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PREFACE

This thesis presents an in-depth exploration into the versatile applications of
polydimethylsiloxane (PDMS), a silicon-based elastomer known for its unique
combination of optical transparency, chemical inertness, viscoelasticity, and
hydrophobicity. Utilizing these properties, the research develops and evaluates various
PDMS-based soft structures, such as, membranes and coiled flow inverters (CFIs), across

a diverse range of scientific and engineering applications.

The work encompasses both batch and continuous processes, including pervaporation-
based separation, thermal energy storage (TES), and visible-light-induced photocatalysis.
Special emphasis is placed on how PDMS, in both its pure and particle-impregnated forms,
enables or enhances functionality in these domains. The use of Sylgard 184, a commercial
PDMS formulation, is central to this investigation, as its transformation from a liquid
precursor into an elastomeric solid provides the structural adaptability required for such

multifunctional applications.

The thesis is organized into seven chapters, each building upon a core aspect of the
research. The first chapter sets the stage by introducing the materials under study—
including PDMS, silicon oxycarbide (SiOC) and zinc titanate (ZnTiOs3) and outlining the
specific objectives and scope. It provides the scientific background and relevance of the

core topics, from photocatalysis and TES to membrane-based separations.

The second chapter details the experimental methodology, including materials used,
synthesis procedures, and characterization techniques. This foundational chapter ensures

reproducibility and establishes the basis for subsequent analyses.

Chapters three through six present the experimental results and application-specific studies.
Chapter three introduces a photocatalytic reactor built using a PDMS-lined CFI inside
silicon tube with plasma-treated ZnTiOs particles. Chapter four investigates pervaporation
of ethanol-water mixtures using SiOC-impregnated PDMS membranes, while chapter five
discusses continuous liquid—liquid extraction of acetic acid using a PDMS-based CFI.
Chapter six shifts the focus to thermal energy storage, where PDMS membranes are

embedded with stearic acid as a phase change material.
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The final chapter, chapter seven, consolidates the findings, draws conclusions, and outlines
unresolved issues and future directions. It reflects on how PDMS-based soft structures can

continue to advance innovative solutions across materials science and process engineering.

This work is the culmination of interdisciplinary efforts and is intended to contribute to the
growing body of knowledge on soft materials, membrane technology, and functional
composites, highlighting PDMS as a highly adaptable platform for future scientific and

industrial innovation.
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Thesis Novelty

The thesis establishes that polydimethylsiloxane (PDMS) can be transformed from a
passive elastomer into a multifunctional soft composite platform for photocatalysis, mass
transfer and energy storage applications. The novelty of the work is reflected in the

following key contributions:

e Development of a first-of-its-kind transparent PDMS-lined coiled flow inverter
reactor impregnated with plasma-treated ZnTiO3 particles for continuous visible-
light photocatalytic degradation of methylene blue, achieving more than two-fold

higher degradation kinetics than a straight tube reactor.

e Introduction of a swelling—deswelling-based particle impregnation method for
incorporating functional particles into the subsurface region of PDMS structures

while retaining their exposure to the active interface.

e Synthesis of high-surface-area silicon oxycarbide (SiOC) particles from PDMS
sponge through a relatively low-temperature polymer-derived ceramic route,
followed by their asymmetric infusion into PDMS membranes for enhanced

ethanol-water pervaporation through a mixed solid-liquid diffusion mechanism.

e Fabrication of a millifluidic PDMS-CFI using a removable PVA filament for
continuous liquid—liquid extraction of acetic acid, achieving an overall volumetric

mass transfer coefficient of 0.007145 s™!

e Development of stearic acid embedded PDMS membranes were prepared for
thermal energy storage, with optimized latent heat utilization at ~ 19.5 wt% stearic

acid.
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Thesis Abstract

This thesis presents the design and development of PDMS—oxide particle based soft
composite structures for continuous photocatalysis, pervaporation, liquid-liquid extraction,
and thermal energy storage. Using Sylgard 184 PDMS as the primary soft matrix,
functional fillers including plasma-treated zinc titanate (ZnTiOs3), silicone oxycarbide
(Si0C), and phase change material-stearic acid (SA) were incorporated to overcome the
limitations of pristine PDMS and develop multifunctional systems for photocatalytic,

separation, mass transfer, and thermal applications.

In the first segment, a transparent PDMS-lined CFI reactor was fabricated for continuous
visible-light photocatalytic degradation of methylene blue (MB) dye. The reactor was
prepared by coating the inner surface of a silicone tube with PDMS, swelling the cured
lining, and immobilizing plasma-treated rhombohedral ZnTiO3 particles, synthesized
through the sol-gel method, within the PDMS layer through a swelling—deswelling
approach. Plasma treatment improved the aqueous dispersibility and suspension stability
of ZnTiOs3 particles, while band-gap analysis showed a reduced optical band gap of 2.77
eV, supporting visible-light photocatalytic activity. The ZnTiO3 particles were
immobilized inside the PDMS-lined CFI with an estimated particle area fraction of 0.105,
corresponding to an exposed photocatalyst area of approximately 10.34 cm?. Photocatalytic
experiments were conducted using 10 ppm MB solution at six flow rates of 0.72, 0.96, 1.20,
1.44, 1.68, and 1.92 mL/min under a 25 W white LED source. The illuminated ZnTiO3-
lined PDMS-CFI exhibited a pseudo-first-order rate constant of 24.66 + 6.28 x 10 min",
compared with 10.60 + 3.28 x 107> min™! for the illuminated straight tube and 3.69 + 2.00
x 107> min"! for dark CFI operation. The more than two-fold enhancement over the straight
tube and nearly five-fold improvement over dark operation confirmed the combined role of
photocatalyst immobilization, visible-light activation, optical accessibility, and CFI-

induced secondary flow in improving continuous photocatalytic degradation.

Another part of the work involved the fabrication and comparison of neat and SiOC-
impregnated PDMS membranes for pervaporation-based ethanol-water separation. SiOC
particles were synthesized from PDMS sponge through low-temperature thermal
degradation at 550 °C, producing porous amorphous Si—O—C particles with high specific
surface area of approximately 192 m? g'!. These particles were selectively infused into one

surface of swollen PDMS membranes using a diisopropylamine-assisted suspension
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method, producing asymmetric composite membranes with localized particle penetration
up to approximately 100 um. SEM-EDX, porometry, and contact-angle analyses
confirmed localized SiOC incorporation, broadened pore-size distribution, and increased
surface hydrophilicity. Pervaporation experiments were performed for a 1:1 ethanol-water
mixture at 298 K under reduced permeate-side pressure. Although the absolute flux
remained comparatively low, the SiOC-impregnated membrane showed approximately
150% enhancement in ethanol-water separation factor compared with the native PDMS
membrane. This improvement was attributed to localized hydrated SiOC domains that
promoted ethanol transport through a mixed solid-liquid diffusion pathway, unlike the

mainly solid-state diffusion mechanism dominant in neat PDMS membranes.

In continuation, a millifluidic PDMS-based CFI was developed for continuous liquid—
liquid extraction of acetic acid from an acetic acid—toluene and water system. The CFI was
fabricated by casting PDMS around a removable helical polyvinyl alcohol filament,
followed by template dissolution to form an internally coiled channel. The cured PDMS
structure was sectioned and reconnected to generate four sequential 90° inversions,
enabling periodic phase reorientation, interfacial renewal, and enhanced liquid—liquid
contact. The system was used to extract acetic acid from an organic mixture containing
10% acetic acid in toluene using water as the extracting phase. Extraction studies were
performed by varying aqueous and organic phase flow rates, while outlet concentrations
were determined through refractive-index calibration. The results showed that aqueous
phase flow rate had a stronger influence on mass transfer enhancement than organic phase
flow rate. At constant aqueous flow, increasing the organic phase flow rate improved
extraction efficiency by about two-fold, whereas increasing aqueous flow produced nearly
three-fold improvement. The maximum overall volumetric mass transfer coefficient
obtained was 0.007145 s under the highest water-flow condition, confirming the
effectiveness of PDMS-CFI geometry for compact continuous extraction and mass transfer

intensification.

Lastly, stearic acid embedded PDMS membranes were fabricated and thermally
characterized for thermal energy storage applications. Composite membranes were
prepared using the doctor-blading method by varying SA loading from 5.7 to 23.3 wt% and
tetrahydrofuran solvent volume from 2 to 4 mL. FTIR analysis confirmed successful
physical incorporation of SA into the PDMS matrix with negligible residual solvent and

without significant chemical interaction. DSC analysis showed stable melting temperatures
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around 56 °C and crystallization temperatures around 52—53 °C. Latent heat increased from
2.7 to 34.3 J g! with increasing SA loading; however, latent heat utilization efficiency
increased from approximately 24% to a maximum of nearly 80% at about 19.5 wt% SA
and then declined slightly at higher loading due to confinement-limited crystallization.
Cooling-curve analysis showed that the composite membranes reduced the cooling rate
from approximately 2.0 °C/min for pure SA to approximately 0.29 °C/min and increased
the thermal time constant from around 1000 s to nearly 6300 s, confirming improved

thermal inertia and controlled heat-release behavior due to the insulating PDMS matrix.

Overall, the thesis demonstrates that PDMS can be transformed from a passive elastomer
into an active multifunctional soft composite platform by incorporating suitable functional
fillers and controlling their spatial distribution. The objective outcomes confirm
measurable improvements across all experimental domains: enhanced photocatalytic
kinetics in ZnTiOs-lined CFIs, approximately 150% improvement in ethanol-water
separation factor using SiOC-impregnated membranes, a maximum volumetric mass
transfer coefficient of 0.007145 s in acetic acid extraction, and nearly 80% latent heat
utilization efficiency at optimized SA loading. The subjective conclusions indicate that
PDMS-based soft structures are suitable for integrating photocatalysis, selective transport,
interfacial mass transfer, and thermal energy storage within a unified flexible framework.
Future work may focus on optimization of photocatalytic operating parameters, long-term
catalyst stability, real wastewater validation, improvement of pervaporation flux,
membrane durability, particle leaching assessment, scale-up of PDMS-CFI systems, long-
term PCM cycling, leakage resistance, and incorporation of thermally conductive fillers for

improved thermal response.
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Chapter 1: Motivation and Introduction

1.1 Motivation

The evolution of functional materials has significantly advanced material science,
environmental remediation, and sustainable technologies. Among these, soft polymeric
materials are especially attractive because of their tunable properties, flexibility, chemical
stability, and compatibility with microfabrication techniques. Polydimethylsiloxane
(PDMS), in particular, has emerged as a material of choice owing to its optical
transparency, chemical inertness, and versatility in constructing structures that support
mass transfer operations and photoactive reactions under ambient or visible light

conditions.

Despite its wide use in membranes, microfluidics, and soft reactor systems, pristine PDMS
suffers from limitations, such as, hydrophobicity, low surface activity, and insufficient
catalytic functionality. These drawbacks restrict its broader applicability in integrated
photocatalytic and pervaporation systems. Incorporating functional fillers, such as, oxide
particles, e.g., ZnTiOs, polymer-derived ceramics, like, silicon oxycarbide, and phase
change materials, such as, stearic acid offers a pathway to engineer hybrid PDMS-based
composites with synergistic properties. Such composites can enhance catalytic efficiency,

light harvesting, and stability while improving selectivity and mass transfer characteristics.

This thesis is motivated by the need to bridge the gap between soft material design and
process intensification. By fabricating PDMS—oxide particle composites for continuous
photocatalytic reactors and mass transfer applications, the study aims to integrate the
mechanical advantages of PDMS with the catalytic and functional attributes of inorganic
and hybrid fillers. These developments hold strong potential for advancing next-generation
multifunctional systems in materials science and engineering, particularly for

environmental and energy-related applications.

1.2 Overview of PDMS

1.2.1 Definition, synthesis, and molecular characteristics

PDMS, also known as dimethicone, is a synthetic, silicon-based organic polymer belonging

to the broader class of silicones. It is composed of repeating —[Si(CHs),—O]— units, where
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each silicon atom is bonded to two methyl groups and connected through oxygen atoms,
forming a flexible siloxane backbone. This distinctive backbone provides the polymer with
a high degree of conformational mobility and forms the basis for many of its unique

physicochemical properties.

The empirical formula of PDMS is (CoHsOSi)n where "n" denotes the degree of
polymerization. Depending on the value of "n", PDMS can exist as low-viscosity fluids,
gels, or rubber-like solids[1]. A schematic representation of the basic chemical structure of

PDMS is shown below in Figure 1.1:

CH, ff”s CH,
H,C~§i~O——8i—0-—Si—CH,
CH, | CH, Jn CH,

Figure 1.1: Chemical Structure of Polydimethylsiloxane (PDMS)[-Si(CHs).—0—],

where, Si = silicon atom, O = oxygen atom, CHs = methyl group, n = number of repeating
units). PDMS is typically synthesized through a two-step process involving the hydrolysis
and condensation of dimethyldichlorosilane (Si(CH3):Cl). In the presence of water,
hydrolysis yields silanol groups (—Si—OH), which subsequently undergo condensation to
form siloxane (—Si—O—Si—) bonds, resulting in linear or slightly branched polymer chains.
The final molecular weight is governed by the extent of polymerization, which can range

from several thousand to several million Daltons[2].

The siloxane backbone of PDMS, comprising alternating Si—O linkages, has distinct
molecular geometry compared to traditional organic polymers. The Si—O bond is both
longer (~1.64 A) and more flexible than C—C or C—O bonds, and the bond angle (~143°)
imparts significant rotational freedom to the polymer chain. This architecture enables high
flexibility and thermal stability, making PDMS a versatile material for both research and
industrial applications. Attached to each silicon atom are two methyl groups (—CHs), which
contribute to the polymer’s hydrophobicity, reduce intermolecular interactions, and result
in a very low glass transition temperature (Tg =—125°C). These characteristics allow PDMS

to remain soft and elastic over a wide temperature range|3,4].

PDMS chains can be terminated with functional end groups, such as, hydroxyl, vinyl, or
hydrogen. These groups enable chemical modifications and facilitate cross-linking, which

is essential for producing solid elastomeric materials. At room temperature, PDMS
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typically exists as a transparent, viscous liquid, owing to the molecular flexibility of its
siloxane backbone. This fluidic nature is essential to its processability, particularly in

microscale and soft material fabrication.

To transform PDMS into a usable structural material, it is mixed with a cross-linking agent,
usually as part of a commercial two-part kit, such as, Sylgard 184 (Dow Corning). This
formulation consists of a vinyl-terminated PDMS base polymer and a curing agent
containing a silicon-hydride cross-linker and a platinum-based catalyst. These components
are typically mixed in a 10:1 weight ratio, initiating a hydrosilylation reaction. During this
process, silicon-hydride (Si—H) groups react with vinyl groups (-CH=CH:), forming a

three-dimensional cross-linked network[5—7], as shown below in Figure 1.2.

3
o

2
CH, CH, U H-Si—CH, CH, CH, CH, CHyH 10

~o-g0—3GEGH + o+ HESHEH—o—4—0~ —s ~0-§o-f-fh-oig-cH,
H H HC—T-&_—_&!_—E CH, CH CH, CH, | :' »I«:CH; Ty
0 H,c—sl-—:gki,_—_rtc_{—sli—o—sli—o~
9 CH, CH

PDMS (base) + crosslinker + PDMS (base) — PDMS network

§
/\/L/\/‘J,%+/\/L/\/‘_.

Figure 1.2: Crosslinking reaction between PDMS and cross-linker (curing agent).

The mixture can be cured either at room temperature or with mild heating, resulting in a
flexible, rubber-like elastomer. The curing process can be initiated thermally (heating up
to 150 °C for 10 minutes) or allowed to proceed slowly at room temperature over a longer
duration of 2 days. Specifically, the curing time and the temperature depends on the
crosslinking ratios. The higher crosslinking ratios cure faster but are mechanically
brittle[8,9]. Upon curing, the PDMS replica can be peeled away, reproducing the original
pattern with high fidelity and dimensional accuracy. The cured PDMS retains excellent
mechanical compliance, making it ideal for applications requiring soft, stretchable, or

deformable materials[10].

1.2.2 Background, significant properties, applications and limitations

PDMS holds significant historical relevance as one of the most influential and widely

utilized silicon-based polymers in modern science and industry. Its origins can be traced
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back to the early 20th century when chemists first began exploring the unique chemistry of
organosilicon compounds. Pioneering work by Friedrich Kipping in the early 1900s laid
the foundational understanding of silicon-based polymers, although practical applications
were not immediately realized. The turning point came during the 1940s, in the midst of
World War II, when industrial interest in synthetic materials that could withstand extreme
conditions led to the development and commercialization of silicones, including PDMS.
Companies, like Dow Corning played a pivotal role in advancing silicone technology,
producing PDMS for use in electrical insulation, lubricants, and sealants due to its

exceptional thermal stability, flexibility, and chemical inertness[11].

The widespread adoption of PDMS accelerated in the 1990s with the advent of soft
lithography and microfluidics, where PDMS’s optical transparency, moldability, and
elastomeric nature made it indispensable for lab-on-a-chip systems and biomedical
diagnostics[12,13]. These properties have since enabled applications in soft robotics,

wearable electronics, and environmental sensors[14—16].

PDMS is inherently hydrophobic due to the presence of nonpolar methyl (~CHs) side
groups on its siloxane backbone. This results in a low surface energy (~20—25 mN/m) and
a water contact angle ranging from 100° to 120°, making PDMS highly water-repellent.
These features are advantageous in microfluidics, where anti-fouling and non-wetting
behavior support controlled fluid handling. However, this same hydrophobicity poses
challenges in biological systems, where it can hinder cell adhesion, protein adsorption, and
aqueous wetting. In microchannels, air bubble entrapment and reduced surface reactivity

are also common concerns[17-19].

To mitigate these limitations, surface modification techniques have been extensively
developed. Oxygen plasma treatment temporarily introduces hydrophilic —OH groups,
drastically reducing the water contact angle and improving bonding, though hydrophobic
recovery remains a drawback. More permanent approaches include UV-induced grafting
of hydrophilic polymers and silanization using reactive silane agents to enable

functionalization for biosensing or protein immobilization[20,21].

PDMS also demonstrates high permeability to organic vapors and gases due to its flexible
siloxane chains and large free volume. This enables selective diffusion based on molecular
size, solubility, and polymer affinity. PDMS readily absorbs nonpolar solvents and volatile

organic compounds (VOC:s), like, alcohols and hydrocarbons, while water and other polar
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species are less permeable. These properties are useful in pervaporation membranes,
chemical sensors, and controlled release systems. However, excessive swelling from
solvents, such as, toluene, hexane, or chloroform can cause dimensional instability and

mechanical degradation[17,22].

Mechanically, PDMS is a soft elastomer with tunable properties. Base to curing agent ratio,
curing time, temperature adjusts its stiffness, yielding a Young’s modulus from 0.2 to 3
MPa, tensile strength of 3—8 MPa, and elongation at break of 100-200%. Thermally, PDMS
operates reliably from —50 °C to 200 °C and exhibits high oxidative and UV stability.
Optically, it is highly transparent (transmittance >90% in the 400—1100 nm range), with a
refractive index (~1.41) close to biological tissues, making it suitable for imaging and

optical sensors[2,8,9,23,24].

Despite its strengths, PDMS has notable limitations. Its incompatibility with strong acids,
bases, and aggressive solvents can lead to Si—O—Si backbone degradation. Furthermore,
PDMS tends to absorb small hydrophobic molecules, which can compromise assay
sensitivity, cause leaching, and introduce cytotoxicity[17,25,26]. This is particularly
problematic in drug delivery and biosensing applications where precision and

reproducibility are critical.

To address these issues, surface coatings such as poly(ethylene glycol), parylene, or silica
are applied using grafting, chemical vapor deposition (CVD), or atomic layer deposition
(ALD). These enhance chemical resistance, reduce absorption, and extend surface
hydrophilicity. Additionally, PDMS composites incorporating fillers, like, silica
nanoparticles, graphene oxide, or nanoclays improve mechanical strength, solvent
resistance, and barrier properties without severely affecting elasticity[2,27]. These
innovations are crucial for extending the material’s functionality in demanding

environments.

1.3 Overview of polymer-derived ceramics

1.3.1 Introduction, synthesis, and classification

Polymer-derived ceramics (PDCs) represent a novel and versatile class of non-oxide
ceramics that are synthesized via the cross linking and thermal decomposition (pyrolysis)

of preceramic polymers—organosilicon compounds, such as, polycarbosiloxanes,
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polysilazanes, or polysilsequioxanes under controlled conditions, typically in an inert or

reactive atmosphere. This method, first introduced over five decades ago, has since gained

significant attention due to its ability to create ceramics with tailored properties and

complex geometries. Unlike conventional ceramics formed by powder sintering at high

temperatures, PDCs originate from molecularly designed polymer precursors that provide

precise control over the final ceramic composition and structure[28].

The synthesis of PDCs generally involves four major stages:

Shaping: Preceramic polymers can be shaped into complex forms using techniques,
such as, molding, extrusion, dip-coating, or 3D printing.

Cross-linking: Thermal or chemical cross-linking creates a networked structure
within the polymer, enhancing stability during pyrolysis.

Pyrolysis: The cross-linked polymer is subjected to temperatures ranging from
800°C to 1500°C. This results in decomposition of the organic groups and
transformation into an amorphous ceramic phase without melting.
Crystallization: At higher temperatures, partial crystallization can occur, forming

nanocrystalline domains embedded within the amorphous matrix.

PDCs are typically classified based on the elemental composition of the preceramic

polymer and the resulting ceramic material:

Si—C ceramics: Derived from polysilanes and polycarbosilanes, resulting in silicon
carbide-based materials.

Si-N ceramics: Produced from polysilazanes, leading to silicon nitride-type
ceramics.

Si—-C-N ceramics: Created by modifying organosilicon polymers to include
nitrogen, combining the properties of both SiC and Si3Na.

Si—O ceramics: Formed from silicone-based precursors, such as, PDMS.
Multicomponent and metal-modified ceramics: Incorporating additional
elements, like, boron, aluminium, titanium, hafnium, or zirconium into the network
(e.g., Si-B—C—N, Si—Ti—C-N), enabling advanced thermal, electrical, and chemical

functionalities.
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The flexibility in polymer design and processing conditions allows for significant tunability
of properties, making PDCs suitable for a wide variety of application-specific material

designs[29].

1.3.2 Properties and applications

Polymer-derived ceramics are distinguished by a unique combination of structural and
functional properties. Structurally, they exhibit high thermal stability, withstanding
temperatures up to 2000 °C while maintaining their amorphous nature and resisting creep,
crystallization, and oxidation. Chemically, they are highly inert, making them suitable for
corrosive environments. Functionally, PDCs can exhibit semiconducting behaviour,
photoluminescence, piezoresistivity, and even electromagnetic shielding, largely attributed

to their nanostructured domains and bond arrangements.

