules can either be inherent to the sample or be introduced via fluo-
rescent dyes or markers. The emitted light is then captured to cre-
ate high-contrast images, which highlight the regions of interest
within the sample [19, 20]. This technique provides high-contrast
images by highlighting only the fluorescently labelled regions. This
selective imaging is particularly useful for studying the phase com-
position, as it allows for the clear identification of different phases
within the nanocomposite. Crystalline regions and phase compounds
can be visualized with high specificity, providing detailed insights
into their morphology and spatial distribution.

To apply fluorescence microscopy to PVA-MMT nanocomposites,
specific components of the nanocomposite can be tagged with fluo-
rescent dyes [19]. For example, fluorescent dyes can be attached to
MMT platelets or to specific crystalline regions of PVA. This label-
ling allows for the selective visualization of these components, mak-
ing it easier to distinguish between crystalline and amorphous re-
gions and to observe the dispersion and distribution of MMT within
the PVA matrix. Fluorescence intensity can be quantitatively ana-
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lysed to estimate the concentration and distribution of fluorescently
labelled components. This quantitative capability is valuable for as-
sessing the degree of crystallinity and the extent of MMT disper-
sion within the PVA matrix. By analysing fluorescence intensity,
researchers can obtain quantitative data on the amount and distri-
bution of crystalline regions, enhancing the understanding of the
materials’ microstructure. It also is well suited for dynamic studies,
allowing real-time observation of processes, such as crystallization,
phase transitions, and the interaction between different components
within the nanocomposite. By monitoring changes in fluorescence
intensity and distribution, researchers can gain insights into the
kinetics of these processes, which are critical for optimizing the
materials’ properties.

Advanced fluorescence-microscopy techniques, such as confocal
fluorescence microscopy and super-resolution fluorescence micros-
copy (e.g., stimulated emission depletion microscopy, photoactivated
localization microscopy, stochastic optical reconstruction microsco-
py), can provide even higher resolution and depth selectivity [21,
22]. Confocal fluorescence microscopy uses spatial pinholes to elim-
inate out-of-focus light, resulting in sharper images and 3D-
reconstruction capabilities. Super-resolution techniques surpass the
diffraction limit of light, offering nanometre-scale resolution for
detailed structural analysis.

3.3. Confocal Microscopy

Confocal microscopy is an advanced optical-imaging technique that
provides high-resolution and depth-selective images, making it par-
ticularly effective for studying the PVA reinforced with montmoril-
lonite nanocomposites. This method utilizes spatial pinholes to elim-
inate out-of-focus light, producing sharp and detailed images, which
can be reconstructed into three-dimensional structures [23]. Confo-
cal microscopy operates by scanning a focused laser beam across the
sample and collecting emitted or reflected light through a pinhole
aperture that is conjugate to the focal point of the objective lens.
This setup ensures that only light from the focal plane is detected,
significantly enhancing the resolution and contrast of the images.
The confocal microscope typically uses point-scanning or spinning
disk techniques to achieve rapid imaging. One of its key advantages
is its ability to obtain optical sections at different depths within the
sample. It allows for quantitative analysis of the structural features
within the nanocomposite [24]. Image-analysis software can be used
to measure the size, shape, and distribution of crystalline regions
and MMT platelets. By quantifying these parameters, researchers
can gain insights into the degree of crystallinity and the effective-
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ness of MMT dispersion within the PVA matrix. By acquiring a se-
ries of optical sections, it is possible to reconstruct three-
dimensional images of the nanocomposite, providing a comprehen-
sive view of its internal structure. This depth selectivity is particu-
larly useful for studying thick or layered samples, where traditional
microscopy techniques might be limited.

This technique provides high-resolution images, which can reveal
fine details of the crystalline and amorphous regions within the
PVA-MMT nanocomposites and can be used for real-time observa-
tions of dynamic processes, such as crystallization, phase transi-
tions, and mechanical deformations. By using a heating or cooling
stage, the effects of temperature on the crystallinity and phase
composition can be monitored in situ [25]. This capability provides
valuable information on the kinetics and mechanisms of these pro-
cesses, aiding in the optimization of the materials’ properties. The
improved resolution, often down to submicrometre levels, allows for
the precise characterization of the morphology and distribution of
MMT platelets and crystalline domains within the PVA matrix.