Advances in materials science have revealed that the unique nanoscale features of PDCs—
characterized by nanodomains (1-5 nm) comprising Si—C, Si—O, and Si—N bonds—are
crucial to their multifunctional behavior. These nanostructures often resemble disordered
networks of graphene-like sheets, which significantly enhance their mechanical, thermal,
and electrical performance. The versatility of the polymer route allows easy shaping into
complex geometries before pyrolysis, enabling the cost effective net-shape processing and
integration into various components, including high-strength ceramic fibers, coatings,
porous bodies, selective membranes, and microelectromechanical systems (MEMS).
Furthermore, by manipulating the polymer chemistry and pyrolysis conditions, hybrid
materials with tunable organic-inorganic character can be fabricated, offering lightweight
structures with superior thermal and chemical resistance for use in intermediate-

temperature applications (300—-600 °C)[30].

Applications are broad and span multiple high-performance domains, including:

o Aecrospace components: PDCs are used in turbine engine parts and other high-
temperature components due to their thermal stability and strength.

e Electromagnetic interference (EMI) shielding: SiOC composites have been
developed for effective EMI shielding, combining high permittivity with structural
integrity.
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e Thermoelectric devices: PDCs are being explored for sustainable thermoelectric
applications due to their low thermal conductivity and tunable electrical
properties.

e 3D Printed structures: The ability to 3D print PDCs allows for the creation of
complex, high-performance components that are difficult to achieve with
traditional ceramic processing methods.

o Biomedical engineering: Biocompatible PDCs are applied in tissue regeneration,

implant design, drug delivery, and wound dressing.

The interdisciplinary nature of PDC research continues to drive innovations in material

design, positioning PDCs as integral components of next-generation technologies.

1.3.3 Polymer derived SiOC

Silicon oxycarbide (SiOC) is a ternary, polymer-derived amorphous ceramic in which
silicon atoms form mixed SiOxCax tetrahedral units, bonded to both oxygen and carbon
within a continuous network which given in Figure 1.3[31]. During pyrolysis, around
1100 °C the material retains its largely amorphous structure, yet high-resolution analysis
reveals nanoscale heterogeneity due to non-stoichiometry and embedded free-carbon
domains. These nanodomains include amorphous SiO: clusters, turbostratic or graphitic
free carbon, amorphous or crystalline SiC, and interfacial regions rich in mixed-bond
S104C4x units. Carbon content can be tuned by selecting different polymer precursors—for
instance, varying triethoxysilane versus methyldiethoxysilane modulates the amount of C
incorporated. With increasing carbon loading, graphitic nanodomains percolate through a
C-rich Si04C4x matrix, while oxygen-rich units form the surrounding scaffold. At low
carbon levels (<8 wt %), the material approaches near-stoichiometric SiOC, enabling
clearer observation of microstructural evolution. Upon annealing to ~1300 °C, phase
separation begins as Si—O and Si—C bonds redistribute. Further heating to 1400-1600 °C
triggers carbothermal reduction: free carbon reacts with SiO2 to form nanoscale B-SiC,

diminishing the carbon content[29,31].
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Figure 1.3: common precursors used in synthesis of polymer-derived SiOC and their
microstructures.

1.4 Overview of perovskite materials

1.4.1 Introduction, structural variants, synthesis and Classification

Perovskite materials are a highly adaptable class of ABO3 crystalline oxides, where
differently sized A- and B-site cations coordinate with oxygen. First discovered as CaTiO3
by Gustav Rose in 1839 and later named after Russian mineralogist, Lev Perovski, they are
widely studied for their structural flexibility and multifunctionality. In the ideal cubic form,
A-site cations occupy cube corners, B-site cations sit at the body center, and oxygen atoms
lie at face centers. Their capacity to accommodate varied ionic radii and valence states
enables precise tuning of structural and functional behaviour, supporting diverse electronic,

catalytic, and optical applications[32,33].

The stability of the perovskite framework is commonly described using the Goldschmidt

tolerance factor[34]:

) (1.1)
t=———
\/2(7‘3 + To)
where 7, 15 and 75 (= 0.14 nm) are the ionic radii of the A-site, B-site, and oxygen anion,
respectively. A value close to 1 suggests ideal cubic symmetry, while significant deviations
(z<0.9 or >1) yield distorted phases with lower symmetry structures, like, tetragonal,

orthorhombic, or rhombohedral variants due to octahedral tilting and distortions.

The synthesis route plays a crucial role in determining the phase purity, crystallinity,

morphology, and performance of perovskite materials. Common methods include:
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e Solid-state reaction: This conventional route involves mixing stoichiometric
amounts of metal oxides or carbonates, followed by high-temperature calcination
(typically above 1000 °C). Though simple and cost-effective, this method often
requires repeated grinding and calcining to ensure homogeneity and phase
formation. It may also result in larger grain sizes and less control over morphology.

e Sol-gel and pechini: These wet chemical methods enable better control over
particle size and homogeneity. Metal alkoxides or nitrates are hydrolyzed and
polymerized to form a precursor gel, which is then calcined to yield the perovskite
phase. The Pechini method further involves citric acid and ethylene glycol to form
a polymeric network that encapsulates metal ions, resulting in nanosized,
homogenous particles upon combustion and calcination.

e Hydrothermal and solvothermal: These techniques involve reacting precursors
in a sealed autoclave under elevated temperature and pressure conditions. They are
useful for obtaining nanocrystalline perovskites with high phase purity at lower
temperatures.

e Combustion and microwave-assisted: Self-sustained combustion synthesis and
microwave irradiation have been employed to reduce synthesis time and energy
consumption while achieving fine particle morphology and high crystallinity.

The method selected depends on the targeted application as: nanostructured perovskites are
preferred for catalysis and sensors due to higher surface area, while bulk ceramics are used

for ferroelectric and piezoelectric devices[34].

Perovskites are classified based on symmetry (cubic SrTiOs, tetragonal/orthorhombic
ZnTi03), chemical composition (simple ABO3, double A»BB'Og, and layered Ruddlesden—
Popper phases), or functionality (ferroelectric, magnetoresistive, superconducting,
photovoltaic, and catalytic systems). Among catalytic perovskites, ZnTiOs, a metastable
ilmenite perovskite type titanate has gained significant interest due to its visible-light
photocatalytic activity, wide bandgap tunability, and thermally induced phase
transformation from cubic to hexagonal or ilmenite structures. Nanoscale ZnTiOs particles
synthesized via sol—gel[35,36] or combustion route exhibit high surface area and strong
oxidative capability, making them suitable for dye degradation, UV-assisted

photocatalysis, and membrane-based photoreactors.
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1.4.2 Properties and applications

One of the most significant features of perovskites is their outstanding optoelectronic
properties. These materials typically possess a direct bandgap that is easily tunable between
1.2 to 2.3 eV by modifying their chemical composition. This makes them excellent
candidates for light-harvesting applications, like, solar cells. In addition, perovskites have
a high absorption coefficient, long carrier diffusion lengths, and high charge-carrier
mobility, which collectively contribute to their efficiency in photovoltaic and
photodetection applications[37]. Certain perovskites, particularly perovskite oxides, like,
BaTi0s, display ferroelectric and piezoelectric behaviour, meaning they can generate an
electric field in response to mechanical stress and vice versa. These materials are also
known for their high dielectric constants, which make them valuable in capacitor and
memory applications. Moreover, some perovskite oxides exhibit magnetic and
superconducting properties. For example, lanthanum manganites demonstrate colossal
magnetoresistance, while cuprate-based perovskites, such as, YBa;CusO; are high-
temperature superconductors. Another notable attribute of perovskites, especially the
hybrid organic-inorganic types, is their defect tolerance. Unlike many traditional
semiconductors, perovskites can maintain high performance despite having a relatively
high density of defects. However, a significant challenge remains in terms of stability.
Many perovskite materials, particularly those incorporating organic cations, are sensitive
to moisture, heat, and UV exposure. This has led to ongoing research into more stable all-

inorganic perovskite compositions[34,38].

The unique and tunable properties of perovskite materials have opened the door to a wide
range of applications across multiple technological fields. One of the most prominent areas
is in solar energy. Perovskite solar cells (PSCs) have emerged as one of the most efficient
and cost-effective alternatives to traditional silicon-based photovoltaics. Since their
introduction, PSCs have rapidly achieved power conversion efficiencies exceeding 26%,
and ongoing research aims to surpass 30% through tandem configurations with silicon or
copper-indium-gallium-selenide (CIGS) cells. Their solution-based, low-temperature
fabrication processes also make them highly attractive for large-scale and flexible solar
modules. In the field of optoelectronics, perovskites have shown significant potential in
devices, such as, light-emitting diodes, photodetectors, and X-ray detectors. Their high
luminescence efficiency and tunable emission wavelengths make them suitable for displays

and lighting applications. Similarly, their high photoconductivity and fast response times
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are beneficial in creating highly sensitive photodetectors. Perovskite oxide materials are
gaining traction in electrocatalysis, particularly for applications, such as, the oxygen
evolution reaction and oxygen reduction reaction in fuel cells and metal-air batteries. These
oxides serve as cost-effective alternatives to platinum-based catalysts. Furthermore, their
potential in CO: reduction and photocatalytic water splitting holds promise for sustainable

fuel generation and carbon capture technologies.

Additionally, some perovskites exhibit promising thermoelectric properties, potentially
enabling waste heat recovery in industrial systems. Finally, due to their sensitivity to
environmental changes, perovskites are being explored for gas sensing and environmental
monitoring. They can detect trace amounts of gases, such as, NO, and NH3s, as well as

changes in humidity and temperature, making them suitable for smart sensing devices[38—

40].

1.4.3 Hexagonal phase of zinc titanate as photocatalytic perovskite material

Zinc titanate (ZnTiO3 or ZTO) is a technologically significant ceramic with an ilmenite-
type perovskite-related structure under certain conditions. It exists in both cubic and
hexagonal polymorphs (Figure 1.4), the Ilatter being more common at lower
temperatures[41]. ZnTiOs is often studied for its dielectric, photocatalytic, and gas-sensing
properties. ZnTiOs; is typically synthesized through sol-gel, combustion, or co-
precipitation routes, where controlling temperature is crucial to prevent secondary phases,
like, Zn,TiO4. Its photocatalytic activity under UV and visible light, especially in water
splitting and organic pollutant degradation, is attributed to its suitable band gap (~3.2 V),
stability, and surface area. Furthermore, it has gained attention as a component in
microwave dielectric ceramics and as a potential electrode material in lithium-ion batteries.
Doping with rare-earth ions or coupling with TiO> enhances its performance in
environmental and energy-related applications[42—45]. XRD characterization confirms the
hexagonal (rhombohedral/ilmenite-type) phase of ZnTiOs3, exhibiting lattice parameters of
a = 5077 A and ¢ = 13.92 A, which are typical of the ilmenite-structured ZnTiOs
polymorph[46].
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Figure 1.4: Hexagonal (or rhombohedral) crystal structure of ZnTiOs3.

1.5 Overview of industrial pollutants

1.5.1 Introduction and types of pollutants

Industrialization, while essential for economic progress, has significantly intensified
environmental pollution through the release of harmful substances from activities, such as,
textile processing, dyeing, chemical manufacturing, metal mining, and paper production.
These industrial pollutants contaminate air, water, and soil, posing long-term threats to
ecosystems and human health due to their toxicity, persistence, and complex chemical
nature. Aqueous industrial effluents are particularly problematic, often containing stable

organic compounds, like, synthetic dyes, that resist conventional treatment methods.

Among these pollutants, methylene blue, a widely used synthetic dye, serves as a model
compound for evaluating treatment technologies due to its stability, toxicity, and
detectability. Advanced oxidation processes, especially photocatalysis, have emerged as

promising techniques for addressing such persistent pollutants[47].

Industrial pollutants can be classified into several categories based on their composition

and environmental behavior:

e Organic pollutants: These include synthetic dyes (e.g., methylene blue),
pesticides, phenols, polycyclic aromatic hydrocarbons, and petroleum derivatives.
They are typically toxic, non-biodegradable, and capable of bioaccumulation and
mutagenesis.

e Inorganic pollutants: Mainly comprising heavy metals, such as, lead, mercury,
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cadmium, and arsenic, these pollutants originate from activities, like, mining,
electroplating, and fertilizer production. They pose chronic health risks due to their
non-degradable nature and ability to enter and magnify through the food chain.

e Gaseous emissions: Nitrogen oxides (NOx), sulfur dioxide (SO:), carbon
monoxide (CO), carbon dioxide (COz), and volatile organic compounds contribute
to air pollution, respiratory diseases, and climate change.

e Suspended and dissolved solids: Composed of salts, minerals, and particulates,
these solids alter water properties, such as, pH, turbidity, and conductivity,
impacting aquatic life and water usability.

e Emerging contaminants: Pharmaceuticals, endocrine disruptors, microplastics,
and engineered nanomaterials represent a new class of pollutants that challenge
existing treatment technologies due to their low concentrations, complex structures,

and uncertain long-term effects.

Understanding the composition and environmental behaviour of these pollutants is crucial
for developing effective and targeted remediation strategies. Because of their resilience and
long-term persistence in environmental matrices, there is a growing need for more
advanced and sustainable treatment techniques capable of completely degrading or

detoxifying these contaminants[48].

1.5.2 Redemption techniques for industrial pollutants

The process of redemption (removal or detoxification) of industrial pollutants in Table 1.1,
encompasses a range of physical, chemical, biological, and advanced oxidation approaches.

Each method varies in effectiveness, cost, environmental impact, and scalability.

Table 1.1: Conventional methods of pollutants treatment with limitations and mechanism.

Method Mechanism Drawbacks
. Pollutants bind to porous media | Saturation, regeneration
Adsorption . .
(e.g., activated carbon) required
Coagulation- Particulate aggregation using Sludge generation,
Flocculation chemicals chemical use
. N Converts solutes into insoluble Limited to metals,
Chemical Precipitation
compounds secondary waste
. . Microbial degradation of organic Slow, ineffective for
Biological Treatment .
matter toxic or stable dyes
Membrane Filtration Physical separation of solutes Expenlsc(l)\l/leli Ifgrone o
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To overcome the limitations of traditional methods, photocatalysis has emerged as a
powerful and sustainable technique for degrading industrial pollutants, especially synthetic

dyes, like, methylene blue.

1.5.3 Methylene blue as a model pollutant

Methylene blue (MB), with the chemical formula CisHisCIN3S, is a synthetic, water-
soluble cationic dye from the thiazine class. It is extensively used in textile, paper, leather,
and biomedical industries for its vivid blue colour, high chemical stability, and strong
affinity for fabrics and organic matter. Beyond industrial use, it also has clinical
applications, such as, treating methemoglobinemia and serving as a biological stain in
laboratories. However, when discharged untreated into water bodies, methylene blue poses

significant environmental and ecological threats.

Even at low concentrations, methylene blue causes intense coloration of water, impairs
light penetration, and disrupts photosynthetic activity in aquatic ecosystems. It exhibits
cytotoxic, genotoxic, and neurotoxic effects on aquatic organisms and can bioaccumulate
through the food chain. Additionally, its strong adsorption to sediments and resistance to
microbial degradation make it persistent in natural environments and challenging to remove
via conventional wastewater treatment processes. Prolonged exposure may also have

adverse effects on human health, including irritation, nausea, and hemotoxicity.

Due to its environmental stability and well-characterized optical properties—particularly
its strong absorbance peak near 664 nm in the visible light region—methylene blue is
widely used as a model pollutant in laboratory studies. It serves as a reliable indicator for
evaluating the performance of emerging water treatment technologies, especially advanced
oxidation processes, like, photocatalysis. Its predictable degradation pathway and ease of
spectrophotometric monitoring allow researchers to assess kinetic behaviour, reaction
mechanisms, and optimize parameters, such as, pH, catalyst dosage, and light intensity. As
such, methylene blue continues to play a crucial role in the development and benchmarking

of sustainable pollutant remediation techniques[49].

1.5.4 Photocatalysis as an advanced oxidation process

Photocatalysis is a prominent advanced oxidation process[50] that utilizes semiconductor
materials, such as, titanium dioxide (TiO.), zinc oxide (ZnO), zinc titanate (ZnTiO3),

bismuth ferrite (BiFeO3), and graphitic carbon nitride (g-CsN4) to degrade pollutants under
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light irradiation. When exposed to ultraviolet or visible light, these semiconductors absorb
photons and generate electron-hole pairs (e/h") through the following fundamental

reaction:
Semiconductor + hv — e~ + h"

The photoexcited electrons (e7) reduce molecular oxygen to form superoxide anions (Oz*"),

while the holes (h*) oxidize water or hydroxide ions to generate hydroxyl radicals (*OH):
e + 02— Oz
h" + H,O/OH — *OH

These reactive oxygen species (ROS) are highly oxidative and non-selective, enabling them
to attack and break down complex organic molecules, such as, methylene blue. The
degradation pathway typically involves the transformation of MB into smaller

intermediates, which are ultimately mineralized into CO-, H20, and inorganic salts:
MB++OH/O,* — Intermediates — CO; + H>O + Mineral Salts
Photocatalysis offers several distinct advantages:

e Complete mineralization of organic pollutants without generating harmful

secondary waste.
» Utilization of solar energy, making the process sustainable and cost-effective.

e Applicability to a broad spectrum of contaminants, including both organic and

inorganic compounds.
e Application to Methylene Blue Degradation

Photocatalysis has been extensively studied for the degradation of methylene blue due to
the dye’s stability, toxicity, and ease of detection via its characteristic absorption at ~660
nm. A range of photocatalytic materials—including TiOz, ZnO, BiVOs, and various

perovskite-based catalysts—have shown high efficacy under different light sources.
The efficiency of photocatalytic degradation is influenced by several key parameters:
o Type and concentration of photocatalyst

o Initial concentration of methylene blue
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e pH of the solution
o Intensity and wavelength of the incident light
e Exposure duration

Under optimized conditions, up to 90—100% degradation of methylene blue can be achieved
within a few hours. These findings highlight the potential of photocatalysis as a robust and

environmentally friendly strategy for the treatment of dye-laden industrial effluents[51,52].

1.6 Overview of thermal energy storage and phase change materials

1.6.1 Introduction to thermal energy storage and classification

The need of energy storage is essential to fulfill the unpredictable and fluctuating demand
in future. To overcome the energy crises and meet this challenge various energy storage
materials were studied by researchers across the globe for many decades, still a lot of

potential is to be explored from the intermittency of primary sources of renewable energy.

As an energy storage approach, the present work is focused on thermal energy storage and
its retrieval. Thermal Energy Storage (TES) is a technology in which thermal energy (either

heat or cold) is stored through a storage medium and used later when needed.

Various TES technologies and applications exist. The selection of a TES system for a
particular application depends on many factors, including storage duration, economics,
supply and utilization temperature requirements, storage capacity, heat losses and available
space, thereby making it suitable for applications in building air-conditioning, textile, heat
exchanger and packed bed designs, thermal management of electronics, solar power plants

and space systems.

TES systems are categorized into three main groups: Thermochemical heat storage,

Sensible heat storage and Latent heat storage system.

Thermochemical heat storage (TCHS)[53-55] is based on storing chemical energy after
dissociation reaction and then recovering the same in a chemically reversed reaction. In the
simplest case, a reactant A is transformed and are stored separately in the products B and
C in an endothermic reaction during the charging step. Discharge then accounts for the
reversible process, in which B and C are recombined, releasing thermal energy, described

by equation (1.2).
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A+AH, s B+ C (1.2)
The stored heat (Q) is proportional to the molar reaction enthalpy (AH,), the number of

moles of one of the products(ng) and the conversion achieved (X) according to the relation

(1.3)

Qthermochemicar = XnpAH, (1.3)
Sensible heat storage (SHS) is the most mature and widely used TES option due to its
simple principle and low costs, however, it also has the lowest heat storage density among
the three types of TES. In SHS, heat is stored by raising the temperature of a liquid or solid
and released by decreasing the temperature when necessary. Common SHS materials
include water, thermal oils, molten salts, concretes and rocks[56]. The amount of heat
stored depends on the specific heat of the medium, the temperature change, and the amount
of storage material[57].
Qs = tfmcpdT =mc, (b — ;) (14)
ti
where Qg is the quantity of heat stored, in Joules; m is the mass of heat storage medium, in

kg; cp is the specific heat, in J/(kg'K); t;and t; are the initial and final temperature, in °C

respectively.

1.6.2 Phase change materials (PCMs) for latent heat storage and its classification

LHS materials are known as phase change materials (PCMs). As the name suggests, a
material that changes phase (solid, liquid and gas) owing to the releasing or absorbing of
thermal energy during melting or solidification and capable of storing latent heat at a certain

temperature is called as Phase Change Material or Latent Heat Storage Material.

Latent heat storage may be classified based on the phase change process as solid-solid,
solid-liquid, solid-gas, and liquid-gas (Figure 1.5). Solid-gas and liquid-gas
transformations are generally not employed for energy storage despite their high latent
heats, because gases occupy large volumes. In solid-solid transitions, heat stored as the
material is transformed from one crystalline form to another. These transitions generally
have small latent heats making such materials less desirable. LHS by solid-liquid phase
transition is a particularly attractive technique as it provides a high energy storage density.
Moreover, it has the capacity to store energy as latent heat of fusion at a constant

temperature corresponding to the phase transition temperature of the PCM[58].
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Figure 1.5: Classification of Phase Change Materials.

PCMs can also be categorized according to their phase transition temperatures: low-

temperature PCMs (melting point < 220°C), intermediate-temperature PCMs (220°C <

melting point < 420°C), and high-temperature PCMs (melting point > 420°C)[59].

1.6.3 Properties, applications and working principle of PCMs

The desirable properties of PCM to be used for LHS are as follows[60]:

(@)

(ii)
(iii)
(iv)
v)
(vi)

(vii)

(viii)

(ix)
(x)

High value of the heat of fusion and specific heat per unit volume and
weight.

Melting point which matches the application.

Low vapor pressure (< 1 bar) at the operational temperature.

Chemical stability and non-corrosiveness.

Should not be hazardous, highly inflammable or poisonous.

Should have a reproducible crystallization without degradation.

Should have a small supercooling degree and high rate of crystal growth.
Should have a small volume variation during solidification.

High thermal conductivity.

Should be of abundant supply and at a low cost.
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Phase Change Materials (PCMs) are being used for energy storage and thermal abatement
in a wide range of applications. These applications cover a wide range of sizes: from small
portable electronics to large-scale concentrating solar plants; and a wide range of
temperatures: from the —40°C of space-based application to the 500°C and up of solar

energy applications[61].

As the source temperature rises, the chemical bonds within the PCM breaks, and the
material changes its phase from solid to liquid. During the charging process, the material
begins to melt when the phase change temperature is reached. The temperature then stays
constant until the melting process is finished. The heat that is stored during the phase
change process (melting process) of the material at a quite constant temperature, is called
the Latent Heat. It follows an isothermal behaviour during the charging and discharging

processes[62].

The main advantage of using LHS over SHS is its ability to store and release heat at an
almost constant temperature. Initially, these materials behave like SHS materials, where
the temperature rises linearly with system enthalpy. However, once the phase change
temperature is reached, heat is absorbed or released at nearly constant temperature as the
material changes its physical state from solid to liquid, liquid to gas, or vice versa[57]. The

heat storage capacity Qs, in J, of the LHS system with a PCM medium is given by:

tm tr
Qs = mcydT + mfAq + mcy dT
ti tm (1.5)

= m[cps(tm — t:) + FAG + cpi(tr — tm)]
where tp, is the melting temperature, in °C; m is the mass of PCM medium, in kg; ¢, is
the average specific heat of the solid phase between t; and t,,, in kJ/(kg'K); ¢, is the
average specific heat of the liquid phase between t,, and t;, in J/(kg'K); f is the melt

fraction; Aq is the latent heat of fusion, in J/kg.

1.7 Overview of separation processes

1.7.1 Introduction, broad classification and significance

Separation processes are foundational operations designed to isolate, purify, enrich, or
recover one or more components from a mixture. These processes are critical in both

upstream and downstream operations, enabling the conversion of raw material soften
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naturally occurring, impure, or complex into valuable products of specified purity and
composition[63]. In industrial practice, raw inputs are rarely found in their pure form; thus,
the ability to selectively extract desired components or remove undesirable contaminants
is central to product quality, process efficiency, economic viability, and environmental

sustainability.

From crude oil distillation and natural gas purification to the production of pharmaceuticals,
polymers, food ingredients, and drinking water, separation technologies play an
indispensable role. Virtually every industrial plant whether it operates in petrochemicals,
food and beverages, pharmaceuticals, environmental engineering, or biotechnology relies
on one or more separation processes to meet technical specifications, comply with
regulatory standards, and optimize resource utilization. In many industries, separations
account for a significant portion of operational costs and energy consumption. For example,
in bulk chemical manufacturing, separations can consume over 45-55% of the total energy

used in a plant, emphasizing their economic and environmental impact[64].

Separation processes are broadly classified based on the primary property or driving force

used to differentiate between components of a mixture. These properties may include:

o Particle size — used in filtration and sieving.

o Density —used in centrifugation and sedimentation.

e Volatility or boiling point — used in distillation and evaporation.

e Solubility or chemical affinity — used in extraction and crystallization.

o Diffusivity or molecular mobility — used in membrane separations, like, dialysis
and pervaporation.

o Electrostatic or magnetic susceptibility — used in electrophoresis or magnetic

separation.

Each of these separation categories operates under unique principles and conditions,
requiring specialized equipment and control strategies. Furthermore, the choice of
separation method depends heavily on the physical state of the mixture (solid-liquid, liquid-
liquid, gas-liquid, etc.), composition, desired separation efficiency, product purity, energy

demand, and economic feasibility[65].

Among the wide array of techniques, mass transfer-based separation processes have

emerged as particularly significant, especially for complex or sensitive systems. These
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processes involve the movement of species between two phases, such as, from liquid to
liquid (in liquid-liquid extraction), gas to liquid (in gas absorption), or liquid through a
membrane (in pervaporation or reverse osmosis) driven primarily by concentration
gradients. Unlike thermal methods, which depend on differences in boiling points and often
require substantial heat input, mass transfer-based methods typically operate at lower
temperatures, making them ideal for heat-sensitive materials, like, biological molecules,

solvents, or pharmaceuticals[66].

Additionally, mass transfer-based techniques offer greater selectivity, allowing for the
separation of components that have very similar boiling points or physical characteristics
but differ in chemical affinity or diffusivity. This makes them especially valuable for
azeotropic separations, trace contaminant removal, or recovery of high-value products from
dilute streams applications where conventional distillation or mechanical filtration might

fail or prove inefficient[67].

In contemporary industrial practice, separation processes are not isolated steps but are often
integrated or hybridized with other operations to enhance overall efficiency[68]. For
instance, a process may combine liquid-liquid extraction with membrane separation (e.g.,
pervaporation) to achieve higher selectivity and purity[69]. Such hybrid systems represent
anew frontier in separation science, providing innovative solutions to traditional challenges

in energy consumption, throughput limitations, and environmental compliance[70].

1.7.2 Pervaporation process

Pervaporation is a selective membrane-based, mass transfer process that separates
components from liquid mixtures through a dense, non-porous membrane via the solution—
diffusion mechanism comprising sorption onto the membrane, diffusion driven by chemical
potential gradients, and desorption as vapor under vacuum or sweep conditions. Its
performance depends on interfacial mass transfer, diffusion kinetics, and vapor removal,
with behaviour governed by Fick’s law and thermodynamic partitioning. Polymeric
membranes, such as, hydrophilic PVA for water—alcohol separations and organophilic
PDMS for volatile organics, are prevalent, while mixed matrix membranes (MMMs)
incorporating MOFs, zeolites, or carbon nanotubes demonstrate enhanced permeability-
selectivity trade-offs. Operating at lower temperatures than conventional distillation,
pervaporation bypasses azeotropic constraints and requires lower energy input, making it

energy-efficient. Hybrid distillation—pervaporation systems further reduce energy demand,
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such as, ethanol dehydration systems that achieve substantial energy savings compared to
pure distillation. Applications span ethanol dehydration, recovery of volatile organic
compounds, wastewater treatment, and purification of heat-sensitive pharmaceuticals.
Despite advantages, like, modularity, mild thermal operation, and hybrid compatibility,
limitations include lower permeation flux, susceptibility to fouling, and higher costs for
advanced membranes[71-73]. These can be mitigated through intensified designs, such as,
thin asymmetric membranes, hollow fibers for high surface area, and coiled flow inverters

for reduced concentration polarization.

1.7.3 Liquid-liquid extraction (LLE)

Liquid-Liquid Extraction (LLE)—also called solvent extraction or partitioning—is a mass
transfer-driven separation in which a solute is selectively transferred from one liquid phase
into another immiscible or partially miscible liquid, typically an aqueous phase and an
organic solvent. The driving force is the difference in solubility between the two phases,
expressed by the partition coefficient. Industrial applications span pharmaceuticals,
petrochemicals, hydrometallurgy, biotechnology, and environmental remediation, where it
is used for extracting compounds, such as, organic acids, antibiotics, alkaloids, aromatic
hydrocarbons, and metal ions. Its ability to operate at low temperatures makes it suitable
for thermally sensitive compounds, and its selectivity is valuable in systems with close
boiling points or azeotropic behavior. Extraction efficiency is governed by factors, such as,
solvent selection, pH, ionic strength, temperature, contact time, and solvent-to-feed ratio.
Advanced configurations, such as, coiled flow inverters (CFIs), centrifugal contactors, and
micro extractors—enhance mass transfer by increasing interfacial area and reducing
residence time. In ternary systems, equilibrium analysis using ternary phase diagrams is
essential to optimize solvent ratios and predict phase behavior, as seen in the extraction of
acetic acid from water—toluene mixtures or similar multicomponent systems in

hydrometallurgy.

Although versatile, LLE has drawbacks including solvent losses, slow phase separation,
and environmental concerns related to solvent toxicity and flammability. Dilute systems
often require large solvent volumes, affecting process economy. Emerging approaches
address these issues through greener solvents, like, ionic liquids (ILs) and deep eutectic
solvents (DESs), which offer higher selectivity, low volatility, and reduced environmental

impact. Hybrid systems that combine solvent extraction with membrane-based techniques,
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such as, pervaporation or nanofiltration are gaining prominence for their improved
selectivity, reduced energy use, and scalability. This complementary integration of solvent-
based and membrane-based methods allows process designers to harness the strengths of
each, bridging conventional extraction principles with modern membrane separation

technologies[74,75].

1.8 Objective of thesis work

The main objectives of this thesis are to utilise the PDMS material to design and synthesize
its various membranes and continuous reactor, CFI in their neat and composite form
(particle loaded) and study the applications of photocatalysis, pervaporation, liquid-liquid

separation and thermal energy storage which are listed point-wise below as:

e Continuous enhanced photocatalytic removal of methylene blue from wastewater
using a PDMS-coiled flow inverter reactor functionalized with plasma-activated
ZnTiOs3 nanoparticle suspension.

e Fabrication and performance comparison of pristine and SiOC-impregnated PDMS
membranes for the pervaporation separation of ethanol from an equivolume
ethanol-water mixture.

e Development of a millifluidic PDMS-CFTI for efficient extraction and mass transfer
of acetic acid from an acetic acid—toluene (1:9 v/v) and water mixture.

The above-mentioned topics directly relate to the theme of the thesis. In addition, I have

also done some work on PCM based polymeric thermal energy storage system.

e Development of phase change material-loaded PDMS membranes for thermal

energy storage applications.

1.9 Thesis outline

This thesis presents the design, fabrication, characterization, and application of
polydimethylsiloxane (PDMS)—oxide particles based composite structures for continuous
photocatalytic reactor and mass transfer applications, including pervaporation and liquid—
liquid extraction, along with thermal energy storage. In this work, commercial Sylgard 184
PDMS was employed as the primary soft matrix due to its optical transparency, flexibility,
chemical inertness, hydrophobicity, elastomeric behavior, and facile processability into

membranes, coatings, and coiled flow inverter (CFI) geometries in both neat and particle-

24| Page



impregnated forms. Neat PDMS-based CFIs were developed for continuous liquid—liquid
extraction (LLE), whereas PDMS-coated CFIs infused with plasma-treated zinc titanate
(ZnTiO3) particles were utilized for visible-light-induced photocatalytic degradation in
aqueous systems. In parallel, neat PDMS membranes and silicon oxycarbide (SiOC)-
impregnated PDMS membranes were fabricated and evaluated for pervaporation-based
ethanol-water separation, with emphasis on selective transport enhancement. Additionally,
stearic acid-loaded PDMS membranes were developed as flexible phase change material

(PCM) composites for thermal energy storage applications.

The incorporation of oxide, ceramic, and functional fillers into the PDMS matrix
demonstrates a versatile strategy for developing multifunctional soft composite structures.
These systems combine material design, photocatalytic functionality, membrane-based
separation, mass transfer enhancement, and thermal energy storage within a unified PDMS-

based soft-structure framework.

The first chapter begins with the detailed motivation and introduction, emphasizing the
need to integrate soft material design with process intensification. It provides an overview
of the key materials used in the study, including PDMS, polymer-derived ceramics, with
particular emphasis on SiOC, and perovskite-type oxide materials, especially ZnTiOs3, as
functional fillers, highlighting their synthesis, structure, properties, applications and
limitations. The chapter further discusses industrial pollutants, particularly methylene blue
as a model dye, introduces photocatalysis as an advanced oxidation process for pollutant
degradation, thermal energy storage using phase change materials and mass transfer-based
separation processes including pervaporation and liquid-liquid extraction. Finally, the

chapter defines the thesis objectives, and presents the overall thesis outline.

The second chapter presents the experimental framework of the study, including the
synthesis methods, materials, instruments, and characterization techniques used throughout
the thesis. It discusses general nanomaterial synthesis routes with emphasis on the sol—gel
method and describes the materials employed for fabricating PDMS-based composite
structures. The chapter further outlines the analytical methods used to evaluate the
structural, morphological, optical, thermal, and transport properties of the developed

systems.

Chapter three describes the development of a transparent PDMS-lined coiled flow inverter

impregnated with plasma-treated ZnTiOs particles for continuous visible-light
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photocatalytic degradation of methylene blue dye. In addition to reactor fabrication and
performance analysis, the chapter defines the relevant research gaps, discusses the
challenges encountered during photocatalyst immobilization and reactor operation,
compares the system with related photocatalytic studies, and briefly notes the unresolved
aspects in the summary section. The reactor was prepared by coating the inner surface of a
silicone tube with PDMS, followed by curing, swelling the coating with Tetrahydrofuran
(THF), and incorporating plasma-treated ZnTiO; particles into the PDMS layer through
particle suspension. Plasma treatment improved the dispersibility and suspension stability
of ZnTiO; particles, while the optical transparency of PDMS enabled light penetration and
photocatalytic activation. Photocatalytic experiments were conducted using 10 ppm
methylene blue solution at six different flow rates under a 25 W white LED source. The
performance of the CFI reactor was compared with that of a straight tube of equal length.
The illuminated CFI showed a pseudo-first-order rate constant of 24.66 £ 6.28 x 10> min™’,
which was more than two times higher than that of the illuminated straight tube and about
five times higher than dark operation. This chapter establishes the feasibility of using
ZnTiOs-impregnated PDMS-lined CFIs for compact, continuous-flow photocatalytic

wastewater treatment.

The fourth chapter is dedicated to the fabrication and comparison of neat and Si0OC-
impregnated PDMS membranes for pervaporation separation of ethanol from an ethanol-
water mixture. The chapter further places the membrane study in context by presenting its
research gaps, experimental challenges and corresponding resolutions, comparison with
relevant PDMS-based pervaporation literature, and brief unresolved aspects in the
summary section. SiOC particles were synthesized through low-temperature thermal
degradation of PDMS sponge and showed high surface area (~192 m? g!) and porous
amorphous Si—O-C characteristics. These particles were selectively infused into one
surface of a swollen PDMS membrane using a diisopropylamine-based suspension,
producing an asymmetric membrane structure. The SiOC incorporation modified the
membrane morphology, increased surface hydrophilicity, broadened pore-size distribution,
and altered the transport pathway. Pervaporation studies at 298 K demonstrated that SiOC-
impregnated membranes improved ethanol-water separation performance, showing
approximately 150% enhancement in separation factor compared with native PDMS
membranes. The improvement is explained through a mixed solid-liquid diffusion

mechanism created by localized hydrated SiOC domains.
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Chapter five reports the fabrication and application of a millifluidic PDMS-based coiled
flow inverter for continuous liquid—liquid extraction of acetic acid from a biphasic acetic
acid—toluene and water system. To support the experimental findings, the chapter identifies
the specific research gaps, summarizes the major practical challenges and adopted
resolutions, benchmarks the present extraction system against relevant extraction and mass
transfer reports, and briefly includes unresolved aspects in the summary section. The CFI
was fabricated by casting PDMS around a removable helical PVA filament, producing a
coiled millichannel after filament dissolution. The cured PDMS rod was sectioned and
reconnected to form four sequential 90° inversions, enabling periodic reorientation of the
flowing phases. Extraction experiments were conducted by varying aqueous and organic
phase flow rates. The study revealed that the aqueous phase flow rate had a stronger
influence on extraction performance than the organic phase flow rate. The maximum
overall volumetric mass transfer coefficient obtained was 0.007145 s™! under the highest
aqueous flow condition. This chapter demonstrates the potential of PDMS-based CFIs as

compact, scalable, and efficient devices for continuous liquid-liquid extraction.

Chapter six shifts focus to the fabrication and characterization of stearic acid embedded
PDMS membranes for thermal energy storage. Alongside the experimental investigation,
the chapter outlines the research gaps, records the challenges and resolution measures,
compares the present membranes with related PCM-based systems, and briefly presents
unresolved aspects in the summary section. Composite membranes were fabricated using
the doctor-blading method by varying stearic acid loading from 5.7 to 23.3 wt% and THF
volumes, 2 and 4 mL. FTIR confirmed the successful physical incorporation of stearic acid
within the PDMS matrix with negligible residual solvent. DSC analysis showed stable
melting temperatures around 56 °C and crystallization temperatures around 52-53 °C.
Latent heat increased from approximately 2.7 to 34.3 J g with increasing stearic acid
content. However, latent heat utilization efficiency reached a maximum of nearly 80% at
approximately 19.5 wt% stearic acid and declined slightly at higher loading due to
confinement-limited crystallization. Cooling analysis showed that the PDMS matrix
significantly reduced the cooling rate and increased the thermal time constant, confirming
improved thermal inertia and controlled heat-release behavior. This chapter establishes the

suitability of flexible PDMS—PCM membranes for thermal energy storage applications.
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Finally, chapter seven provides the conclusions, specified as subjective and objective
conclusions and future scope of the thesis. It summarizes the major outcomes from all

experimental chapters.
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Chapter 2: Synthesis Methods, Materials and Characterization

Techniques

2.1 Nanomaterials synthesis techniques

Nanomaterials can be synthesized using a wide range of physical, chemical, and biological
techniques, broadly categorized into Top-Down and Bottom-Up approaches[76]. In Top-
Down approaches, larger bulk materials are physically or chemically broken down into
nanoscale structures. These methods include mechanical milling, such as, ball milling,
lithography (including photolithography and electron beam lithography), laser ablation,
and various etching techniques, like, reactive ion etching. These techniques are well-suited
for patterning and structuring materials but can lead to structural defects and limited control

over uniformity.

In contrast, Bottom-Up approaches involve assembling nanostructures from atoms,
molecules, or smaller particles. These include chemical vapor deposition (CVD), sol-gel
processing, hydrothermal and solvothermal synthesis, co-precipitation, self-assembly,
microemulsion techniques, and biological synthesis. Bottom-Up methods often provide
better control over composition, size, and crystallinity, making them ideal for producing
uniform nanoparticles with specific properties. Among these, the Sol-Gel method is
particularly popular for synthesizing metal oxide nanoparticles and thin films due to its

simplicity, low processing temperature, and versatility.

Other Specialized Methods include electrochemical synthesis in which Nanomaterials are
generated through electrochemical reactions, typically on an electrode surface. This is
widely used for producing nanowires, nanotubes, and layered materials. In Flame Spray
Pyrolysis a precursor solution is sprayed into a flame, resulting in rapid formation of
nanoparticles. It is fast, scalable, and suitable for oxide nanoparticles, but control over
particle size can be complex. Atomic Layer Deposition (ALD) is a precise thin-film
deposition technique where nanolayers are formed one atomic layer at a time. It is highly

controlled and used for coatings in electronics and catalysis.

The choice of synthesis method depends on factors, such as:

e Desired nanomaterial (metal, oxide, carbon-based, etc.)

e Shape and size control
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e Purity and crystallinity
e Cost and scalability

e Environmental impact

For instance, CVD is excellent for carbon nanomaterials, while sol-gel is commonly used
for silica or titania nanoparticles. Green synthesis is gaining traction in biomedical and
environmental applications for its non-toxic nature[77,78].

2.1.1 Sol-gel synthesis: introduction and principle

The sol—gel method is a versatile wet-chemical route for synthesizing advanced inorganic
materials, especially metal oxides, such as, silica (SiO»), titania (Ti0Oz), and zinc titanate
(ZnTiO3). The process is based on the transformation of a colloidal suspension or solution

“sol”) into a continuous solid network (“gel”). Typically, it begins with the hydrolysis and
condensation of metal alkoxides or metal chlorides in aqueous or alcoholic media, leading
to a three-dimensional network containing both a solid phase and a solvent phase[79,80].

The following are the key steps in sol-gel synthesis method:

Preparation of precursors
The sol-gel route typically uses metal alkoxides [M(OR)«] or metal salts as starting

precursors. These are chosen based on the desired final material and its properties.

Hydprolysis

Hydrolysis involves the reaction of the metal alkoxide with water:
M(OR)x + H2O0 — M(OH)(OR)x-1 + ROH
This step introduces hydroxyl groups into the structure and initiates sol formation.

Condensation

Following hydrolysis, condensation reactions occur, linking hydrolyzed species together:
e Alcohol condensation:
M-OH + M—OR — M-O-M + ROH
e Water condensation:
M-OH + M-OH — M-O-M + H,O

These reactions lead to the formation of a three-dimensional network (gel).
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Gelation
As the condensation progresses, the sol becomes more viscous and eventually forms a gel.

The gel contains a significant amount of solvent trapped in its porous network.

Aging
The gel is aged to strengthen the network through continued condensation and syneresis

(expulsion of solvent).

Drying
Drying removes the remaining solvent from the gel. The method of drying influences the
final material morphology: Ambient drying produces xerogels, Supercritical drying yields

aerogels, with highly porous structures and freeze drying results in cryogels.

Calcination
To obtain the final ceramic or crystalline material, the dried gel is calcined at elevated
temperatures (usually 300-900°C). This step removes organic residues and promotes

crystallization.
A schematic representation of the key steps is shown below.

Metal Alkoxides/Salt — Hydrolysis — Condensation — Gelation — Aging — Drying —

Calcination — Final Material

2.1.2 Advantages, limitations, and applications of sol-gel synthesis

The sol-gel approach offers precise control over chemical composition and structural
features at the molecular level, enabling tailored material properties for a broad range of
applications. Its versatility allows the formation of various morphologies, including
powders, thin films, fibers, monoliths, and porous structures. A key advantage is the ability
to customize porosity, surface area, and nanostructure—critical parameters for catalysis,
sensor design, and membrane technology. The process typically involves simple
equipment, is cost-effective at small scales, and supports the incorporation of dopants or
organic/inorganic modifiers to produce multifunctional or hybrid materials. Additionally,
when water-based systems are used instead of organic solvents, the sol-gel method can be

environmentally friendly.

However, the technique has limitations. It involves multiple steps; hydrolysis,

condensation, gelation, aging, drying, and calcination that require careful control and can
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be time-consuming. Drying stages may induce shrinkage or cracking due to capillary
forces, especially in monoliths and films, compromising structural integrity. The process is
sensitive to parameters, like, pH, temperature, solvent type, and precursor concentration,
making reproducibility challenging. Moreover, many metal alkoxide precursors and
solvents are volatile or hazardous, demanding safe handling and disposal. Incomplete
hydrolysis or condensation can leave residual organics, necessitating high-temperature
calcination to achieve purity. Scaling up from laboratory to industrial production also poses

difficulties due to process complexity and costs.

Despite these challenges, sol-gel synthesis is widely applied across diverse fields. It enables
fabrication of high-surface-area metal oxides for catalysis, photocatalysis, environmental
remediation, and hydrogen generation. In optics and electronics, it is used for anti-reflective
coatings, dielectric layers, and electrochromic films. Biomedical applications include
bioactive glasses for bone regeneration and porous matrices for controlled drug release.
The tunable porosity and surface chemistry of sol-gel materials make them ideal for
sensitive chemical and gas sensors. Additionally, sol-gel-derived membranes serve in
separation processes, like, pervaporation and ultrafiltration due to their selectivity and
thermal stability. Other uses span energy storage materials, protective coatings, corrosion
resistance, surface modification, and biomolecule immobilization in biosensors.
Collectively, these applications highlight the sol-gel method’s pivotal role in advancing

materials science and engineering[79,81].

All the synthesis techniques discussed above have been tabulated for its merits, demerits

and application domains and presented below in Table 2.1.

Table 2.1: Summary table for nanomaterial synthesis techniques including merits, demerits
and application domains.