3.4. In situ X-Ray Diffraction

In situ XRD is an advanced technique that allows for the real-time
monitoring of structural changes in materials under varying condi-
tions, such as temperature, pressure, or mechanical stress [26, 27].
This method is particularly useful for studying the crystallinity and
phase composition, providing insights into the dynamic processes
and transformations occurring within the material. In situ XRD
involves performing XRD measurements, while the sample is sub-
jected to controlled environmental changes [26—28]. This setup typ-
ically includes a sample holder that can be heated, cooled, or me-
chanically manipulated, along with a detector that continuously col-
lects diffraction data. The resulting diffraction patterns reflect the
structural changes occurring in the sample in real time, allowing
for the analysis of phase transitions, crystallization, and other dy-
namic processes [29].

One of the key applications of in situ XRD in the study of PVA-
MMT nanocomposites is monitoring the crystallization process and
phase transitions. By heating or cooling the sample, researchers can
observe the formation or dissolution of crystalline regions within
the PVA matrix. This real-time monitoring provides valuable in-
formation on the kinetics of crystallization, including the nuclea-
tion and growth rates of crystalline domains. This allows for the
study of the effects of temperature and mechanical stress on the
crystallinity and phase composition of studied nanocomposites. For
example, by applying a mechanical load to the sample, while per-
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forming XRD measurements, researchers can investigate how stress
influences the alignment and orientation of MMT platelets and the
development of crystalline regions. Similarly, temperature varia-
tions can reveal the stability of different phases and the conditions,
under which phase transitions occur. Understanding these processes
is crucial for optimizing the thermal and mechanical properties of
the nanocomposite. The real-time data collection capability of in
situ XRD provides continuous information on structural changes,
enabling the detailed analysis of transient phenomena that would be
difficult to capture with ex situ methods. This continuous monitor-
ing allows for the identification of intermediate phases and transi-
ent states, providing a more comprehensive understanding of the
materials’ behaviour under different conditions.

By correlating the structural changes observed during experiment
with macroscopic properties, such as mechanical strength, thermal
stability, and barrier properties, researchers can establish relation-
ships between the microstructure and the overall performance of
the PVA-MMT nanocomposite. This correlation is essential for de-
signing materials with tailored properties for specific applications,
such as packaging, coatings, and biomedical devices [30]. In situ
XRD can be combined with other analytical techniques, such as dif-
ferential scanning calorimetry (DSC) and thermogravimetric analy-
sis (TGA), to provide a more comprehensive understanding of the
thermal behaviour of PVA-MMT nanocomposites [31]. These com-
plementary techniques can help elucidate the relationship between
thermal transitions and structural changes, enhancing the interpre-
tation of the XRD data.

3.5. Small-Angle X-Ray Scattering

Small-angle x-ray scattering (SAXS) is a powerful technique for an-
alysing the nanoscale structure of materials [32]. SAXS provides
detailed information about structures at the nanoscale, which com-
plements the data obtained from other XRD methods. It measures
the scattering of x-ray at small angles (typically less than 10°). The
scattering intensity as a function of angle provides information
about the size, shape, and distribution of nanostructures within the
material [33]. Unlike wide-angle XRD, which focuses on atomic-
scale structures and crystalline phases, SAXS is sensitive to larger
structures in the range of 1-to-100 nm, making it ideal for studying
the distribution of nanoparticles and other nanostructured features.

One of the primary applications of SAXS in the study of PVA-
MMT nanocomposites is analysing the dispersion of MMT platelets
within the PVA matrix. SAXS can reveal whether the MMT plate-
lets are well dispersed, intercalated, or exfoliated. This information
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is critical for understanding the mechanical, thermal, and barrier
properties of the nanocomposite, as the degree of dispersion directly
influences these properties. It also can be used to characterize
nanostructured phases within the PVA matrix. For example, SAXS
can detect the presence of nanocrystalline regions and provide in-
formation about their size and distribution [32]. This is particularly
useful for studying the formation of crystalline phases during pro-
cessing and how they are affected by the presence of MMT. The
nanostructural information obtained from SAXS can be correlated
with the mechanical properties of the nanocomposite. For example,
the degree of dispersion and the size of MMT aggregates can influ-
ence the tensile strength and modulus of the material. By combin-
ing SAXS data with mechanical-testing results, researchers can de-
velop models to predict the mechanical behaviour of the nanocompo-
site based on its nanostructure.