. Applicati
No Synthesis Type Merits Demerits pprication
Technique Domains
Mechanical Defects, Metal/ceramic
1 Milling / Ball _ Simple, scalable contamination, nanopowders,
Milling % poor uniformity alloying
A
. i E i
Lithography E* High precision, lXe pel;isgii’e {1 Microclectronics,
. . X,
2 (Photolithography, excellent patterning P MEMS/NEMS

E-beam) flat surfaces
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Laser Ablation

Etching (Reactive
Ion Etching, Wet
Etching)

Chemical Vapor

Deposition (CVD)

Sol-Gel Method

Hydrothermal /
Solvothermal

Co-precipitation

Self-Assembly

Microemulsion
Method

Biological / Green

Synthesis

Electrochemical
Synthesis

Flame Spray
Pyrolysis (FSP)

Atomic Layer

Deposition (ALD)

Bottom-Up

Specialized Techniques

High-purity
nanoparticles,
solvent-free

Controlled
micro/nanopatterning

High purity, good
crystallinity

Low temperature,
good compositional
control

Good
size/morphology
control

Simple, low-cost,
scalable

Highly ordered
nanostructures

Uniform
nanoparticles, good
size control

Eco-friendly, non-
toxic

Good control over
nanowires/nanotubes
formation

Fast, continuous,
scalable

Atomic-level
precision, conformal
coatings

Low yield, high
energy
consumption

Surface damage,
harsh chemicals

High temperature,

expensive
equipment

Cracking/shrinkage

during drying

Requires high-

pressure autoclaves

Limited size
control

Sensitive to
conditions

Surfactant
contamination

Slow, limited
control

Limited to
conductive
substrates

Difficult size
control

Slow, costly

Metallic
nanoparticles,
nano-inks

Semiconductor
fabrication,
surface texturing

CNTs, graphene,
thin films

Metal oxide
nanoparticles,
coatings

Photocatalysts,
nanowires

Magnetic
nanoparticles,
oxides

Photonic
crystals,
supramolecular
systems

Biomedical
nanocarriers,
metal
nanoparticles

Biomedical and
environmental
remediation

Sensors,
electrocatalysis

Catalysts, oxide
nanopowders

Electronics,
catalytic layers
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2.2 Characterization instruments used in this work

Descriptions of the characterization instruments with their make, origin, model number

used across the four experimental chapters, through 3 to 6, are presented in this section.

Crystallinity/amorphousness of the silicon oxy-carbide particles was characterized using a
Panalytical/Empyrean X-ray diffractometer with Cu Ko (A = 1.5406 A) radiation. High-
resolution transmission electron microscope (HR-TEM) images of the particles were
captured using the JEOL instrument (model Neoarm/JEM-ARM200F, AMI 300). The
specific surface area of silicon oxy-carbide particles has been estimated by BET analyzer
(model, MicrotracBEL, Max II) with nitrogen used as the adsorptive/desorptive gas.
Morphological analysis was carried out using a JEOL JSM-7900F scanning electron
microscope (SEM), which was also equipped with an energy-dispersive X-ray (EDX)
detector. This instrument was employed for both cross-sectional imaging of PDMS-based
membranes and compositional analysis of SiOC and ZnTiOs particles, using an
accelerating voltage of 5-15 kV and a working distance of 15 mm. Porometry
measurements were conducted using a Tech-Poro-AL-500 capillary flow porometer (Tech

Inc.).

Surface-wetting characteristics of the membranes were examined using an Apex
Instruments Acam-NSC contact angle meter with an ellipse-fitting algorithm. The analysis
of a fraction of the permeate obtained from the pervaporation of the ethanol-water mixture
was quantified by using a Nucon 5765 gas chromatograph fitted with a flame ionization
detector (FID) and nitrogen as the carrier gas, operated at a flow rate of 24 mL min™', a

detector sensitivity of 1000X, and a detector temperature of 150 °C.

For ZnTiOs particle characterization, structural confirmation was performed using the same
Panalytical Empyrean XRD instrument, while optical band gap estimation was carried out
using a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies) in diffuse
reflectance (DRS) mode. The Cary 5000 instrument was also used for UV-Vis absorption
measurements of dye solutions under dark and illuminated conditions. Rheological
measurements (viscosity) were performed using an Anton Paar MCR302e rheometer, and
Zeta potential measurements of ZnTiO; suspensions were obtained using a Malvern
Zetasizer Nano-ZS dynamic light scattering (DLS) system. Microscopic imaging was

performed using a Magnus MSZ-Bi stereo zoom microscope (Olympus Opto).
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The refractive index of liquid samples (acetic acid-toluene-water system) was measured

using an Atago RX-7000i refractometer.

Transient cooling analysis of pure stearic acid (SA) and SA-PDMS composite membranes
was monitored using a temperature data logger (RVL Scientific and Engineering Ltd.)
equipped with eight PT-100 channels, recording temperature at 5-second intervals with
+0.1 °C accuracy. Fourier-transform infrared (FTIR) spectra were acquired using a
PerkinElmer Spectrum Two spectrometer in ATR mode, covering 4504000 cm™.
Differential scanning calorimetry (DSC) was performed using a PerkinElmer DSC 4000
instrument, with maximum deviations of £2% for enthalpy and £1.5 °C for temperature
measurements. DSC sample masses were determined using a semi-analytical balance with

+0.00001 g precision.
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2.3 Materials

This section lists the materials used throughout the experimental work, including polymers,
precursors, solvents, dye, extraction chemicals, and the phase change material. These
materials were employed for PDMS-based structure fabrication, nanoparticle synthesis,
membrane preparation, photocatalysis, liquid—liquid extraction, and thermal energy storage

studies.

PDMS base elastomer along with cross-linking agent, marketed as Sylgard™ 184 (The
Dow Chemical) was supplied by Kevin Electrochem, India. Analytical grade ethanol
(absolute, 99.9%) and diisopropylamine (99%) were purchased from Molychem, India.

Silicon oxy-carbide particles to be used in impregnation of the membrane had been
prepared by the process of thermal degradation of PDMS sponge, fabricated in our
laboratory itself.

Tetra-butyl orthotitanate [Ti(OC4Ho)4] from SRL, zinc acetate dihydrate
[Zn(CH3COO0),.2H>0] from Rankem and acetic acid glacial [CH;COOH] from Molychem
were purchased and used without any further purifications to prepare the zinc titanate

particles by sol-gel route.

Powder of methylene blue dye [CisH1sCIN3S], supplied by Rankem was used to prepare
the stock dye solution. Generic food grade silicone tube of dimensions 4 mm ID x 6 mm
OD was purchased from Ami Polymer Pvt Ltd. PVC pipes and elbow connectors of 20 mm
internal diameter were used to support the CFI assembly to be made from the silicone tube

for photocatalysis application.

Toluene and acetic acid, both of analytical grade were obtained from Molychem (India).
Distilled water was used as an aqueous medium throughout the experiments. A PVA
filament of diameter 2.85 mm, supplied with ultimaker 3D printer was used for creating

hollow spiral channel in the PDMS-CFT to be used for separation of acetic acid.

Phase change material, stearic acid (SA) with 95% purity, was purchased from HiMedia
Laboratories Pvt. Ltd. and were used without further purification. Tetrahydrofuran (THF,
99.5%) was purchased from SD Fine Chem. Ltd. and used as a solvent to swell the PDMS

films.
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Chapter 3: Continuous and Enhanced Photocatalytic
Degradation of Methylene Blue from Wastewater via a Plasma

Treated ZnTiOs-Loaded PDMS-Lined Coiled Flow Inverter

3.1 Abstract”

A coiled flow inverter (CFI) is a helical tubular flow device with periodic flow inversion
that generates Dean vortices, enhancing radial mixing and mass transfer during continuous-
flow operation. This study presents the fabrication and evaluation of a transparent PDMS-
lined CFI reactor impregnated with plasma-treated ZnTiO3; nanoparticles for continuous
visible-light photocatalytic degradation of methylene blue (MB). The CFI was prepared by
coating a silicone tube with PDMS, swelling the lining, and incorporating ZnTiOs particles
whose aqueous dispersibility was improved through plasma treatment, as confirmed by
rheology and DLS/zeta potential measurements. XRD confirmed ZnTiO; as the major
crystalline phase, while SEM—-EDX revealed nanoscale particles with plasma-induced
surface modification and oxygen-deficient regions. Band-gap analysis showed a reduced
optical band gap of 2.77 eV, indicating enhanced visible-light responsiveness. The optical
microscopy and SEM-EDX mapping confirmed PDMS lining formation and ZnTiO3

distribution along the inner channel surface.

Photocatalytic experiments were performed using 10 ppm MB solution at 6 different flow
rates ranging 0.72—1.92 mL/min under a uniform 25 W white-LED source. Outlet MB
concentration was measured by UV—Vis spectroscopy after 30 min steady-state circulation.
Identical experiments in a straight tube of equal length enabled performance comparison.
Dark adsorption was low (~4.5%), confirming negligible non-photocatalytic removal.
Pseudo—first-order rate constants (k = 95% CI half-width) were 3.69 = 2.00 x10~*> min! for
the dark CFI, 10.60 £ 3.28 x1073 min"' for the illuminated straight tube, and 24.66 + 6.28
%107 min! for the illuminated CFI, demonstrating, more than two-fold enhancement over

the straight-tube and five-fold improvement relative to dark operation.

Keywords: Continuous-flow photocatalysis, ZnTiO3-PDMS composite, Coiled flow

inverter, Visible light degradation, Methylene blue, Plasma treatment, Water purification.

* This work is published in ‘Materials Science and Engineering: B 324 (2026) 119031°
https://doi.org/10.1016/j.mseb.2025.119031.
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3.2 Coiled Flow Inverter: Concepts, mechanisms, and theoretical

background

Curved tubular reactors are widely used for transport intensification because they generate
centrifugal-force—driven secondary flows that significantly enhance heat and mass transfer,
narrow residence time distribution, and rapid mixing under laminar regimes, a typical

geometry of CFI is given in Figure 3.1[82].

Figure 3.1: CFI geometry

In conventional helical coils, curvature causes the formation of Dean vortices, a pair of
counter-rotating secondary flows whose strength is governed by the Dean number,

expressed as:

De =Re |5 (3.1)

where, R, is Reynolds number (dimensionless), d= inner diameter of the tube (m) and D=

coil diameter or radius of curvature of the tube (m).

A higher Dean number corresponds to stronger secondary vortices and enhanced radial
convection. However, in conventional coiled tubes, once the flow becomes fully developed,
these vortices stabilize and the mixing enhancement plateaus along the reactor length. The
CFI overcomes this limitation by introducing periodic curvature inversion, where
alternating clockwise and anticlockwise coils are connected through sharp 90° or 180°
transitions. Each inversion forces a sudden reversal in centrifugal-force direction,
destroying the existing Dean vortices and causing the immediate formation of new vortices

with opposite rotational symmetry, as shown in figure Figure 3.2[83]. This repetitive
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collapse and regeneration prevents complete hydrodynamic stabilization, keeping the flow

in a continuously disturbed state resembling mild chaotic advection.
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(‘.}-/— centrifugal |
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Figure 3.2: Representing various parameters with a 90-degree bend in a CFIL.

At every inversion point, the flow experiences stretching, folding, and reorientation of
lamellae, which intensifies radial-axial transport and significantly thins the concentration
boundary layer. This leads to enhanced cross-sectional mixing, reduced axial dispersion,
and a markedly narrower residence time distribution (RTD), resulting in near plug-flow-
like behavior even at low Reynolds numbers. Such characteristics are particularly
advantageous in photocatalytic processes, where efficient radial mixing exposes fresh
reactant fluid to catalyst-coated surfaces and improves photon penetration. For mass-
transfer—limited operations, the intensified shear and continuous vortex renewal promote
higher interfacial transport rates and improved reaction kinetics without requiring

mechanical agitation.

Despite the curvature transitions, the pressure drop across a CFI remains comparable to that
in conventional coils, with only minor localized losses due to flow separation at inversion
junctions. The gains in mixing efficiency far outweigh these small energy costs.
Additionally, because each coil-inverter pair acts as a modular hydrodynamic unit, CFIs
can be easily scaled by increasing the number of inversions. Their inherent ability to
suppress dead zones, maintain uniform velocity fields, and provide consistent catalyst—fluid
interaction makes them a versatile and robust platform for continuous processing in

chemical, photocatalytic, and biochemical systems.
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Some of the fabricated designs of the PDMS coiled rectors are given in Figure 3.3.

Figure 3.3: Transparent to slightly translucent fabricated PDMS channel reactors (a) The
basic helical channel (b) CFI joining 4 monolithic helical channels (c) A monolithic CFI.

The fabricated neat PDMS-based helical and CFI reactors are transparent to slightly
translucent, allowing visual observation of the internal coiled channel geometry through
the reactor body. The apparent haziness in the figure is mainly due to photographic quality,
lighting/reflection, wall thickness variation, and minor surface irregularities from manual

fabrication.

3.3 Introduction

Industrial dyes currently in widespread use are typically non-biodegradable and highly
toxic, with the textile sector being a major global water consumer[84] and a significant
source of organic and chemical contaminants in wastewater including methylene blue
(MB), a low molecular weight cationic aromatic dye[85,86]. Although these compounds
play a vital role in various human activities, their presence in the environment poses
significant ecological risks. These aromatic dyes' inherent breakdown substances have a
tendency to accumulate in living organisms, resulting in harmful health consequences for
humans[87]. Wastewater discharged from industries, such as, textiles, pesticides,
pharmaceuticals, food processing, and leather manufacturing often contains high
concentrations of dyes, contributing to the contamination of water bodies and leading to
adverse environmental consequences, including the suppression of photosynthesis and the
contamination of aquatic organisms[88]. The resulting turbidity from these dyes obstructs
sunlight penetration, which in turn impairs the photosynthetic processes essential for
sustaining aquatic life. Consequently, the removal of dyes from industrial effluents prior to
their release into natural water sources is of critical importance. Numerous treatment
technologies have been explored for this purpose, including membrane filtration,

coagulation-flocculation, ozonation, ion exchange, photocatalysis, biological and chemical
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oxidation, and adsorption. Adsorption, coagulation, membrane filtration, and
sedimentation are common methods for remediating organic pollutants, like, MB and its
breakdown products[89-92]. Although these methods have demonstrated efficiency, they
all have a drawback in that they shift the target pollutant from one medium to another
without necessarily eliminating it. Visible light induced photocatalysis is particularly
regarded as a highly efficient and environmentally friendly approach due to its ability to
completely degrade organic pollutants, its potential for solar-driven operation, minimal
generation of secondary waste, and its applicability under mild conditions. Additionally,
photocatalysis offers long-term cost-effectiveness and reusability of catalysts, making it a
promising technology for sustainable wastewater treatment and driven by light-activated
materials, has emerged as a powerful technique for environmental remediation, energy

conversion, and chemical synthesis[93].

The process intensification (PI) approach, which relies on ingenuity in developing solutions
that aim to enhance the efficiency of a process by improving yield, speed, spatial
requirement, or energy consumption, can be successfully applied to photocatalysis. In
reaction engineering, one of the Pl approaches focuses on achieving enhanced mixing, mass
transfer, and reaction efficiency while reducing reactor volume and energy consumption.
The CFI is an effective PI tool that promotes rapid tracer mixing and narrow residence time
distributions by periodically inverting fluid flow within helical coils. Such flow topology
drastically enhances radial mixing and minimizes axial dispersion, making CFIs highly
suitable for continuous processing with improved conversion efficiency and lower energy
requirements[94,95]. A CFI occupies space of much less linear dimension with its flow

field having a much higher residence time than its straight tube counterpart[96-98].

In the context of photocatalytic degradation of organic pollutants, CFIs have been deployed
to continuous-flow reactors where catalyst particles (e.g., TiO2, ZnO) are suspended on
channel walls and stimulate activation reactions at higher flow rates. These configurations
have demonstrated significantly improved degradation kinetics often several fold faster
than batch systems due to the combination of hydrodynamic enhancement and efficient
light irradiation[99]. It has been reported nearly 99% degradation of paracetamol in 36 min
using a CFI with Co—Ni tungstate on g-CsN4 under visible-light irradiation, achieving a
reaction rate 2.7 times faster than a conventional batch reactor[100]. Besides enhanced

pollutant degradation, CFI and coiled reactors have been applied to diverse photocatalytic
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processes, including hydrogen evolution, organic synthesis etc., while employed with some

other suitable photocatalysts[101-104].

Among the various photocatalysts, ZnTiO3 nanoparticles exhibit significant advantage due
to their bandgap aligning with the visible light so that solar radiation energy can be
harnessed for environmental pollutant degradation[105]. These oxides are also chemically
stable, exhibit multiple phases offering structural and electronic tunability, and inexpensive
and easy to prepare. These particles have been successfully utilized for photocatalytic dye
degradation reactions[106—108]. However, since these oxides are difficult to disperse in
water, their aqueous dispersion often needs to be vigorously stirred while in use for
photocatalysis. Poor dispersibility that necessitates stirring limits their use to a batch mode
only and makes them not suitable for use in a continuous reactor. Integrating these photo-
active particles with tubular continuous reactors is a viable approach for their efficient

utilization.

This study reports the first-ever fabrication of a CFI reactor with ZnTiO3 particles directly
embedded into the inner PDMS-lined wall of a silicone tube. Although ZTO is a stable,
visible-light-responsive oxide with a suitable bandgap, it has not previously been integrated
directly within reactor geometries for continuous photocatalysis. Our novel process-
intensified design enables uniform light penetration, stable catalyst immobilization, and
minimal particle loss. Applied to the visible-light-driven degradation of MB in water, the
ZTO-impregnated CFI demonstrates efficient radical generation, superior mass transfer,
and enhanced degradation efficiency validating its potential for scalable wastewater

treatment applications.

The zinc titanate particles are infused inside the CFI surface by first coating the surface
with PDMS film, swelling the PDMS film with THF, and subsequently exposing the
swollen film to a stable aqueous dispersion of the particles. The particles, otherwise not
dispersible in water, are made compatible with water by exposing them to nitrogen plasma
prior to making a dispersion. The particles in dispersion are infused inside the swollen
PDMS film due to osmotic forces and affinity of THF for water, and remain immobilized
after the films are de-swelled. Along the similar idea of exposing the swollen surface of
PDMS to aqueous solution of a metal oxide has been used for coating of metal oxide inside

the PDMS microchannel[109].
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Integrating ZnTiO3 into PDMS millifluidics creates an efficient platform that merges
precise flow control with enhanced photocatalytic performance for light-driven reactions.
Setting behavior of PDMS helps in immobilizing the photocatalytic particles, its
transparency allows the visible light to sensitize these particles. Use of CFI affords a
continuous mitigation process of dyed wastewater which can be easily scaled up. PDMS
lined CFI provides a robust and versatile platform with intricate flow patterns, enabling
efficient mixing, and enhanced mass transfer, and precise control over reaction
conditions[110,111]. By impregnating ZnTiOs particles into the inner channel of silicone
tube CFI, a high surface area-to-volume ratio is achieved, maximizing the exposure of the
photocatalyst to incident light and facilitating efficient utilization of generated reactive
species, while the PDMS material ensures flexibility and compatibility with various

solvents[112-117].

These reactive species, including hydroxyl radicals and superoxide ions, react with MB dye
molecules, leading to their degradation into non-toxic byproducts, such as, water and
carbon dioxide[49,118,119]. The use of CFI enhances the photocatalytic efficiency by
providing a large surface area for catalyst deposition and promoting uniform flow

distribution, thereby maximizing the exposure of MB dye to the photocatalyst[120-122].

3.4 Research gaps

Photocatalytic degradation is widely investigated for dye-contaminated wastewater
treatment, and immobilized photocatalytic films are also recognized for evaluating
photocatalytic activity, including methylene blue degradation tests. However, translating
photocatalysis into compact continuous-flow reactors still requires improved integration of

catalyst immobilization, light accessibility, and flow-induced mass transfer enhancement.
The important research gaps are:

o Conventional photocatalytic systems are largely batch/slurry-based, which limits

continuous processing and creates catalyst recovery challenges.

o PDMS-based continuous photoreactors for methylene blue degradation remain

insufficiently explored.

o Immobilized photocatalysts in compact millifluidic systems for continuous

wastewater treatment are still limited.
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e Nanoparticle dispersion and aggregation issues can reduce photocatalytic efficiency

and catalyst accessibility.

o Compact reactor designs integrating light penetration, catalyst immobilization, and

hydrodynamic mixing within a single platform are limited.

This chapter addresses these gaps by developing a transparent PDMS-lined CFI reactor
with immobilized plasma-treated ZnTiOs3 particles and evaluating its continuous visible-

light photocatalytic performance for methylene blue degradation.

3.5 Experimental section

3.5.1 Synthesis of ZnTiO3 particles and preparation of its plasma treated

suspension/dispersion

Bulk ZnTiOs particles were synthesized via the sol-gel method, involving precursor
mixing, gelation, drying, and high-temperature calcination[105,123,124]. A schematic
representation of the synthesis process of ZnTiOj3 particles is shown in Figure 3.4. Zinc
acetate dihydrate (2.25 g) was dissolved in acetic acid (6.66 mL) under mild stirring at
room temperature for 30 min. Subsequently, tetra-butyl orthotitanate (3.40 mL) was added

with continuous mixing, yielding a viscous, homogeneous white solution.
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Figure 3.4: A schematic flow chart of zinc titanate synthesis by sol-gel method.

Addition of deionized water (10 mL) produced a colorless, uniform mixture, which was

then heated to 60 °C and stirred for 2 h. The resultant sol was aged at room temperature for
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20 h to form a gel, which was calcined in an air muffle furnace at 800 °C for 3 h. The

calcined material was ground with a mortar and pestle to obtain fine, white ZnTiO3; powder.

A uniform and better homogeneous suspension of ZTO in DI-water was obtained by pre-
treating the ZTO powders to a nitrogen plasma inside a custom designed plasma treatment
set-up that enabled exposing the plasma-treated particles to water without bringing them
into contact with atmosphere. 100 mg of ZnTiOs3 particles was given plasma treatment
using nitrogen gas, maintained at vacuum 6.1x107! Torr for 20 minutes inside the plasma
treatment set up fabricated by Excel Instruments, Mumbai, India. After the treatment, 100
mL of DI water was introduced inside the plasma chamber without exposing the sample to
atmospheric oxygen, preparing a 100 mL of plasma treated ZnTiO3 particles suspension
solution with concentration of 1 mg/mL. A schematic diagram of the plasma treatment

setup is shown in Figure 3.5.

N(S DI water
plasma
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Figure 3.5: A simple diagram representing the preparation process of stable and uniform
ZnTiO;s particle dispersion using nitrogen plasma setup.

3.5.2 Fabrication of coiled flow inverter reactor

A schematic representation of the method of CFI fabrication along with the actual image
of CFI is shown in Figure 3.6 (a) and (b) respectively. Initially, a square base with PVC
pipe of 20 mm external diameter and length of 62 mm was constructed. The four sides were
connected using right angled elbow connectors in such a way that 42 mm pipe is visible

between the two connectors. A silicone tube of 118 cm long with 4 mm and 6 mm as inner
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and outer diameter respectively was wound over this square base. A CFI with total of 12
turns was formed with a pitch of 10 mm, and 90° bend at cross-section of each elbow

connector.

To line the tube with PDMS film, a well-mixed mixture of PDMS polymer (Sylgard 184)
and cross-linker (10 wt% of base elastomer) was injected inside the tube of CFI and sealed
for 3 hours at room temperature in order to effect proper bonding between the silicone tube
and the PDMS mixture. Thereafter nitrogen gas was blown into the tube at 0.2 bar of gauge
pressure continuously for 3 hours from one side of the CFI expelling the bulk mixture from
the tube and leaving a thin PDMS film behind on the wall of the CFI. Subsequently, PDMS

film on the CFI wall was cured in a microwave oven operating at 180 W for 15 minutes.

(@) Fill PDMS that adheres PDMS is pressure ejected Residual PDMS film
the inner surface leaving the inner wall coated almost cured
+ 4
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dispersion
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Swollen PDMS Fully cured (top view)

PDMS coating

Silicone tube

mpregnated particle

Silicone tube

Figure 3.6: (a) Schematic of the process employed for lining the tube with zinc titanate
particles. (b) Actual image of CFI with a cartoon depicting the tube lining.

By measurement it was found that with the remaining 8.2 ml of the PDMS coating in the

inner tube surface reduced internal diameter of CFI from 4 mm to ~ 2.66 mm, which
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resulted in around 0.67 mm thick line coating of PDMS material to the silicone tube surface
of CFI. However, non-uniformity of the thickness of the lining along the tube length cannot

be ruled out in this procedure.

Non-uniform PDMS thickness observed along the reactor channel and presented later (in
section 3.6.2.1), primarily originates from gravitational drainage and surface tension
gradients during static curing. Such variation can slightly influence local flow resistance
and light transmission, potentially causing minor deviations in residence time or
photocatalytic exposure. However, within the operating flow rates and light intensities
employed in this study, these effects were negligible, as evidenced by the consistent
degradation performance and reproducibility observed across repeated trials. Moreover,
PDMS’s inherent elasticity and optical transparency contribute to stable performance over
extended operation despite minor geometric variations. For large-scale or long-duration
applications, enhanced uniformity can be achieved through rotational curing or controlled
viscosity-assisted casting techniques, which minimize film thickness deviation and
improve scalability of the fabrication process[125]. To achieve particle infusion inside the
PDMS lining, first the film was swelled by filling the CFI channel with tetrahydrofuran
(THF) solvent and sealing for 2 hours. This caused widening of the pores of the PDMS
coating throughout the silicon tube channel. Subsequently, after removing THF from the
channel, the prepared plasma-treated ZnTiO3 suspension was manually injected from the
inlet side using a syringe while maintaining an approximately constant flow rate. The
channel was filled within about 20 s and sealed for 2 h to allow interaction between the
suspension and the THF-swollen PDMS lining. Upon contact with the aqueous suspension,
the swollen PDMS gradually started deswelling, during which the dispersed ZnTiOs
particles became trapped mainly within the surface/subsurface region of the PDMS lining,
resulting in particle impregnation. A slight decrease in particle loading from inlet to outlet
may occur due to progressive deswelling; however, the short filling time and nearly
constant injection rate minimized this variation. Therefore, the particle incorporation is
considered reasonably uniform along the active inner surface, although minor nanoscale

heterogeneity may still exist.

3.5.3 Photocatalysis Set-up and sampling procedure

Continuous photocatalysis experiment was performed with the set up shown in Figure 3.7.

Initially a 2 L stock solution of 10 ppm concentration of MB dye is prepared. This MB dye
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contaminated solution is passed through the particle impregnated CFI with and without
white light irradiation at flow rates of 0.72, 0.96, 1.20, 1.44, 1.68 and 1.92 mL min™'. The

flow rate was controlled by a peristaltic pump attached to the inlet of CFI.

LED light source wrapped
circumferentially around CFI

ZnTiO; impregnated CFI tube
under visible light illumination
leading to dye degradation

Box with aluminum foil covering
, inside

,;______________ L

t:tn t:tz t:tl

S S

Figure 3.7: Schematic of the photocatalysis monitoring setup used for continuous dye
degradation.

A 25 W white LED strip with medium density of 60 LEDs per meter, operated using a 12
V DC supply, was wrapped circumferentially over the CFI to illuminate the reactor from
all directions during photocatalytic dye degradation under white-light irradiation. To
maintain uniform illumination around the CFI and minimize the influence of external light

sources, the reactor assembly was placed inside an aluminium-covered box.

Before sampling, the MB solution was passed for 30 minutes at all flow rates to achieve a
steady state condition at that flow rate. Thereafter multiple samples were collected at small
intervals and their concentrations were averaged to obtain the steady state concentration at

the outlet of the reactor.

Same procedure was repeated under the identical conditions with the coiled tube now used
as a straight tube reactor with the same length (instead of a CFI) in presence of light so that
the effectiveness of CFI could be confirmed by comparing the dye concentrations at the

outlet. The samples were analyzed using UV-Visible characterization.
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3.6 Results and discussion

3.6.1 Characterization and analysis of ZnTiOs3 particles used to impregnate CFI

3.6.1.1 Structural characterization

The assigned diffraction peaks in bulk zinc titanate (BZT) particles at diffraction angles
(26) values of 24.15, 27.69, 30.07, 32.01, 33.02, 35.39, 36.48, 40.7, 42.92, 49.19, 53.64,
56.66, 62.03, and 63.64° correspond to the planes (012), (110), (220), (100), (104), (110),
(222), (113), (021), (024), (116), (110), (214) and (300) respectively, with rhombohedral
ZnTiO3 as the majority phase and some residual impurities, such as, Zn2TiO4, rutile TiO2
and ZnO, are shown in Figure 3.8. The plasma treatment of these particles did not lead to

any alteration in the XRD pattern.
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Figure 3.8: XRD pattern of bulk zinc titanate prepared by sol-gel route.

The indexed peaks in JCPDS card number 00-025-0671 referring to rhombohedral ZnTiO3
crystal system, match the majority of the allotted peaks with an average angle shift of 0.29°.
1 peak at 27.69° can be indexed to (110) plane of the impurity phase of rutile TiO2, as
confirmed from the JCPDS card number 01-086-0147. The remaining of the 4 peaks of
which, 2 peaks at diffraction angles of 30.07 and 36.48° indexed at (220) and (222) planes
respectively may be attributed to cubic phase of Zn,TiO4 impurity (JCPDS card 01-073-
0578) and the other 2 peaks at diffraction angles of 32.01 and 56.66° indexed at (100) and
(110) planes respectively might be raised due to the hexagonal phase of ZnO impurity
(JCPDS card 01-080-0075). The lattice parameters, crystallite size, micro-strain, and

dislocation density for the rhombohedral ZnTiO3 from above XRD image, have been
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summarized in Table 3.1. The crystallite size (D) was estimated using the Scherrer equation
Dy = kA/(Bcos 8), where k = 0.94, 1 = 1.5406A, and B is the FWHM. The micro-
strain (¢) and dislocation density (J) were calculated as € = f/4tan 8 and § = 1/D?.

Table 3.1: Structural properties obtained from XRD image

Rhombohedral ZnTiOsz: a=b=0.45nm, ¢ = 1.3 nm
20 (°) B () D (nm) 5 (X107 nm?) e (x107)
24.15 0.2856 29.7003 1.133 5.827
33.02 0.2903 29.8060 1.125 4.274
35.39 0.382 22.7459 1.932 5.236
40.7 0.2714 32.5980 0.941 3.193
42.92 0.2679 33.2740 0.903 2.974
49.19 0.2996 30.4561 1.078 2.856
53.64 0.3704 25.1006 1.587 3.196
62.03 0.4042 23.9499 1.743 2.933
63.64 0.3363 29.0338 1.186 2.365

Average D=28.51m; e=3.9%x1030=1.3 %107 nm™2

The average crystallite size (~29 nm) and low micro-strain indicate well-crystallized
particles with minimal lattice defects. These values are comparable to chemically derived
oxide nanoparticles reported in the literature, where sol-gel or wet-chemical methods
typically yield crystallite sizes in the 25-35 nm range with strain values of 3—5 x 1073, The
lower dislocation density suggests fewer structural defects and enhanced crystallinity,
consistent with high-quality oxide nanomaterials synthesized via controlled chemical
routes [126—132]. The obtained structural parameters (¢ = b = 0.45 nm; ¢ = 1.30 nm)

confirm the formation of rhombohedral ZnTiO3, aligning well with previous report [133].

3.6.1.2 Rheology and surface charge characterization of ZnTiOs particles dispersion

The effect of plasma treatment on the particle suspension can be seen from the viscosity vs
time curves as shown in Figure 3.9 (a). It is clearly noticed from the Figure that plasma
treated zinc titanate suspension resulted in a higher viscosity as compared to that without

plasma treatment whose viscosity is nearly equal to that of DI water. This behaviour can
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be explained by the attachment of hydrophilic OH radicals to ZnTiOs3 particles by the
plasma treatment and further increasing the suspension stability in DI water. As water
interacts with the plasma-treated particles, the hydrophilic groups facilitate the formation
of a hydration layer around each particle, which enhances stability and prevents
aggregation. Additionally, the surface charges introduced during plasma treatment can lead

to electrostatic repulsion between particles, further promoting a uniform and stable

suspension.
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Figure 3.9 (a) Viscosity comparison of suspensions prepared using untreated and plasma
treated particles, (b) and (c) Zeta potential measurements respectively of untreated and
plasma-treated particles.

The surface charge that stabilizes the suspension can be measured by zeta potential
measurements, and the data is presented in Figure 3.9 (b) and (c), comparing the
concentration of particle suspension without plasma and with plasma treatment. In graph
(b) (without plasma treatment), the zeta potential distribution is narrow and centered close
to 0, indicating that the particles have minimal surface charge. This lack of significant
surface charge suggests weak electrostatic repulsion between particles, making the
suspension prone to aggregation and instability. Such a suspension is likely to settle over

time due to insufficient repulsive forces to counteract van der Waals attractions.

In contrast, graph (c) (with plasma treatment) shows a broader and more asymmetric zeta
potential distribution, with a shift towards more negative or positive values, depending on
the surface modifications introduced by the plasma treatment. This change indicates that
the plasma process has altered the surface properties of the particles, likely by introducing
functional groups or charges that enhance particle interaction with the medium. The

increased magnitude of the zeta potential, either positive or negative, implies stronger
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electrostatic repulsion between particles, contributing to improved colloidal stability and a

more uniform suspension.

This comparison shows the favourable effect of plasma treatment in enhancing the stability

of particles suspension.

3.6.1.3 Band gap measurement

Analyzing the synthesized ZnTiOs particles for band gap is an important aspect in order to
ensure the suitability of the particles for photocatalysis process. The plasma treated
particles have been characterized by DRS from which Tauc plot is obtained and shown in
Figure 3.10 (a). It is clear from the Figure that there is a sharp increase in absorption beyond
2.77 eV, indicating a transition from the valence band to the conduction band. This optical
band gap of 2.77 eV corresponds to photon absorption of wavelengths around 448 nm,
suggesting the plasma treated ZnTiOs3 particles suitable for photocatalytic activity into the

visible light spectrum.
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Figure 3.10: Tauc plot for band gap estimation of the ZnTiOj3 particles (a) after plasma
treatment and (b) before plasma treatment.

It is to be noted that untreated particles exhibited a bandgap of 2.81 eV as seen from Figure
3.10 (b). The slight reduction in the bandgap, which aids in photosensitization under visible

light illumination, can be attributed to oxygen vacancies induced by the plasma treatment.

3.6.1.4 EDX and SEM characterization

Figure 3.11 (a), (b), (c) and (d) consists of two panels: In the left panel, (c) shows an area
EDX elemental mapping of ZnTiO3 particles corresponding to the SEM image, (a). The
right panel compares the SEM images between particles without plasma (b) and with
plasma treatment (d) at 200 nm scalebar. The EDX analysis highlights the distribution and

relative concentrations of oxygen (O), zinc (Zn), and titanium (Ti) within the selected area.
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In the EDX mapping, green represents oxygen (O), purple represents zinc (Zn), and red
corresponds to titanium (Ti). The selected area shows a composition of 55% zinc, 31%
titanium and 14% oxygen. The observed elemental percentages indicate a significant

oxygen deficiency suggesting presence of oxygen defects.

100 200 300 400
Particle size (nm)

Figure 3.11: (a) and (b) SEM images of the untreated particles at two different
magnifications. (c) EDX elemental mapping of the particles. (d) SEM image of the plasma-
treated particles.

The inset in image (a) is a histogram showing particle size distribution, with an average
particle size of 203 nm. SEM images (b) and (d) correspond respectively to the untreated
and treated ZnTiOs particles. It is evident from these images that the treated particles show
increased surface roughness and, in some areas, the presence of micro voids or pits. These
features suggest that plasma treatment introduced surface etching or activated defect sites,
which can enhance the reactivity of the material and improve its dispersion due to increased

surface area.
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3.6.2 Particle impregnation of CFI

3.6.2.1 Imaging of cross-section of tube and CFI

PDMS coating and particle impregnation inside the tube are seen through the optical images
under a microscope as shown in Figure 3.12 (b) and (c) over the native tube (a). The PDMS
coating is not uniform. However, the particles have been impregnated thoroughly in the
circular path. Accordingly, the thickness of the PDMS varies around 1.1 mm to 0.1 mm
throughout the inner periphery of the tube. The experiments to control the uniformity of
the PDMS coating are under way. Here, it is demonstrated that even without a uniform
PDMS coating, the CFI can be infused with the particles inside which can enhance the

photocatalytic reaction kinetics.
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Figure 3.12: Optical microscopic images of (a) native, (b) PDMS coated and (c) particle
impregnated tube.

Since the microscopic analysis was performed on selected sections, very small local
uncoated regions or coating-thickness variations cannot be completely ruled out. However,
the visible particle impregnation along the inner channel and the successful photocatalytic

performance suggest that major uncoated regions were unlikely.

3.6.2.2 SEM and EDX imaging of inner surface of CFI

The SEM and EDX mapping images reveal the elemental distribution of zinc and titanium
across the cross-section of the CFI channel impregnated with zinc titanate particles in
Figure 3.13. The SEM image (a) shows the physical morphology of the cross-section, while
the accompanying elemental maps highlight the spatial presence of various elements,
including Zn, Ti, and others, like, oxygen (O), carbon (C), and silicon (Si) from the
substrate.

The TiK (orange) and ZnK (cyan) maps clearly show the localized distribution of titanium

and zinc, respectively, suggesting that zinc titanate particles are dispersed across the surface
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and impregnated within the channel. The co-localization of Ti and Zn indicates the presence
of ZnTiO3 in the impregnated CFI. The uniformity of these maps suggests good distribution
of zinc titanate particles within the matrix, which is crucial for maintaining catalytic or
functional properties of photocatalyst. Homogeneity in the areal coverage of particles along
the channel walls can be taken to imply the quality of uniformity, with minimal aggregation
or gaps, ensuring effective utilization of active sites and preventing channeling. High-
resolution SEM images were captured at multiple locations along the inner walls (n > 5),
which showed consistent particle coverage across different regions. This observation
confirms that the particle distribution is sufficiently uniform to maintain consistent
performance and minimize efficiency losses due to preferential flow paths. The oxygen (O)

distribution further supports the presence of the titanate phase. This mapping confirms the

successful incorporation of ZnTiOs into the CFI channel.

Figure 3.13: SEM and EDX mapping for zinc titanate particles distribution at the cross-
section of CF1I.

In order to estimate the area fraction of particles inside CFI, the area (235.02X165.84 pm?)
of the image (a) has been analyzed on imageJ software. The identified 136 spots of ZnTiO3
particles having total area 4077 pm? out of the given area 38,975.7 um? brings an area
fraction of 0.105 impregnation inside PDMS matrix. This distribution of the particles is

considered along the whole inner curved surface area 98.55 cm? of the tube, leading to the
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estimated surface area of particles exposed to the MB solution as 10.34 cm?. As discussed
in the next section, the estimated exposed surface area is utilized for normalizing the rate
constant on area basis to obtain a suitable quantifier of the efficacy of the catalytic activity

and comparing it to other works.

3.6.3 Photocatalysis

In kinetic studies of wastewater treatment, dye degradation is commonly described using
linear or non-linear relations that express the decrease in dye concentration with reaction
time. For many photocatalytic systems, the degradation behavior is approximated by the
pseudo-first-order rate law, Ln(C,/C) = kt, where C, is the initial dye concentration, C is

the dye concentration after reaction time t, and k is the pseudo-first-order rate constant.

In contrast to a batch reactor, the current study involves a continuous-flow photocatalytic
reactor, where the relevant reaction time is represented by the residence time of the dye
solution inside the reactor. The residence time is given by: T =V /Q, where V' is the fixed
reactor volume (6.6 mL) and Q is the volumetric flow rate. During each experimental run,
the flow rate was maintained constant until steady-state operation was achieved. At each
flow rate, four outlet samples were collected after reaching steady state and averaged to
obtain a single steady-state outlet concentration, Cgs. Therefore, the concentration used in

the kinetic expression corresponds to C,, rather than a time-dependent concentration.

Accordingly, the pseudo-first-order relation for the continuous-flow reactor can be

expressed as:

(%)= () a2

where C, is the inlet dye concentration, C is the steady-state outlet dye concentration, V
is the reactor volume, Q is the imposed flow rate, and k is the pseudo-first-order rate
constant. Here, VV/Q changes only when the flow rate is varied between different

experimental runs and not during a single steady-state run.

In the photocatalysis experiments, the degradation activity of the ZnTiOs-impregnated CFI
and straight tube was analyzed under visible-light and dark conditions at six different flow
rates. The corresponding Ln(C,/Css) values were plotted against 1/Q in Figure 3.14, and
the data were fitted using the pseudo-first-order kinetic model with +95% confidence

intervals.
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Linear regression of Ln(C,/Cs) versus 1/Q was performed through the origin software,
and the standard error of the slope was calculated from the residuals. The 95% Cls were
obtained using the Student’s t-distribution (tg 975 ¢ = 2.447), corresponding to a two-tailed
confidence level with df = 6 [134]. The corresponding confidence limits for the rate
constant were obtained by dividing the slope limits by the reactor volume (6.6 mL). Error
bars in Fig. 3.14 represent the variability among four steady-state outlet samples collected
at each flow rate and the reported confidence limits reflect the uncertainty in the fitted

parameters.

The linear regression model used is y = mx, with the slope calculated as:

S 2XiYi
Yx}
The standard error of the slope is given by:
; — mx;)?
SEGmy= [E0i= ™)
(n — DXx;

The margin of error is found as:
Am = tgg75,n-1 - SE(m)
The 95% confidence interval is calculated as:

95% Cl =m+ Am
The rate constant and its confidence limits are obtained as:
m CI(m)

=6e (1) =—¢%

Using the experimental data and assuming a zero-intercept fit as shown in Fig. 3.14, the

k

approximated parameters are given in table 3.2.
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Table 3.2: Calculated error parameters for slope and rate constant calculation.

Condition m SE (m) Am k (X102 min™") | Ak (X102 min™)
Dark (CFI) 0.02433 | 0.00541 | 0.01323 3.69 2.00
Light (St Tube) | 0.06995 | 0.00883 | 0.02162 10.60 3.28
Light (CFI) 0.16277 | 0.01693 | 0.04142 24.66 6.28
0.25r 4 Light(CFD) y = (0.1628+0.0414)x

® Light (straight tube)
| ®  Dark (CFI)

0.20 Line fit
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Figure 3.14: Pseudo-first-order kinetic plots of methylene blue degradation showing
variation of Ln(Cy/Css) with inverse flow rate (1/Q) for ZnTiOs-impregnated CFI and

straight-tube reactors under visible-light and dark conditions. Solid lines represent best
linear fits and dotted lines denote 95% confidence interval bands.

The extent of MB dye adsorption onto the ZnTiO3 photocatalyst under dark CFI operation
in the CFI was evaluated using the expression [(1 — Csg gqrk/Co) X 100], where C; is the
steady-state outlet dye concentration under dark conditions. The calculated adsorption
percentage was approximately 4.5%, indicating minimal dye uptake in the absence of

illumination.

Since residence time and flow rate are inversely related, //Q is proportional to the residence
time, 7. The degradation process will improve from a longer residence time, allowing the
dye molecules to interact more thoroughly with the ZnTiO3 particles. The curves are
typically linear, with positive slopes, because the degradation increases as the residence

time increases.
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It can be seen from the Figure that slope of light data (denoted by triangle and circle) is
higher than that of dark data (denoted by square) confirms the suitability of photocatalysis
process, moreover the slope of CFI data is steeper than that of straight tube data confirming
a higher degradation rate or effectiveness of CFI over straight tube in the process. Thus, it
can be inferred, as (1/flow rate) increases (which corresponds to decreasing flow rate), the
extent of dye degradation increases and is more productive in CFI rather than in straight

tube.

The percentage enhancement in photocatalytic activity observed from the respective rate
constants with 95% CI, is presented in Table 3.3.
Table 3.3: Comparison of photocatalytic dye degradation in light and dark conditions with
the rate constants (95% CI) followed by the first order kinetic model.

Dark CFI  Light straight tube Light CFI

Parameter
(ka) (ks) (ke)
Rate constant, k£ (X 1073 min™) 3.69 10.60 24.66
95% CI for k (x 1073 min™) 1.69 — 5.69 7.32—-13.88 18.38 — 30.94
Enhancement with respect to (k) - 187.3% 568.3%
Enhancement with respect to (k) - - 132.6%

Since it is the surface area where the catalytic reaction occurs, it is necessary to normalize
the rate constant per unit exposed surface area to quantify the efficacy of the catalytic
reaction. In this context, the photocatalytic activity of ZnTiOs3 particles (crystallite size 29
nm and band gap 3.8 eV) in a batch reactor, as reported in an earlier work[118], is
compared. In this work, with 10 mg particles in 40 mL of 10 ppm methylene blue dye
solution yielded the value of rate constant (k) to be 0.0472 min™'. Knowing the average
crystallite size and density of the oxide particles,[135,136] the rate constant per unit
exposed area can be calculated and compared to our work. The batch mode operation in
Ref[118] yields a rate constant as 7.36x10% min'! cm™2, while in our arrangement, with the
continuous flow processing and immobilized particles, the rate constant per unit surface
area are found to be 1.02x107 min!' cm™ in straight tube configuration and 2.38x10 min-
! emin CFI configuration, which are much higher than the values obtained from Ref[118]

for batch processing.
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3.7 Challenges encountered and resolutions implemented

During the development and evaluation of the ZnTiOs-impregnated PDMS-lined CFI
reactor, several practical and operational challenges were encountered. The major

challenges and the corresponding resolution attempts are summarized below.

e Challenge: Agglomeration and poor dispersion stability of ZnTiO3; nanoparticles
resulted in non-uniform immobilization inside the PDMS-lined tube.