SAXS is well suited for in situ studies, allowing researchers to
monitor structural changes in real time as the nanocomposite is
subjected to various conditions, such as temperature changes or me-
chanical deformation [33]. This capability is valuable for studying
processes like crystallization, phase separation, and the response of
the nanocomposite to external stresses. In situ SAXS can provide
insights into the kinetics of these processes and the mechanisms
driving structural changes. While wide-angle XRD provides infor-
mation about the atomic-scale crystalline structure, SAXS comple-
ments this by providing data on larger-scale structures. The combi-
nation of SAXS and wide-angle XRD offers a comprehensive under-
standing of the materials’ microstructure, spanning both the na-
noscale and atomic scale. This dual approach is essential for fully
characterizing the hierarchical structure of PVA-MMT nanocompo-
sites.

3.6. Synchrotron X-Ray Diffraction

Synchrotron XRD is an advanced technique that utilizes highly in-
tense and tuneable x-rays produced by synchrotron radiation [34].
This method offers several advantages over conventional XRD. Syn-
chrotron XRD provides exceptional resolution and sensitivity, ena-
bling detailed structural analysis of complex materials [35]. Syn-
chrotron radiation is produced by accelerating electrons to near the
speed of light and deflecting them through magnetic fields [36].
The resulting x-rays are highly intense and can be finely tuned
across a wide range of wavelengths. This sensitivity is beneficial for
studying the dispersion and interaction of MMT platelets with the
PVA matrix, as well as for identifying any new phases formed dur-
ing processing or thermal treatment. It allows for the collection of
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high-resolution diffraction data with greater accuracy and speed
compared to conventional XRD. The intensity and tunability of syn-
chrotron x-rays enable the detection of weak diffraction signals and
subtle structural features. The high intensity and brightness of
synchrotron x-rays enable the collection of high-resolution diffrac-
tion data. This allows for the detailed analysis of the crystalline
structure of PVA-MMT nanocomposites, including the identifica-
tion of minor crystalline phases and the resolution of closely spaced
diffraction peaks. High-resolution data are crucial for understand-
ing the degree of crystallinity and the distribution of different
crystalline phases within the nanocomposite.

This method is well suited for in situ and time-resolved studies,
allowing researchers to monitor structural changes in real time un-
der various conditions, such as heating, cooling, or mechanical de-
formation [35]. This capability is valuable for studying dynamic
processes such as crystallization, phase transitions, and stress-
induced structural changes. Time-resolved synchrotron XRD can
provide detailed information on the kinetics and mechanisms of
these processes, facilitating the optimization of processing condi-
tions and material properties. The high brightness and focused
beam of synchrotron x-rays make it possible to analyse thin films
and small sample volumes with high precision [37]. This is particu-
larly useful for studying the structural properties of thin PVA-
MMT-nanocomposite films used in applications, such as coatings
and membranes. The ability to analyse small samples also enables
the study of localized regions within the larger specimens, provid-
ing a more comprehensive understanding of the materials’ hetero-
geneity.