Resolution: Plasma treatment, sonication, and pre-filtration of the ZnTiO3
suspension were employed to improve particle dispersion and coating quality.

e Challenge: Sensitivity of plasma treatment conditions, where insufficient treatment
produced weak particle adhesion while excessive treatment affected PDMS
integrity.

Resolution: Plasma exposure parameters were optimized to achieve effective
surface activation without compromising reactor transparency and structural
stability.

e Challenge: Non-uniform swelling and deswelling of PDMS caused uneven particle
incorporation along the reactor wall.

Resolution: A controlled and reproducible solvent swelling protocol was
developed to ensure consistent nanoparticle infusion throughout the CFI.

e Challenge: Irregular catalyst patches caused localized light scattering and reduced
photon penetration.

Resolution: Controlled and uniform suspension injection was adopted to improve
coating uniformity along the reactor length.

e Challenge: Flow instabilities at higher flow rates due to complex Dean vortex
interactions in the CFI geometry.

Resolution: Calibrated syringe pumps and flow stabilization methods were utilized
to maintain steady-state continuous-flow operation.

e Challenge: Possible particle detachment under continuous-flow conditions.
Resolution: Repeated rinsing and stabilization cycles were carried out prior to

photocatalytic experiments to ensure stable catalyst adhesion.

The unresolved aspects identified in this chapter indicate the need for further investigation
and have been briefly noted in the Summary section, with further discussion included in

Chapter 7 under the future research scope.
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3.8 Literature comparison with the present work

To place the present work in context, a comparison with relevant literature reports from the

same field is presented in Table 3.4.

Table 3.4: Comparison of reported photocatalytic methylene blue degradation systems
across batch and continuous reactors.

React MB Perf /rat
cactor Catalyst System Mode eriormancefrate Ref.
Type constant, k
90% degradation in 1
Batch TiO2 nanoparticles Batch h?coillg;?etae 1i<1)1n211111 [137]
. . 98.5% degradation i
Batch slurry =~ ZnO nanoparticles =~ Batch/sunlight o egra. aonin [138]
60 min
~89% removal in 150
RGO/GO/Bi-TiO
Continuous GO/GOBI-TIO; Continuous/UV min; 3.4% higher [139]
nanotubes .. .
visible-light rate.
Batch o-CsNs Batch/simulated 100% degrafiation in [140]
solar 60 min
ZnTiO3/TiO .
) e > ! : Batch/UV 93% photodegradation;
Batch immobilized in ) . .1 [141]
irradiation k=10.018 min
geopolymer

S;tei]:lped Ac'-doped TiO Contin >99% decolorization at [142]
cOMHIUous g-0ope ? ontnuous 1 L/h after 120 min

flow
Batch/low 57.4% removal in 180
Batch sl ZnTiOsz- ©
atchslurry 2005700 °C sty UVB | min: k = 0.0048 minl )
99.8% degradation fi
g-CsNw/h'ZnTiOs- /o degradation for
Batch slu a'TiO; direct Z Visible light >0 WU CNWZT-aTk ) o)
Y ’ . & —2.92 ! = 0.0487
scheme composite .
min
Continuous Plasr;i?fgvated Continuous k=24.66 x 103 min™';  This
PDMS-CFI ) o visible light 2.3x vs straight tube ~ work
immobilized

3.9 Summary

A novel method of plasma treated photoactive particles (ZnTiO3) impregnation inside a
silicon tube folded in the form of CFI, is reported. The method consists of coating the CFI
with PDMS film first, swelling the film, and subsequently subjecting the swollen film to
the aqueous suspension of the photocatalytic zinc titanate particles. Finally, deswelling the

film results into the particles getting immobilized in the film partially exposed to the flow
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region. The application of ZnTiO3 impregnated CFI for the degradation of methylene blue
dye from wastewater has been studied at different flow rates in dark and light conditions
and compared with same tube in straight configuration. The result showed that a very little
value of particle area fraction 0.105 having band gap energy of 2.77 eV, are sufficient to
perform photocatalysis when used in CFI. The observed rate constants (k + 95% CI half-
width) are 10.60 + 3.28 x 1073 min™! in the straight tube configuration, and 24.66 £ 6.28
x 1073 min™! with the CFI. Thus, CFI not only enhance the kinetics of photocatalysis
process more than twice as compared to the straight tube but also facilitates a continuous
flow process in a comparatively less and confined space. This novel technique can be useful
in miniaturization applications. The experimental technique can be used for continuous
processing of wastewater utilizing the immobilized impregnated CFI, thereby safeguarding
the environment and human health. Further research efforts are justified to optimize the
process parameters and scale up the technology for industrial implementation in wastewater
treatment plants. The degradation efficiency of MB dye using ZnTiO3 impregnated CFI can
be influenced by various factors, including catalyst loading, solution pH, light intensity,
and flow rate[144,145]. Optimization of these parameters is crucial to achieving high
degradation rates and minimizing energy consumption. Additionally, the long-term
stability, possible leaching, and recyclability of ZnTiO; particles immobilized within the
PDMS-lined CFI need to be evaluated under Dean-vortex-induced shear to ensure sustained
photocatalytic performance and practical feasibility. In this work, however, only the
feasibility of such a reactor is established, and influence of all these above-mentioned
factors on the performance of the reactor will be presented in a separate work. Future work
will focus on validating the performance of the developed system under more realistic
conditions, including higher dye loadings, elevated TDS, and alkaline pH, to better assess

its practical applicability for textile wastewater treatment.
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Chapter 4: Fabrication and Comparison of Neat and SiOC-
Impregnated PDMS Membranes for Pervaporation of Ethanol
from a 1:1 Ethanol-Water (v/v) Mixture

4.1 Abstract’

This study demonstrates that ethanol extraction from an ethanol-water mixture is
significantly enhanced when a PDMS membrane is selectively impregnated with silicon
oxycarbide (SiOC) particles near one surface. High surface-area SiOC particles (192 m?
g"), a polymer-derived ceramic (PDC) synthesized by heat-treating a PDMS sponge
wrapped in aluminium foil at 550 °C, were characterized using XRD, HR-TEM, BET, and
SEM-EDX, confirming an amorphous Si—O—C structure with nanoscale morphology and
porous characteristics. A 10% cross-linked PDMS membrane was subsequently infused to
a depth of ~100 pm by exposing one surface to a SiOC suspension in di-isopropylamine,
forming an asymmetric structure. Cross-sectional SEM—-EDX, porometry, and contact
angle measurements indicate localized particle incorporation, broadened pore-size

distribution, and increased surface hydrophilicity relative to the native membrane.

Pervaporation experiments were conducted at 298 K with atmospheric feed pressure and a
permeate side maintained at 21 kPa and 3 °C. Membranes (0.6 mm thickness, 0.001257 m?
area) were operated for 12 h, yielding ~5 mL permeate and an overall flux of ~331 mL m™
h™'. Despite low ethanol flux, the SIOC-modified membrane showed improved separation

erformance, with an average ~150% increase in the ethanol-water separation factor.
p g p

This enhancement is attributed to water adsorption by the SiOC phase, creating localized
hydrated regions that promote ethanol transport via a mixed solid—liquid diffusion pathway,
unlike the solid-phase diffusion in native PDMS. These findings establish selective SiOC

infusion as an effective strategy for enhancing pervaporation performance.

Keywords: Polymer-derived ceramics (PDC), Silicon oxycarbide, Composite membrane,

PDMS, Pervaporation. Interfacial phenomena, Liquid phase diffusion.

 This work is published in ‘Chem Eng Commun (2026) 1-15
https://doi.org/10.1080/00986445.2025.2611392.
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4.2 Introduction

Polymer-derived ceramics (PDC) is an area that has attracted a surge in research activity
over the past 10-15 years[146]. PDC offers a versatile route for manufacturing ceramic-
based components. Silicon-based ceramics are particularly convenient to produce using
silicon-based polymers. One such important ceramic product is silicon oxycarbide
(Si0C)[147,148]. SiOC particles are derived from the pyrolysis of polymeric precursors
that contain silicon, oxygen, and carbons[149,150]. This process results in a network
structure characterized by Si-O-C bonds, where carbon atoms are incorporated into the
silicon dioxide (Si02) matrix. One of the distinguishing features of these materials is the
presence of carbon in both hetero-bonded form with Si (carbide) and segregated graphitic
form with carbon atoms joined by sp? bonding. The nano-crystalline graphitic domains are
included inside the amorphous Si-O-C matrix. These graphitic carbon domains are believed
to improve many properties of the material. The mechanical strength of SiOC is enhanced
by the presence of carbon within the SiO; matrix, providing a balance between rigidity and
toughness that is desirable in many structural applications[151,152]. Chemical resistance
is another notable property of silicon oxycarbide particles. They exhibit excellent resistance
to oxidation and corrosion, which extends their usability in harsh chemical
environments[153,154]. This chemical inertness, combined with their thermal stability,
makes SiOC materials ideal for use in industries, such as, catalysis and energy storage[155].
The high specific surface area of SiOC particles, which can reach several hundred square
meters per gram, is particularly beneficial in these fields. Since in catalytic applications,
the high surface area allows for better dispersion of catalytic active sites, enhancing the

overall efficiency of the catalytic process[156,157].

The porous nature of SiOC materials is a significant advantage in adsorption applications,
such as, gas separation, water purification, and pollutant removal[154,158—160]. The high
surface area and porosity enable these materials to adsorb large amounts of substances,
making them highly effective in these roles. Moreover, the biocompatibility and chemical
inertness of SiOC have led to explorations of their use in biomedical applications, including
drug delivery systems[161]. The versatility of silicon oxycarbide particles continues to

drive interest and innovation, promising exciting developments in the future.

Ethanol has been identified as a renewable fuel blend which can potentially reduce the

consumption of fossil fuels and subsequently reduce the emission of greenhouse gases.
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Several countries have focused on energy security and reduction in environmental pollution
through regulatory mechanisms that include an emphasis on blending gasoline with
ethanol. Ethanol is obtained primarily from cellulosic biomass through chemical or
biochemical processing routes. When manufactured through the biological fermentation
route, ethanol is present in the fermentation broth as a mixture with water and other
compounds and requires further separation and purification steps. Processes, such as,
adsorption, extractive distillation, vacuum membrane distillation, pervaporation, and vapor
permeation have been employed to separate ethanol from its aqueous solution[162].
However, in the distillation and extraction processes the selection of separation method is
to be optimized depending on the characteristics and type of solution to be separated[72].
The boiling point of ethanol is around 78°C which is close to the water boiling point, which
is why mere distillation will not provide effective purification as a higher boiling point
difference is required in the distillation process. Ethanol is not suitable for extraction as it
is miscible with almost all solvents, and without a proper immiscible solvent that can cause
phase separation, the extraction process cannot be designed. Pervaporation is an energy-
efficient and clean technology process in comparison to distillation and extraction[163]. In
this process, permselective hydrophilic or hydrophobic polymeric membranes are
employed to separate a single liquid mixture phase into its constituting components.
Contrary to conventional distillation, the driving force for mass transfer is the difference in
the partial pressure of constituents across the membrane matrix. Because of the partial
pressure difference, a gradient in the chemical potential of the components present in the
liquid mixture is created between the feed and permeate side of the membrane. The
chemical potential gradient, which is the actual driving force for separation, the
components have different permeabilities across the membrane matrix and are
subsequently separated. The application of pervaporation is not only limited to the chemical
industry, like, production of bioethanol (fuel ethanol from biomass), dehydration of fine
chemicals, recovery, purification of organic solvents (yielding larger than 99%), food
solvents and waste-water treatment but also it has been proved to be environment friendly

due to emission reduction[164—166].

Polydimethylsiloxane (PDMS) membrane is hydrophobic and is highly permeable to
organic solvents. The PDMS membrane does not allow the water to pass but it can attract
the volatile organic compound (ethanol) to permeate through it by creating a partial

pressure difference, as mentioned above. Therefore, pervaporation by the PDMS

65|Page



membrane provides higher selectivity to ethanol while consuming less evaporation
energy[167—170]. Pervaporation is enhanced with superhydrophobic membranes[171].
Improved production and enrichment of bioethanol from its aqueous mixture has been
obtained through pervaporation technique wusing pure PDMS polymeric

membranes|[172,173].

PDMS material has been utilized in various physical forms to fabricate membranes for
filtering applications[174,175]. One possible modification to the PDMS matrix for
engineering its permeability is to infuse it with suitable particles. PDMS infused with filler
materials (organic/inorganic), like, zeolite particles, fluorine, graphene and its derivatives,
tree bark biochar, carbon black, and silica particles have been shown to enhance separation
efficiencies compared to their neat counterparts[176—183]. The overall efficiency of the
process depends on the structural and physio-chemical properties of the polymer matrix
and filler materials, in addition to the process operating conditions. PDMS matrix offers
such a desired platform of flexibility and tunability with silicon oxycarbide particles which

in turn support the membrane with stability, non-toxicity and greater strength.

In this work, the preparation of SiOC particles using PDMS by a novel method and the
subsequent impregnation of PDMS membranes with these particles, are reported. By virtue
of being compatible with the PDMS matrix, these particles readily infuse into the matrix
modifying its properties and improving its pervaporation characteristics. A novel technique
is also utilized to infuse the particles in the membrane as well, wherein one side of the
PDMS membrane is exposed to suspension of silicon oxy-carbide particles in di-iso-
propylamine (DIPA). The DIPA swells the membrane and infuses it with the particles.
Subsequently, DIPA is allowed to evaporate, and a membrane is dried, leaving a membrane
impregnated with the particles. A similar concept has been used in past work to line the
microchannels in PDMS with a metal oxide layer[184]. The impregnated membranes are
tested for the pervaporation of ethanol-water mixture, and it is found that the pervaporation
of ethanol is better in these as compared to the neat membranes. It is to be noted that even
though the membrane surface becomes more hydrophilic upon impregnation, ethanol
pervaporation is improved in these. A plausible explanation for the observed behavior is
offered. This work in current form focuses only on showing that SiOC particles improve
ethanol pervaporation. A detailed account, including flux measurements and possible

removal of the impregnated SiOC from the membrane will be presented elsewhere.
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4.3 Research gaps

Pervaporation (PV) of ethanol-water mixtures using PDMS membranes has been
extensively studied because of the organophilic nature and chemical stability of PDMS.
Most reported enhancements rely on conventional fillers, such as, silica, zeolites, and
metal-organic frameworks (MOFs), generally incorporated through uniform bulk

dispersion within the membrane matrix.

In contrast, comparatively limited attention has been given to polymer-derived silicon
oxycarbide (SiOC) particles as functional fillers for PDMS membranes, despite the high
surface area (~192 m? g'!) of SiOC synthesized from pyrolyzed PDMS foam, which may
significantly influence membrane transport behaviour. Furthermore, most reported studies
focus on relatively dilute ethanol feeds (typically 5-20 wt% ), while membrane

performance under equivolume ethanol-water mixtures remains insufficiently explored.
Accordingly, important research gaps persist regarding:

e The influence of SiOC impregnation on the microstructure, hydrophobicity, free
volume, and transport pathways of PDMS membranes, particularly under

asymmetric surface impregnation.

e The performance of PDMS—SiOC membranes under high-concentration ethanol—
water feeds, where transport behaviour may deviate from conventional solution—

diffusion mechanisms.

e The role of localized SiOC domains in modifying ethanol selectivity and

permeation behaviour in PDMS membranes.

The present chapter addresses these gaps by systematically comparing neat PDMS and
SiOC-impregnated PDMS membranes under a 1:1 ethanol-water feed composition and
investigating how SiOC incorporation alters membrane morphology and separation

performance.

4.4 Synthesis method of SiOC particles and membranes

4.4.1 SiOC particles

The silicon oxy-carbide particles to be used in impregnation of the membrane had been

prepared by the process of thermal degradation of PDMS sponge, fabricated in our
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laboratory itself. The sponge was prepared by heating an appropriate solution of Sylgard
184 PDMS solution containing silicone elastomer base and 10 wt% curing agent in
tetrahydrofuran (THF), during which THF evaporated and PDMS cross-linking occurred
simultaneously, resulting in a sponge-like material. The sponge was covered with
aluminium foil and kept inside a muffle furnace at 550°C for 2 hours with a fast heating
and cooling rate of 50 °C min!, yielding brittle and hard particles which were finely
crushed using mortar and pestle. A flow diagram representing the synthesis of SiOC
particle is shown in Figure 4.1. (It was observed that when the sponge pieces were not
covered inside the aluminium foil, the obtained particles did not assist in the separation of

ethanol by pervaporation).

PDMS

Inside muffle > Heating @ 50°C/min
sponge !

furnace 0 550 °C; dwell 2 hours,” Calcination

]

Cooling @
50°C/minto RT

Si0OC _ . Brittle and hard
] Finely crushed using mortar and pestle )
particles particles

Figure 4.1: Flow diagram of SiOC particle synthesis.

> Covered with Al-foil

To address the possibility of contamination from the aluminum foil during the thermal
conversion of PDMS sponge to S1OC particles at 550 °C, it is important to clarify that the
foil serves only as a physical support during pyrolysis and does not participate chemically
in the process. Aluminum surfaces spontaneously form a thin, dense, and strongly adherent
native aluminum oxide (Al20s) layer upon exposure to air. This passivating oxide layer is
chemically stable up to temperature 550 °C used in this study and effectively prevents
diffusion, transfer, or leaching of aluminum species into contacting solids during heat
treatment[185,186]. Consistently, no Al or Al-O signatures were detected in the XRD and
EDX analyses of the SiOC particles or SiOC-PDMS membranes, confirming that
aluminum does not contribute to the chemical composition or morphology of the
synthesized materials. In contrast to our method, the previous methods have utilized high

temperature (= 900 °C) treatment to obtain the SiOC particles[147-150].

4.4.2 Membranes

The Sylgard 184 base elastomer and its cross-linker (10 wt%) were mixed, de-gassed and

spread up to the desired height (membrane thickness) in a petri dish. For curing and

68| Page



complete cross-linking, the dish was kept in a perfect horizontally levelled microwave oven

and heated at 100 W for 1 hour to get the desired native membrane.

In order to impregnate the membrane with silicon oxy-carbide particles, one side of the
membrane was kept in contact with the DIPA suspension, containing 40 mL of DIPA
solvent and 40 mg of silicon oxy-carbide particles, till its complete evaporation. DIPA
provided the necessary widening of pore size due to swelling of the membrane and thus
induced incorporation of the silicon oxy-carbide particles is achieved in the membrane. A

schematic representation of the adopted process is shown in Figure 4.2.

: =
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Before Top surface exposed to DIPA- Impregnated, swollen Impregnated, de-
swelling Si0C dispersion swelled, dried

Figure 4.2 Schematic representation of the process leading to membrane impregnation.
The obtained impregnated membrane was followed by drying and washed with de-ionized
water several times to ensure the removal of any foreign particles and impurities on the

surface of the membrane.

4.5 Pervaporation setup

A schematic representation of the equipment for the pervaporation process is shown in
Figure 4.3. The membrane-holding assembly used for pervaporation consisted of two
detachable parts made of borosilicate glass and a metal clamp to fasten them. The upper
part is a cylindrical funnel which holds the feed from the top, the middle part is an integrated
fritted glass base to support the membrane, and the bottom flask is used for collecting the
permeate.

The middle part along with a glass frit base protrudes a funnel to the bottom and has an in-
built vacuum port to which a vacuum pump is attached. The permeate-collecting bottom
flask is cold-trapped with ice-gel packs and thermally isolated inside a foam-insulated box.

In pervaporation, the pressure gradient (due to applied differential vacuum) and
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temperature gradient (due to cold trap) between the feed and permeate side are the driving

forces to create phase transition and permeate the vapor through a membrane[187,188].

Feed l

Membrane

Cold trap
Vacuumn pump

LN

Permeate

Figure 4.3: Flow diagram for pervaporation experimental setup.

In all the experiments, the feed was kept at atmospheric pressure and room temperature
(298 K) whereas the permeate side was maintained at an absolute pressure of 21 kPa by a
diaphragm-type vacuum pump and temperature of 3 °C by ice-gel pack support. The
thickness and enclosed effective area of the membrane were 0.6 mm and 0.001257 m?
respectively. The mounted membrane to assembly, wrapped using parafilm first then
clamped to ensure pressure tight seal. The process of pervaporation was performed for 12
hours for each of the native and impregnated PDMS membranes. The permeate vapor,

condensed due to the cold trap, was collected (~5 mL) at the bottom of the assembly. A
standard permeation relation, | = Alt was used to compute the overall flux, where V is the
collected permeate volume, A is the effective membrane area, and t is the permeation time.
The resulting flux is J = 331 mL m~2h™", demonstrating the extremely low absolute
permeation rate characteristic of ethanol-water mixtures under the tested conditions.
Although small in magnitude, this quantified flux enables a direct and meaningful
comparison of transport behavior and separation performance between the native and

SiOC-impregnated membrane configurations.

4.6 Results and discussion

4.6.1 Characterization of the SiOC particles

4.6.1.1 XRD analysis
The X-ray diffractograms of SiOC particles have been shown in Figure 4.4 showing a
typical broader Bragg peak centered on the 26 value of 22.25°, which confirms the
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amorphous phase of SiO» particles[189]. Our TEM image suggests the presence of graphitic
domains. However, the graphitic peak expected to be observed at around 26 value is 27° is
not clearly seen in the XRD pattern of the particles because of the broad span of the peak
due to the amorphous phase of SIOC[190]. However, one additional broad diffraction peak
appearing to be centered at around 70.70 degrees, can be indexed to the (311) planes of the
cubic phase of silicon carbide (SiC) shown in Figure 4.4, as confirmed from the JCPDS
card no. 29-1129[191]. Additionally, the two weak and broad peaks at around 36° and 48°
can also be attributed to the amorphous SiC phase[192]. Thus, these additional broad peaks

suggest the presence of an amorphous phase of cubic SiC.

22.25°

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
Angle (20)

Figure 4.4: XRD pattern for silicon oxy-carbide particles.

4.6.1.2 Specific surface area analysis

The adsorption isotherm is obtained by measuring the volume of gas adsorbed onto the
silicon oxy-carbide particles at different relative pressures (P/Po) at a constant liquid
nitrogen temperature (77 K), as shown in Figure 4.5. A surface area of 192 m? g! indicates
that the silicon oxy-carbide particles have a moderately large amount of surface area
available for adsorption. Small hysteresis also suggests that the particles are nanoporous as
suggested by the pore size distribution shown in Figure 4.5. These nanopores may be
arising because of the amorphous nature of the material. Pore size distribution in figure 4

suggests the presence of nanopores with sizes lying in the range of 1-5 nm, and also

micropores in the range of 100-300 nm.
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Figure 4.5: Surface area estimation using BET nitrogen adsorption—desorption isotherm
plot for silicon oxy-carbide particles.

4.6.1.3 Morphology

The Scanning Electron Microscopic (SEM) image and Energy dispersive X-ray (EDX)
composition analysis of silicon oxy-carbide particles have been shown in Figure 4.6 (A)
and (B) respectively. It is noticed from the EDX result that silicon and oxygen are the
primary contents in particles as in the SiOC particles the carbon atoms substituting the

silicon atoms are in minority and therefore will present weak signal.
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Figure 4.6: (A) SEM image and (B) Spot EDX of SiOC particle showing Si and O
composition.

Moreover, the energy value for the carbon K shell electrons is very close to that of silicon,
and therefore the carbon peak is not detectable in the EDX graph. The morphology suggests
that the particle size ranges from 100-400 distribution which is clear from the SEM images.
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4.6.1.4 HR-TEM

Figure 4.7 (A, B) shows the high-resolution TEM image of brittle SIOC particles. Image
(B) clearly shows the graphite basal planes which are known to have an interplanar
separation of 0.3320 nm[193]. The graphite signature is missed in the XRD pattern, but the

TEM image confirms its presence.

(A) (B)

Figure 4.7: (A, B) TEM images of brittle SiOC particles with two different magnifications.
Thus, it is concluded that the SiOC phase obtained by fast heating and cooling of the
covered PDMS sponge results in the formation of graphitic carbon[190]. Furthermore,
covering the brittle SIOC particles prevents the carbon atoms from escaping and thereby
leads to the formation of a graphitic phase in these samples due to adequately available

carbon atoms.

4.6.2 Characterization of the membranes

4.6.2.1 Morphology

The cross-section of the impregnated membrane is characterized with SEM/EDX to reveal
the depth of impregnation of particles inside it. Figure 4.8 presents the cross-section SEM
image and EDX analysis at two different spots. The membrane thickness was 600 pm, and
the particles were infused from one side up to a depth of 100 um as seen in image Figure
4.8 (A). The SiOC particles constitute mostly of Si-O-Si network in which minority silicon
atoms are substituted by carbon atoms. Hence the carbon fraction in SiOC is much smaller
compared to the PDMS material which is because during the sponge pyrolysis most of the

carbon escapes as CO».
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Figure 4.8: (A) SEM image comparing particle impregnation at two spots 1 and 2 inside a
membrane exposed to SiOC suspension and (B, C) EDX of SiOC impregnated membrane
at two different spots in cross-sectional areas.

This is also evident from the EDS spectra of spots 1 and 2 in this Figure where spot 1
(PDMS region) shows higher carbon signal as compared to spot 2 (SiOC region). The other
peaks in EDX analysis viz., Na and Mg are the impurities that remained due to the treatment

of the membrane with water.

4.6.2.2 Capillary flow porometry of the membranes

The capillary flow porometry test was performed by doing a wet run followed by a dry run
condition on the membranes. The impregnated membrane was placed inside the test cell
such that the side exposed to particles faced the gas pressure. The pore size is measured

using the Washburn equation[194], given by:

D =40cosf/p (4.1)
Where D is the pore diameter, o is the surface tension of the wetting fluid, 6 is the contact

angle, and p is the differential pressure.

Pore distribution is calculated using the pore distribution function[195,196] as:
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d[(2%) x 100]
f — _fa
dD
Where f,, is the flow rate through a wet sample, f; is the flow rate through the dry sample,

(4.2)

and D is the pore diameter.

The measured pore size distribution is shown in Figure 4.9 (A) and (B) for native PDMS

and SiOC-impregnated membranes respectively.
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Figure 4.9: Graphs showing percentage pore distribution (A) native, and (B) SiOC
impregnated PDMS membranes.

It is evident from this result that particle impregnation dramatically affects the nearly
monodisperse pore size distribution in the native membranes, causing pores with a wide
range of sizes to open up. Silicon oxy-carbide particles have high surface area-to-volume
ratios due to their nanoscale dimensions and porous structure[197]. The wide pore size
distribution in impregnated membranes arises chiefly due to the impregnated particles
whose surface area analysis also showed a similar pore size distribution as presented in
Figure 4.5. Owing to a wide pore size distribution and a large specific surface area of the
particles, the membrane’s ability to interact with the surrounding molecules is
enhanced[198]. Although porometry indicated relatively large equivalent pore openings,
these pores do not represent continuous liquid-flow channels across the membrane
thickness. The SiOC modification was localized mainly near one surface, while the
remaining PDMS matrix retained its dense and hydrophobic character. Therefore, during
pervaporation, transport occurred through sorption—diffusion—desorption rather than bulk

liquid leakage, and no visible leakage was observed under the applied operating conditions.
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4.6.2.3 Surface hydrophobicity

As reported previously, the SiOC region formed on the surface of the SiC through oxidation
leads to an increase in hydrophilicity[199]. Contact angle measurement of the face of the
membranes in our work that was exposed to the SiOC particles for infusion also showed
increased hydrophilicity as compared to the neat membranes. The contact angle changes
from 105° in the neat membrane to 85° in the infused membranes, as shown in Figure 4.10.
The hydrophobicity in PDMS can be attributed to the methyl groups, whereas in SiOC the
carbon content is significantly less compared to Si-O subunits. The presence of more
oxygen as compared to methyl groups in the SiOC particles present in the sub-surface

region leads to enhancement in water wettability of the surface of the membrane.

Figure 4.10: The water contact angle for (A) native PDMS membrane and (B) SiOC-
impregnated membrane.

The effect of the polarity of the group attached on one side of the membrane has been
observed to correlate with the water selectivity in the pervaporation experiments, and water
selectivity increases as the contact angle is decreased[200]. The opposite effect is observed
that the water selectivity in the impregnated membranes showing hydrophilicity (on the
impregnation side) decreases. An explanation of this trend is offered in the following

section.

4.6.3 Pervaporation of the ethanol-water mixture

Ethanol-water separation performance of the synthesized native and impregnated
membranes was evaluated under the pervaporation conditions using a 50-50 (vol-vol)
ethanol-water mixture. The permeate composition is analyzed using gas chromatography
for comparison. Figure 4.11 (A-C) shows the comparison between the gas chromatograms
of permeate samples from the native and SiOC-impregnated membranes. The peak

corresponds to the ethanol response in the sample.
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Figure 4.11. Chromatograms showing peaks of ethanol in permeate (A), (B), (C) for
comparing native and SiOC-impregnated PDMS membrane.

It can be seen from the figure that in the case of SiOC-impregnated membrane, the area
under the curve is significantly greater in comparison to the area under the curve of the
native membrane. This indicates that the SIOC-impregnated membrane permeate has more
ethanol content as compared to the native membrane. Moreover, it can also be seen that
with an increase in the sample volume, the difference in the area under the curve is also
increased as tabulated in Table 4.1 confirming the higher concentration of ethanol.

Table 4.1: Gas chromatography results for comparison of pervaporation from the
membranes.

Sample Permeate area (p volt sec) Area difference
amount (pl) Native (a) SiOC impregnated (b) (b-a)
0.1 3367 5978 2611
0.2 10290 26939 16649
0.4 19521 60804 41283

Notably, in earlier experiments, a more hydrophilic surface of the membrane has been taken
to imply higher water interaction, and therefore higher water permeation through the
membranes. However, our results show the opposite behaviour, i.e. the impregnated

membranes showing higher hydrophilicity (but on one face only) have higher permeability

for ethanol.

This behaviour can be explained as follows. Pervaporation involves a combination of
diffusion, absorption, transport, and evaporation mechanisms to selectively separate
components from liquid mixtures based on their differential permeability through the
membrane. The ethanol fraction improves primarily due to several enhancements in the
film’s structural and chemical properties introduced by impregnating silica oxy-carbide
particles. Firstly, the presence of these particles increases the membrane's selectivity for

ethanol over water. Silica oxy-carbide particles present near the surface are hydrophilic and
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introduce additional polar sites near the membrane surface, which preferentially adsorb
water molecules through hydrogen bonding as compared to ethanol molecules since the
latter have organic components. This selective interaction enhances the water adsorption
and pins the water molecules near the surface thereby forming a water-rich zone near the
surface. The ethanol molecules diffusing in the PDMS membrane encounter a water-rich
region in the impregnated membranes unlike in the neat membranes. Therefore, the
diffusion path of the ethanol molecules, which consists mostly of solid phase in neat
membranes, has both solid and liquid (water) regions in the impregnated membranes. Since
the diffusion of ethanol through water is much faster compared to that in PDMS. Therefore,
the effective diffusive transport in the impregnated membrane is significantly enhanced
leading to a larger ethanol fraction in the permeate. Figure 4.12 shows the proposed

explanation in pictorial form.

T =

® SiOC particle

Native Membrane

o l Solid phase diffusion

I
! Partially liquid phase diffusion

vy v & Adsorbed Water

Impregnated Membrane

Figure 4.12: A proposed model explaining the relatively enhanced transport of ethanol in
impregnated membranes.

The performance enhancement does not arise from simple hydrophilicity changes or
increased surface roughness, but from a distinct interfacial transport mechanism created by
the SiOC impregnation. Although the impregnated surface becomes more hydrophilic, the
membrane exhibits preferential ethanol permeation, which is opposite to conventional
expectations for PDMS systems. When SiOC particles are embedded near the feed-side
surface, their polar Si—O—C groups attract and immobilize water molecules, forming a thin,
structured water-rich interfacial layer. This layer does not significantly contribute to water

flux but acts as a high-diffusivity pathway for ethanol, which partitions into and diffuses
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more rapidly through this quasi-liquid zone than through bulk PDMS[201-203]. At the
same time, the particles disrupt local polymer packing and increase free volume, creating

additional microvoids that further reduce diffusion resistance for ethanol[204].

Thus, the improved separation arises from the combined effects of: (i) asymmetric
interfacial hydrophilicity that traps water while facilitating ethanol transport, (ii)
microstructural rearrangement of the PDMS matrix due to SiOC inclusion, and (iii)
formation of a dual-phase diffusion pathway enabling faster ethanol transport relative to
water. This mechanistic insight shows that the enhancement is not superficial or trivial;
rather, it stems from a rationally designed interfacial architecture that tailors sorption—
diffusion behavior without requiring chemical grafting or complex processing, offering a

novel route for improving PDMS-based pervaporation membranes.

4.6.4 Membrane performance assessment by separation factor

The separation factor or selectivity factor () can be calculated using the relation below:

_ (/%)

“r = e [ Xo) @

where, a,,, is the separation factor for ethanol over water; ¥ are mass-fractions in the

permeate and X those in the feed.

Total feed of 30 mL containing 50% ethanol and 50% water by volume corresponds to
approximately X, = 44 wt% ethanol and X,, = 56 wt% water (ethanol density = 0.79 g
mL™), giving an (X, /X,,) factor of approximately 0.78571.

The concentration of ethanol, Y, and water, Y, in the permeate for the membranes, were
estimated using the calibration curve equation, y = 20568x (Figure 4.13) and permeate

area (Table 4.1) and are shown in Table 4.2.

In cases where the injected sample volume was doubled (0.2 pL) or quadrupled (0.4 pL),
the corresponding GC peak areas were normalized by dividing the measured areas by two
or four, respectively. This adjustment brings the values back to the equivalent of a 0.1 pL
volume injection as the FID response is linear within the concentration range studied and
the detector produces proportionally higher peak areas for proportionally higher injected

volumes.
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Figure 4.13: Calibration curve, representing linear fit at 0.1 uL sample volume for
estimation of permeate mass fraction.

Table 4.2: Mass wt% of the permeate components obtained from GC area of Table 4.1.

Permeate ethanol, Y, (mass wt%) Permeate water, Y, (mass wt%)

Sample vol
SiOC SiOC
(ulb) Native ' Native _
impregnated impregnated
0.1 0.001293682 0.002297503 99.99870632 99.9977025
0.2 0.001977191 0.005180649 99.99802281 99.99481935
0.4 0.001875398 0.005847655 99.9981246 99.99415234

The resulting factors (Y, / Y, ) obtained for native and SiOC impregnated membrane, along

with separation factors are tabulated in Table 4.3.

Table 4.3: Comparison between separation factor of the native and SiOC impregnated
membranes.

Sample (Y./Yy) Separation factor, d,
vol SiOC SiOC %Enhancement in @, ,,
Native Native
(uL) Impregnated impregnated
0.1 1.29x10°  2.30x10°  1.65x10°  2.92x10° 77.6
0.2 1.98x10°  5.18x10°  2.52x10°  6.59x10°° 162
0.4 1.88x10°  5.85x10°  2.39x10°  7.44x107 211.8
%Average enhancement in d, 150.5
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For the native membrane, o ranged between 1.65 x 107 and 2.39 x 107, whereas for the
SiOC-impregnated membrane, o increased to 2.92 x 10 — 7.44 x 107 under identical
operating conditions. While the overall ethanol permeation through both membranes
remains extremely low, the SiOC-impregnated membrane achieves a markedly superior
separation performance. Across the tested conditions, its ethanol-water separation factor is

enhanced by roughly 150% on average relative to the native membrane.

These results confirm that incorporation of PDMS-derived SiOC particles substantially
improves selective ethanol transport by modifying the sorption—diffusion behavior of the

membrane.

4.7 Challenges encountered and resolutions implemented

The major challenges encountered during this study and the corresponding resolution

attempts are summarized below.

e Challenge: Controlled one-sided particle incorporation.

Resolution: Optimized swelling-assisted infusion enabled ~100 um localized
penetration.

e Challenge: Weak particle-polymer interaction.

Resolution: SiOC surface functionalities improved anchoring within PDMS.

e Challenge: Reduced flux commonly associated with higher selectivity.
Resolution: Modified interfacial transport maintained moderate permeability while
improving selectivity.

e Challenge: Low permeation rate during pervaporation.

Resolution: Extended 12 h operation enabled sufficient permeate collection.

e Challenge: Maintaining membrane stability under vacuum conditions.

Resolution: Cross-linked PDMS membranes sustained prolonged reduced-pressure

operation.

The remaining unresolved issues identified in this chapter provide directions for further
improvement of PDMS-based membrane separation. These issues have been briefly noted
in the Summary section and are further presented in the future work section of Chapter 7

within the wider scope of future research.
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4.8 Literature comparison with the present work

The performance of the present SIOC-impregnated PDMS membrane is compared with
relevant PDMS-based pervaporation studies to highlight its contribution and limitations, as

summarized in Table 4.4.

Table 4.4: Literature summary of neat and modified PDMS membranes for ethanol-water
separation.

Membrane /

Modification Key Findings Relevance Ref
Dilute feeds (0.3-3 wt% Not applicable to high-
Neat PDMS EtOH); moderate flux; EtOH feeds; low [167]
baseline PDMS performance selectivity
Ethanol-water mutual Strong penetrant—
Supported o ) . .
PDMS diffusion quantified; MS penetrant interactions [205]
modeling reduce performance
o o .
Zeolite_PDMS Up to 3..0 selectlv.lty (65 wt% Performance.hlghl.y
zeolite); filler improves dependent on dispersion; = [206]
MMM . .
separation limited robustness

Degradation i
Zeolite-PDMS  Selectivity up to 5x higher vs egradation in

fi tati th; long-  [20
MMM PDMS; stability tested ermentation broth; long- ' [207]

term decline
Nanoparticles enhance

PDMS-PSS2 Still a bulk-filler MMM;
hydrophobicit EtOH " [208
MMM ydrophobici .y .and © dispersion issues remain [208]
selectivity
Biochar-PDMS = SF =11.9; Flux =227 g'm=-h™! Only dilute feeds; not 200]
MMM at 10 wt% EtOH comparable to 50% EtOH
Filled PDMS Stablh‘ty evaluation in Highlights need for
fermentation broth; real-feed robust MMMs under [210]
(real broth) ) . .
impact major harsh conditions
Zl 0 1 f 11 h 1 .
One-sided SiOC- 50% separat1qn actf)r gain; New mec anism; This
PDMS surface-localized SiOC evaluation under 50% Work
domains; EtOH feed

4.9 Summary

A relatively low temperature (550 °C) method to prepare SiOC particles with high surface
area using commercially available PDMS is reported. Using a novel method, these particles
are infused inside the PDMS membranes from one side, forming an asymmetric structure

with localized inorganic domains. The infusion leads to increased surface hydrophilicity of
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the face exposed for infusion, and a significantly altered pore size distribution in the
membrane. As an application, the infused membranes are tested for pervaporation of 50-50
mixtures of ethanol and water. These infused membranes show enhanced permeability of
ethanol despite an increased hydrophilicity on one side. The SiOC phase introduces surface
silanol (Si—OH) and Si—O-C functionalities, enhancing the polarity and creating water-
affinitive microdomains at the membrane surface. These sites preferentially interact with
water molecules, forming a thin, quasi-liquid layer that locally alters the diffusion
environment. Ethanol molecules, being partially miscible with water, experience enhanced
diffusion through this mixed solid—liquid interface region compared to the dense PDMS
matrix[201-203]. Simultaneously, SiOC incorporation increases free volume and reduces

the effective diffusion resistance for ethanol within the bulk polymer[204].

Thus, while hydrophilicity increases due to SiOC incorporation, ethanol permeability is
enhanced through a modified interfacial transport mechanism involving facilitated ethanol
diffusion across a hydrated boundary region rather than direct permeation through a purely
hydrophobic polymeric phase. A model is offered to explain these conflicting observations.
Overall, the SiOC-impregnated PDMS membrane demonstrated a substantial improvement
over the native membrane, yielding an average ~150% increase in ethanol-water separation
factor. This corresponded to a transition from the order of 107* in the native membrane to
higher values approaching 10* in the modified system, confirming the effectiveness of the
surface-localized SiOC domains in tuning selective transport. However, the absolute
separation factor and flux remained low. Therefore, improving separation efficiency,
enhancing flux, assessing long-term membrane durability, and confirming SiOC retention

during extended operation remain important aspects for future investigation.
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Chapter 5: Millifluidic PDMS-CFI-Assisted Extraction and
Mass Transfer Enhancement of Acetic Acid from a Biphasic

Acetic Acid—Toluene (1:9 v/v) and Water System

5.1 Abstract

This study reports the fabrication and evaluation of a polydimethylsiloxane (PDMS)-based
Coiled Flow Inverter (CFI) for enhanced mass transfer in continuous liquid-liquid
extraction (LLE). The device was fabricated by casting PDMS around a removable helical
polyvinyl alcohol (PVA) filament of 2.85 mm diameter and 270.1 mm length, producing a
uniform coiled millichannel after template dissolution. The cured rod was sectioned and
reconnected to generate four sequential 90° inversions, enabling periodic reorientation of

the flowing phases and improved interfacial renewal under laminar flow.

The system was applied to extract acetic acid from an organic mixture containing 10% (v/v)
acetic acid in toluene, with water used as the extracting phase. Two hydrodynamic
variables—the aqueous-phase flow rate (Qy,) and organic-phase flow rate (Qr) were varied
across three representative combinations: (0.5-1), (0.5-3), and (1-1) mL min* (Qy,—Q7).
Outlet acetic acid concentration was quantified using refractive-index calibration and the
overall volumetric mass-transfer coefficient (k,,a) was obtained using an established

empirical relation for curved millichannel systems.

Mass-transfer performance is strongly influenced by flow conditions. At constant Qy, = 0.5
mL min™', increasing Q7 from 1 to 3 mL min™ increased k,,a, whereas increasing Qy,
from 0.5 to 1 mL min™" at fixed Q7 = 1 mL min™ produced a larger enhancement, nearly
threefold, showing the dominant role of the aqueous-phase velocity in interfacial
regeneration. The maximum k,,a achieved was 0.007145 s~! under the highest water-flow
condition. Overall, the study establishes PDMS-based CFIs as compact and scalable
devices capable of significantly intensifying continuous LLE through controlled

millichannel fluid dynamics.

Keywords: PDMS millifluidics, Coiled flow inverter, Liquid-liquid extraction, Mass

transfer coefficient, Flow rate effects, Acetic acid-toluene-water system.
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5.2 Phase behavior for the toluene—acetic acid—water ternary system

The ternary phase diagram is a compact graphical representation used to illustrate the
liquid-liquid equilibrium behavior of the toluene—acetic acid—water system. Each vertex of
the equilateral triangle corresponds to a pure component, while every point within the
diagram represents a unique composition satisfying the condition that the sum of the
components equals 100%. The grid shown in the diagram, in Figure 5.1, constructed at
uniform composition intervals, helps in reading mixture compositions accurately and
identifying the relative proportions of each component. For this system, toluene and water
are strongly immiscible, while acetic acid acts as a partially miscible solute capable of
interacting with both phases. Because of these intermolecular interactions, the system
exhibits a distinct two-phase region, bounded by the binodal curve. Mixtures whose overall
composition lies outside this envelope form a single homogeneous phase, whereas mixtures
inside the envelope split into two liquid phases at equilibrium an organic (toluene-rich)

phase and an aqueous (water-rich) phase.

Acetic acid, CH;COOH

A
20% / /\ 80%
/ /—\\

B 20%  40%  60%  80% ¢

Toluene, C;Hyg Water, H,O

Figure 5.1: Ternary phase diagram for toluene-acetic acid and water.

The binodal curve represents the boundary separating one-phase and two-phase
compositions. Its shape arises from the limited mutual solubility of toluene and water, and
the ability of acetic acid to distribute unevenly between these two solvents. Within the two-
phase region, the compositions of the two equilibrium phases are connected by tie-lines,

which are plotted as slanted straight lines across the diagram. Each tie-line links a point on

86|Page



the binodal curve representing the toluene-rich equilibrium phase with another point
representing the water-rich phase. The slope of the tie-lines reflects the fact that the organic
phase contains only small amounts of water but can dissolve moderate amounts of acetic
acid, while the aqueous phase dissolves only traces of toluene but has a higher affinity for

acetic acid.

The length and orientation of the tie-lines also provide important information for extraction
calculations. Longer tie-lines indicate a greater difference in composition between the two
phases and therefore stronger phase separation and more efficient solute distribution. As
compositions move toward the plait point—the critical point at which the two phases
become identical the tie-lines shorten and eventually collapse, representing the limit of

phase separation.

5.3 Introduction

Liquid-liquid extraction (LLE) is a vital separation technique in which two miscible liquids
are separated by employing a solvent that can selectively dissolve one of them. Some gains
of this technique as separation of close boiling mixtures, metals purification,
implementation at low temperature and high throughput favours LLE to work in various
industries, including pharmaceuticals, petrochemicals, hydrometallurgy and environmental
engineering etc., at low cost make it a possible alternative to distillation[211-213]. Since
there are three or more components in LLE, therefore the equilibrium relationship presented

on a triangular diagram is generally more complicated than for other separations.

The miniaturization of processes or reducing the size of unit operations is another
substantial approach to acquire process intensification while optimizing the critical
parameters including energy efficiency and mass transfer. Moreover, it boosts micro
processing and overall productivity[95,214]. To accomplish this many studies have been
performed over helical channels and CFIs made by transparent PVC tubing, wound around

a square-shaped frame of cylindrical rods.