4. DISCUSSION

The review of improved methods shows that advancements in XRD
and OM techniques can significantly enhance the ability to charac-
terize accurately crystallinity and phase composition in nanocompo-
sites. These improvements are important because they allow for
more precise analysis of materials’ properties, leading to better un-
derstanding and optimization of nanocomposites for various appli-
cations. Digital holography, fluorescence microscopy, and confocal
microscopy are powerful and versatile techniques, which enhance
significantly the study of crystallinity and phase composition in
PVA-MMT nanocomposites. Digital holography offers high resolu-
tion and 3D-imaging capabilities, enabling detailed visualization of
microstructural features and phase compounds in polyvinyl alcohol—
montmorillonite nanocomposites. Fluorescence microscopy provides
high contrast and specificity by using fluorescent labels that is ex-
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cellent for identifying different phases and components, though it
requires careful preparation to avoid photobleaching. Confocal mi-
croscopy combines high resolution and 3D imaging with the ability
to investigate optically section samples, providing detailed spatial
information about the distribution of crystalline regions. Each
method offers non-destructive analysis and real-time observation of
dynamic processes, although sample preparation is critical to avoid
artefacts and ensure accurate results. The cost and complexity of
these methods vary, with digital holography and confocal microsco-
py typically requiring equipment that is more specialized and exper-
tise compared to fluorescence microscopy. Together, these advanced
optical-microscopy techniques enhance the characterization of crys-
tallinity and phase compounds, overcoming the limitations of con-
ventional methods.

The combined use of advanced optical methods can be performed
to increase the capabilities of optical study even more. The combi-
nation of DH with advanced optical-microscopy techniques, such as
fluorescence microscopy and confocal microscopy, can significantly
enhance the study of PVA-MMT nanocomposites. DH captures the
entire optical field, providing detailed 3D images and quantitative
phase contrast. When integrated with fluorescence microscopy, it
leverages high specificity fluorescence labelling to enhance contrast
and selectively visualize different phases within the nanocomposite.
Fluorescently labelled montmorillonite platelets and crystalline re-
gions within the PVA matrix can be distinctly imaged, clearly dif-
ferentiating various components. The quantitative phase data from
digital holography can be correlated with fluorescence-intensity
measurements for a comprehensive understanding of the materials’
structures, revealing morphology and distribution of crystalline re-
gions alongside concentration and spatial distribution of labelled
components. Both techniques allow real-time observations of dynam-
ic processes, enabling simultaneous monitoring of phase changes
and fluorescence signals to understand crystallization and phase
transitions. Confocal microscopy adds high-resolution, depth-
selective imaging, enhancing the detailed visualization of the inter-
nal structure of PVA-MMT nanocomposites, including the morphol-
ogy and spatial distribution of crystalline regions and montmorillo-
nite platelets. This combined approach offers a multifaceted and
comprehensive analysis of the crystallinity and phase composition
in these materials.

The work by Y. Lin et al. [38] reviews various microscopy and
spectroscopy techniques used for the characterization of polymeric
membranes. The study focuses on the application of these tech-
niques to analyse the structural, morphological, and chemical prop-
erties of membranes, with an emphasis on their performance in fil-
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tration and separation processes. In contrast, this review focuses on
the characterization of polyvinyl alcohol-montmorillonite nanocom-
posites, specifically using x-ray diffraction and optical microscopy
to examine crystallinity and phase composition. The key difference
lies in the material of Y. Algaheem et al. [39], where the authors
focused on polymer membranes, while the current work is centred
on polymer-clay nanocomposites. Additionally, the present review
emphasizes the integration of XRD with microscopy techniques,
which is less emphasized in the membrane-focused study.

In situ XRD, SAXS, and synchrotron x-ray diffraction are pow-
erful techniques for studying the crystallinity and phase composi-
tion of PVA-MMT nanocomposites. In situ XRD enables real-time
monitoring of structural changes under controlled environmental
conditions, providing valuable insights into dynamic processes, such
as crystallization and phase transitions. In situ XRD offers high
resolution suitable for identifying crystalline phases and excellent
real-time monitoring of structural changes, while SAXS provides
high resolution for nanoscale structures and is effective for time-
resolved dynamic processes. Synchrotron XRD excels with very high
resolution, detailed structural analysis, and sensitivity to minor
phases, making it ideal for both bulk materials and thin films. All
methods provide high penetration depths and are generally non-
destructive. Proper sample preparation and alignment are crucial,
with minimal artefacts, if done correctly. However, the cost and
accessibility vary, with synchrotron XRD being the most expensive
and requiring specialized facilities, whereas in situ XRD and SAXS
are more accessible, but still require specialized equipment. Overall,
these methods complement each other, providing a comprehensive
framework for characterizing the crystallinity and phase composi-
tion in polyvinyl alcohol-montmorillonite nanocomposites.

Work by A. Ali et al. [40] provides a comprehensive review of
XRD techniques specifically for mineral characterization, focusing
on the fundamentals, practical applications, and future research di-
rections. The review is tailored for engineers, emphasizing how
XRD can be applied to analyse various minerals, their crystalline
structures, and phase compositions. On the contrary, this work fo-
cuses on the characterization of PVA-MMT nanocomposites, partic-
ularly, through the combined use of XRD and optical microscopy.
While both reviews discuss XRD, this work is more specialized in
the context of polymer nanocomposites and explores the synergy
between XRD and microscopy techniques, which are less emphasized
in the mineral-focused study by A. Ali et al.

A. Ali et al. [40] also conduct a comparative study on the crystal-
linity of polyetheretherketone (PEEK), using various techniques,
including density measurements, DSC, XRD, and Raman spectros-
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copy. The study aims to provide a comprehensive understanding of
the crystallinity of PEEK by evaluating and comparing the results
from these different analytical methods. Conversely, the present
review focuses on the characterization of polyvinyl alcohol—-
montmorillonite nanocomposites, specifically utilizing XRD and op-
tical microscopy to assess crystallinity and phase composition. The
primary difference lies in the work of M. Doumeng et al. [41],
where PEEK, a high-performance polymer, is investigated, while
the current review centres on PVA-MMT nanocomposites. Addi-
tionally, the present work emphasizes the combined use of XRD and
microscopy techniques, whereas M. Doumeng et al. incorporate a
broader range of characterization methods. Overall, the combined
use of these advanced optical-microscopy and x-ray diffraction
techniques provides a more comprehensive understanding of the
crystallinity and phase composition in PVA-MMT nanocomposites,
paving the way for the development of materials with optimized
properties for specific applications. Future research could focus on
further refining these techniques and exploring their application in
new types of nanocomposites, as well as integrating them with oth-
er analytical methods to provide a more comprehensive understand-
ing of materials’ properties [42].

5. CONCLUSIONS

This review analysed advanced optical-microscopy and x-ray diffrac-
tion techniques to enhance the characterization capabilities of con-
ventional methods and overcome their limitations in studying the
crystallinity and phase composition of PVA-MMT nanocomposites.
By evaluating the unique strengths and limitations of digital holog-
raphy, fluorescence microscopy, confocal microscopy, in situ XRD,
SAXS, and synchrotron XRD, a comprehensive framework for ma-
terial characterization was established. Digital holography provides
detailed 3D images and quantitative phase contrast, making it an
excellent tool for visualizing microstructural features and dynamic
processes in real time. In situ XRD enables real-time monitoring of
structural changes under controlled environmental conditions,
providing valuable insights into dynamic processes, such as crystal-
lization and phase transitions. SAXS complements other XRD
methods by offering detailed information about the size, shape, and
distribution of montmorillonite platelets and other nanostructured
features.

Synchrotron XRD, with its very high resolution and sensitivity,
is ideal for detailed structural analysis and detecting minor phases,
facilitating a precise characterization of the nanocomposites’ prop-
erties. While this study provides a robust framework for character-
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izing PVA-MMT nanocomposites, there are certain limitations to
consider. The resolution and sensitivity of the techniques used may
vary, depending on the specific experimental setup and the proper-
ties of the material being analysed. Furthermore, the accuracy of
the results could be influenced by factors, such as sample prepara-
tion, environmental conditions during in situ measurements, and
the inherent complexity of the nanocomposite structure.

Future studies should aim to address these limitations by refin-
ing the methodologies and exploring alternative approaches for im-
proved characterization. Future research could focus on optimizing
the conditions for using the discussed methods, such as digital ho-
lography and other microscopy and x-ray diffraction techniques, to
enhance accuracy and efficiency in studying PVA-MMT nanocom-
posites. Particular attention should be given to the integration of
multiple techniques simultaneously to achieve a more comprehen-
sive and multifaceted analysis of the materials’ properties.
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