The coiled flow inverter (CF]) is an innovative reactor design that enhances mass transfer
and mixing in various continuous flow processes with narrow residence time distribution,
fast mixing, and improved safety compared to batch processes[97,215]. CFI modules
demonstrate superior performance compared to straight tubes and helical coils, with

increased Sherwood numbers for gas-liquid and liquid-liquid systems[216-218]. CFD
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modeling has shown that CFIs can increase volumetric mass transfer coefficients by 1.5
times compared to straight channels[219]. The device's efficiency arises from flow
inversion achieved by bending coiled tubes at 90° intervals, resulting in improved radial

flow and reduced radial gradients[98,220].

Mixing in microfluidic devices is enhanced with curved design of channels where a
secondary flow emerges due to centrifugal forces. Further chaotic advection occurred due
to channel arrangement also improves mixing. The extent of these effects is measured by a
dimensionless Dean number, higher the Dean number, better the mixing performance[221—
223]. It is also to be noted that surface tension is a dominant and major player as compared

to gravitational and inertial forces in LLE through millifluidic devices[224].

The evaluation of mass transfer performance in liquid—liquid extraction systems is often
carried out through empirical correlations for the overall volumetric mass transfer
coefficient k,,a[225]. This parameter integrates both the intrinsic transport properties of
the fluids and the interfacial area generated under specific flow conditions. Since liquid—
liquid extraction involves the transfer of solute molecules from a dispersed to a continuous
phase, accurate determination of k,,a is essential for predicting separation efficiency,
optimizing operating parameters, and scaling up laboratory-scale studies to industrial
applications. Empirical relations are particularly valuable because they account for the
complex interplay of hydrodynamics, diffusivity, and phase behavior that cannot be easily
captured by purely theoretical models. Several studies have reported such correlations for
liquid-liquid flows in micro- and millifluidic devices, highlighting the role of flow regime,
channel dimension, and operating parameters on interfacial mass transfer. For instance,
[226] examined slug-flow microreactors for predicting k,,a in different solvent systems,
while, [227] demonstrated efficient extraction using capillary microreactors. Further [228]
analyzed phase inversion phenomena in small channels and linked them to enhanced mass
transfer. These studies collectively establish empirical models as indispensable tools for

process design and intensification in liquid—liquid extraction systems.

This work investigates the potential of a PDMS-CFI to improve the extraction process,
providing an analysis of the mass transfer kinetics involved due to flow rate variation
between acetic acid-toluene mixture and water. Toluene and water are immiscible, while
acetic acid is miscible with both toluene and water. Acetic acid can dissolve in both solvents

due to its polar carboxyl group and nonpolar hydrocarbon tail, which allows it to interact
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with both polar (water) and nonpolar (toluene) molecules. A biphasic mixture of acetic acid
and toluene (1:9 v/v) was prepared, and acetic acid was extracted into water by passing the

system through the CFIL.

5.4 Research gaps

Liquid-liquid extraction systems based on batch vessels and straight continuous channels
often exhibit restricted interfacial renewal and moderate mass-transfer performance.
Although coiled and curved channels can enhance mixing through Dean-vortex-induced
secondary flow, their implementation in flexible PDMS-based millifluidic extraction

systems remains limited.
Accordingly, the important research gaps are:

e Batch and straight-channel extraction systems provide limited interfacial renewal

and moderate mass-transfer enhancement.

e Hydrodynamic intensification using coiled and curved channels has been studied
mainly in rigid glass and metal systems, while PDMS-based CFI extraction devices

remain insufficiently explored.

o The application of CFIs for continuous acetic-acid extraction and the influence of

flow inversion on extraction performance require further investigation.

o Continuous-flow mass-transfer behavior and operational feasibility of PDMS-CFI
systems in organic—aqueous environments containing solvents, such as, toluene

remain insufficiently studied.

Thus, this chapter addresses these gaps by developing a transparent PDMS-CFI device and
evaluating its extraction and mass-transfer performance for continuous acetic-acid

extraction.

5.5 Experimental section

5.5.1 Fabrication of coiled flow inverter (CFI)

Initially, Sylgard 184 PDMS solution was prepared by mixing its silicone base elastomer
and curing agent (10wt%). Using a PVA filament of diameter 2.85 mm and length 270.1

mm, a spiral-helical coil with mean diameter of 11.8 mm was created and centrally

89| Page



immersed into the prepared PDMS solution, kept in a cylindrical tube. The whole assembly
was degassed and let it cure for two days at room temperature. The resulting cylindrical
PDMS casting was removed from the tube and put in boiled water bath. The embedded
PVA coil, inside cured PDMS, was dissolved by blowing pressurized boiled water
manually, leaving a required hollow spiral channel. Subsequently, the cylindrical PDMS
rod was divided into four equal segments, arranged at 90 degrees, and interconnected using
silicone tubes to fabricate the desired Coiled Flow Inverter (CFI). A schematic
representation of the fabricated CFI is shown in Figure 5.2 and the actual image has been

presented earlier in Figure 3.3 (b).

PDMS

A

silicone
t
/ ube

inlet -

outlet hollow

channel

Figure 5.2: Schematic representation, showing internal helical grooving, connected via
silicone tubes.

5.5.2 Instrumentation

Two syringe pumps (New Era pump 100) with individually controlled flowrates of aqueous
and organic phases are used. The test fluids selected for mass transfer study are toluene
with 10% acetic acid by volume as the organic phase and distilled water as the aqueous
phase, maintained with flow rates of Qr and Q, respectively. A T-section connector at
initial mixing of the liquids has been used before inlet to CFI. As the mixing progresses in
CF1, the component of acetic acid from toluene-acetic acid mixture is transferred into water
and collected from the outlet. The experiment has been performed at different flow rates of
Qr and Qy ranging from 0.5 mL/min to 3 mL/min. A refractometer, model Rx-7000i (made
in Japan) was used to analyze the refractive indices of the aqueous phase collected from

the outlet of CFI. A schematic representation of the experimental setup is shown in Figure

5.3.
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Figure 5.3 Schematic representation of experimental set-up for extraction process of acetic
acid at different flow rates.

5.5.3 Governing equation for determination of overall mass transfer coefficient

An empirical relation is used to calculate the overall mass transfer coefficient, ky,a (s)

which is given by equation (5.1) [225] below:

Q Q
1 mCT.in + mQ_V: CW.in - (1 + m_W) CW.out QW

In Qr (5.1)

kova=_ LA

Qw
Qr

Qw

1+m mCri, +m 0 Cw.in
T

where, a is transfer area per unit volume (m?/m?*)

Cr in, initial concentration of acetic acid in toluene at the inlet, (m? of acetic acid/m? of pure
toluene) = 0.111

Cw in. initial concentration of acetic acid in water at the inlet, (m> of acetic acid/m? of pure
water) =0

L, length of the channel = 313.5 mm

A, cross-sectional area of the inner channel = 6.376 mm?

m, slope of line of plot between equilibrium concentration of acetic acid in water (C,,) and
concentration of acetic acid in toluene (C7) = 4.05 [225]

Cw ous» concentration of AA in water at outlet (m? of acetic acid/m> of pure water).
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5.6 Results and discussion

5.6.1 Refractive index measurements

With the known concentration (0, 5, 7, 10, 15 and 20%) of acetic acid in water (20 mL) and

their respective refractive indices values, a calibration curve equation is obtained and given

by

y =17.114x — 22.774 (5.2)

From this equation, the concentration of acetic acid transferred in water from the biphasic
mixture of toluene and acetic acid, at outlet of CFI, can be estimated when processed
through it at different flow rates of Qy, and Q1. With each set of flow rates of Qy, and Qr,
4 refractive indices values of the extract were measured, obtained after processing through
CFIL. The collection time interval of RI was 10 s. To calculate the concentration of
extraction, the average of these four RI values from each set of flow rates was taken and
presented in Table 5.1. This way, the concentration of acetic acid at outlet (Cyy oy, ) from 3
sets of (Qy, — Q) flow rates, (0.5-1), (0.5-3) and (1-1) mL/min was obtained from equation
(5.2) and presented in the same Table 5.1.

Table 5.1: Average RI values of extract and estimated concentration of acetic acid at outlet.

Qw Qr Measured refractive index (RI) value RI
(mL/min) (mL/min) @10s @20s @30s @40s (Avg.) Cwout
0.5 1 1.33709 1.33713 1.33723 1.33735 1.33720 0.11084
0.5 3 1.34287 1.34291 1.34293 1.34295 1.34292 0.20873
1 1 1.33562 1.33578 1.33587 1.33591 1.33580 0.08688

5.6.2 Calculation of overall mass transfer coefficient

The resulting overall mass transfer coefficient of AA in water was estimated using the

empirical relation (5.1), are tabulated in Table 5.2.

Table 5.2 Overall mass transfer coefficient, k,,a obtained at different set of flow rates.

Qw (mL/min) Q1 (mL/min) k,,a (s
0.5 1 0.002191

0.5 3 0.004344

1 1 0.007145
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5.7 Challenges encountered and resolutions implemented

During the design, fabrication, and operation of the PDMS-based CFI for acetic acid
extraction, several experimental challenges were encountered. The key challenges and the

measures adopted to address them are listed below.

¢ Challenge: Complete removal of the helical PVA filament without channel damage
or residue formation.
Resolution: A gradual warm-water dissolution protocol was optimized to obtain
smooth and defect-free channels.

¢ Challenge: Maintaining stable two-phase flow under varying flow-rate ratios.
Resolution: High-precision syringe pumps and controlled inlet arrangements were
employed to stabilize phase flow.

¢ Challenge: Maintaining channel transparency and dimensional uniformity during
fabrication.
Resolution: PDMS solution complete de-gasing, controlled casting and curing
conditions were adopted to ensure smooth channel surfaces.

¢ Challenge: Swelling of PDMS upon exposure to toluene could distort the coiled
channel geometry.
Resolution: Extended curing and thermal post-treatment were used to stiffen the

PDMS network and reduce solvent-induced deformation.

The unresolved points arising from this chapter are linked to further development of
continuous liquid-liquid extraction systems and have been briefly noted in the Summary

section, with further discussion carried forward to Chapter 7 as part of the future work.

5.8 Literature comparison with the present work

To position the present system with respect to existing studies, a comparison with relevant

extraction and mass transfer reports is provided in Table 5.3.
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Table 5.3: Comparison of millireactor/microreactor geometries and their influence on
mass transfer performance in liquid—liquid extraction systems.

Device /
eviee System Key Findings Relevance Ref
Geometry
Acetic acid- fl
Milli-channel with ¢ acid Bend enhanced . Curvature':/ o
toluene / disturbance improves = [229]
90° bend mass transfer ) ) .
water acetic-acid extraction
LLE data at
Water- Th d ic basi
LLE equilibrium AT 98823132 K; EIMOAYRATIIC DASIS
acetic acid- ) for acetic-acid [230]
cell extraction factor e
toluene partitioning
~100.
Capill St d d f
‘ apillary LLE Reported k,a up rong dependence o
microchannels - mass transfer on [231]
systems to ~0.29 s7!
(0.5-2 mm) channel geometry
Fl i
Gas-liquid / oW regime .
. .. governs mass Microreactor-based
Microstructured liquid—
. .. transfer (slug, mass transfer [232]
reactors (review) liquid : . .
svstems annular, intensification
Y dispersed)
o 00 .
PFA tube-CFI - Organic 20% l‘ngher Direct benchmark. for
aqueous extraction vs CFI-based extraction; = [233]
phase separator . .
systems straight tube different system
kova range

Straight, bent, and ~ Toluene— Confirms curvature-

) . 0.005-0.79s', . . . .
helical acetic acid / S induced intensification = [234]
. enhanced in
microchannels water relevant to CFI
curved channels
Individual phase
. . Liquid— mass-transfer Supports role of flow
T-junction . . .
: liquid coefficients dynamics in mass [235]
microchannel . .
system increase with transfer enhancement
flow rate
Acetic kova =0.007145 PDMS-based CFI
PDMS.-based CFI acid— s!; strong systgm for extraction; = This
toluene (1:9  dependence on flexible, transparent, =~ Work
v/v) / water = aqueous flow rate compact reactor

5.9 Summary

The present study demonstrates the successful fabrication and application of a PDMS-based
Coiled Flow Inverter (CFI) for continuous liquid—liquid extraction of acetic acid from an

organic mixture of 10% acetic acid in toluene by volume. The CFI was fabricated using a
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dissolvable helical PVA filament, producing a coiled channel geometry that was
subsequently segmented and reconnected to introduce periodic flow inversions. This
configuration repeatedly reorients the interacting phases, promoting interfacial renewal and
improving phase contact within a compact flow system. Extraction experiments at various
flow conditions revealed that mass transfer performance is strongly influenced by flow
dynamics. When the aqueous phase (water) flow rate was maintained at 0.5 mL/min,
tripling the organic phase (acetic acid—toluene mixture) flow rate from 1 mL/min to
3 mL/min led to approximately a twofold increase in extraction efficiency. In contrast,
doubling the water flow rate from 0.5 mL/min to 1 mL/min at a constant organic flow rate
resulted in nearly a threefold improvement. This indicates that the aqueous phase flow rate
has a more dominant influence on enhancing mass transfer than the organic phase. The
maximum overall volumetric mass transfer coefficient (k,,a) observed was 0.007145 s™,
corresponding to the highest water flow condition. These findings validate the effectiveness
of the CFI design in improving separation efficiency through enhanced fluid dynamics and
confirm its potential as a compact and scalable solution for continuous liquid—liquid
extraction processes. However, long-term solvent compatibility, continuous operational
stability, phase separation, and scale-up of the PDMS-CFI system remain important aspects

for future investigation.
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Chapter 6: Fabrication and Characterization of Phase Change
Material-Embedded PDMS Membranes for Thermal Energy
Storage

6.1 Abstract

This study investigates the fabrication and thermal performance of polydimethylsiloxane
(PDMS)-based composite membranes incorporating stearic acid (SA) as a phase change
material (PCM) for thermal energy storage (TES). Membranes were fabricated via the
doctor-blading technique by systematically varying two key degrees of freedom: SA
loading (5.7-23.3 wt%) and tetrahydrofuran (THF) solvent volume (2 and 4 mlL),
producing films of ~1.35 mm thickness. The influence of these parameters on thermal
behavior was assessed using Fourier transform infrared spectroscopy (FTIR), differential
scanning calorimetry (DSC), and transient temperature—time cooling analysis under

insulated and non-insulated conditions.

FTIR confirmed successful incorporation of SA into the PDMS matrix with negligible
residual solvent. DSC analysis showed stable phase transition temperatures (melting ~56
°C; crystallization ~52-53 °C), with latent heat increasing from 2.7 to 34.3 J g'! as SA
loading increased. However, latent heat utilization efficiency, calculated from melting
enthalpy (AHn), increased from ~24% to a maximum of ~80% at ~19.5 wt%, followed by
a slight decline at higher loading, indicating confinement-limited crystallization. Thermal
analysis revealed a significant reduction in cooling rate from ~2.0 °C/min (pure SA) to
~0.29 °C/min for composite membranes and an increase in thermal time constant from
~1000 s to ~6300 s, demonstrating enhanced thermal inertia due to the insulating PDMS

matrix.

Overall, the study establishes a clear processing—structure—property relationship and
identifies ~19.5 wt% SA as the optimal composition for maximizing thermal storage

efficiency and controlled heat release.

Keywords: Phase change material, Stearic acid, PDMS-PCM composite membrane,

Differential scanning calorimetry, Thermal retention, Molecular confinement
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6.2 Introduction:

The increasing global demand for efficient energy utilization has intensified the focus on
advanced thermal management systems and energy storage technologies. Among these,
thermal energy storage (TES) has emerged as a pivotal strategy to balance the mismatch
between energy supply and demand, particularly in applications that involve intermittent
energy sources, such as, solar and wind. TES systems function by absorbing, storing, and
releasing heat over time, providing heating or cooling when needed, thus enhancing energy
efficiency and sustainability across a wide range of sectors including buildings, electronics,

textiles, and renewable energy integration [236—238].

A promising class of materials for TES systems is known as phase change materials
(PCMs). These materials possess the intrinsic capability to absorb or release substantial
amounts of heat during their phase transition, most commonly between solid and liquid
states. This latent heat storage process occurs at nearly constant temperature, making PCMs
highly suitable for applications where temperature regulation is crucial. PCMs are highly
effective in thermal energy storage systems due to their ability to absorb and release latent
heat during phase transitions. As illustrated in Figure 6.1, during the daytime, when the
ambient temperature is higher than the comfort temperature, the PCM undergoes an

endothermic process, absorbing heat and transforming from solid to liquid.

<\ *5*
PCM

> During daytime, T, > mner> m >Durmg night-time, Ty, < Tmn> *

il

PCM fuses, absorbs heat and . PCM solidifies, releases heat and
. Maintains human . .
keeps surrounding cool, keeps surrounding warm, losing
. . comfort temperature
retaining latent heat latent heat

PCM encapsulated building

Figure 6.1: Schematic of PCM-based thermal energy storage through heat absorption
during the day and release at night.

This process helps in storing excess thermal energy and prevents overheating of the
surrounding environment. Conversely, during nighttime, when the temperature drops
below the desired range, the PCM solidifies through an exothermic process, releasing the

stored heat back into the environment. This reversible solid—liquid phase transition allows
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PCMs to act as a thermal buffer, maintaining a stable and comfortable temperature range.
Such characteristics make PCMs promising candidates for applications in building
insulation, solar energy storage, and thermal management systems. This reversible thermal
behaviour enables PCMs to provide both passive and active thermal control, offering

improved temperature stability, energy conservation, and system reliability [239,240].

In recent years, extensive research has been devoted to identifying suitable PCMs that
exhibit high latent heat, chemical and thermal stability, non-toxicity, low vapor pressure,
and compatibility with various matrices and encapsulating materials [239]. Among the
various organic PCMs investigated, SA has gained considerable attention due to its unique
thermophysical properties [241]. As a saturated long-chain fatty acid, SA exhibits a high
latent heat of fusion, a melting point in the desirable range of 57.4-73.5 °C, excellent
chemical stability, and reusability over multiple thermal cycles [242-245]. These
characteristics make SA a favourable candidate for medium-temperature thermal energy
storage applications, such as, in solar heating systems, smart clothing, food packaging, and
building materials [246-249]. The feasibility of incorporating stearic acid (SA) into
polymeric matrices to develop composite structures with enhanced stability has been well
demonstrated in earlier studies. For example, polyvinyl alcohol (PVA) assisted PDMS—SA
nanofibrous mats were fabricated through electrospinning technique with improved
mechanical behavior for selective filtering applications [175]. Similarly, SA has been
supported in PVA films to improve shape stability and thermal cycling performance [250],
while polyethylene glycol (PEG) has been blended with SA to form microcapsules with
broadened phase transition ranges and enhanced thermal reliability [251]. In addition,
biopolymer-based matrices, such as, chitosan, alginate, and cellulose derivatives have been
explored for SA encapsulation, yielding sustainable and thermally reliable composites for

thermal energy storage applications [252].

However, one of the major challenges in employing PCMs in practical TES systems lies in
their tendency to leak in the liquid phase, low thermal conductivity, and difficulty in
integration with structural components [253-255]. To address these limitations, recent
approaches have focused on embedding or encapsulating PCMs within a supporting matrix,
such as, polymers, porous scaffolds, or fibrous structures, to form stable composites [256—
258]. Among these, polymer-based PCM composites are of particular interest due to their
design flexibility, lightweight nature, ease of fabrication, and processability [259]. In this

context, polydimethylsiloxane (PDMS), a silicone-based elastomer, stands out as a highly
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promising matrix for PCM encapsulation. PDMS exhibits excellent thermal and oxidative
stability, mechanical flexibility, chemical inertness, and transparency, making it suitable
for integration with light-driven or thermally responsive systems [2,260]. Moreover, its
hydrophobicity, tunable porosity, and compatibility with a wide range of solvents allow for

efficient loading and stabilization of PCMSs, such as, stearic acid [17,261-263].

In the present work, stearic acid is incorporated into a PDMS matrix to fabricate composite
membranes for TES applications. PDMS, as a thermally stable and flexible polymer, serves
as the host matrix, while tetrahydrofuran (THF) is employed as the processing solvent to
aid in uniform dispersion and membrane formation. The fabrication process was carried
out using the doctor-blading technique, with SA concentrations ranging from 5.7 wt% to
23.3 wt% relative to PDMS and varying THF volumes (2 mL and 4 mL) to examine the

effect of solvent content on membrane morphology and performance.

6.3 Research gaps

Phase change material (PCM)-based thermal energy storage systems commonly use
paraffins, fatty acids, hydrated salts, microcapsules, or rigid composites. Although PCMs
provide high latent heat storage, their practical use is often limited by leakage, low
flexibility, shape instability, and low thermal conductivity, which can restrict heat charging
and discharging rates. Although PDMS offers flexibility, thermal stability, and chemical
inertness, its use as a flexible host matrix for directly embedded fatty-acid PCMs, such as,
stearic acid remains comparatively less explored. Therefore, important research gaps exist

n:

e Developing a simple fabrication route for directly embedding stearic acid into
flexible PDMS membranes.

e Understanding the effect of stearic acid loading on latent heat storage, heat
retention, and thermal response.

o Evaluating heat-release behavior and thermal regulation potential of PDMS-PCM

membranes.

This chapter addresses these gaps by fabricating SA—PDMS membranes using doctor-
blading and evaluating their phase transition behavior, latent heat storage, cooling response,

and thermal time constant at different PCM loadings.
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6.4 Membrane synthesis and nomenclature

Initially 3g of PDMS solution (cross-linked 10 wt%) of Sylgard 184 was prepared in 8
different beakers. In each of the 4 beakers of PDMS solution, 2 ml of THF was mixed,
while 4 ml of THF was mixed in the PDMS solution of the rest 4 beakers. Beakers with 2
ml THF were mixed with 0.2, 0.4, 0.6 and 0.8 g stearic acid, while those with 4 ml THF,
0.4, 0.6, 0.8 and 1 g of stearic acid were mixed slowly and stirred simultaneously. In this
way, with the stearic acid content ranging from 0.2 to 1 g, the percentage composition of
stearic acid varied from 5.7wt% to 23.3wt%. These solutions were distributed over different
glass slides using a clean blade by shear casting known as doctor-blading method (Figure

6.2).

Movement
v\

M

Blade

Thin film
N

€ Casting solution

}¢— Substrate

Figure 6.2: Doctor-blading method of membrane fabrication.

These samples were kept in oven at 40 °C for 2 days for drying and membrane formation.
The thickness of the membrane achieved is 1.35 mm. A nomenclature of the membranes is
adopted, such as, a membrane with 2 ml THF and 5.7wt% stearic acid content was named

as M_T2 SAS5.7 and similarly others are named.

6.5 Results and discussion

6.5.1 FT-IR characterization

The FTIR results of the stearic acid (SA) impregnated PDMS membranes are shown in
Figure 6.3. The results were compared with the FT-IR pattern of their neat form in Figure
6.4. The characteristic absorption bands observed in the spectra correspond to the distinct
functional groups of the constituent materials—PDMS, stearic acid, and tetrahydrofuran
(THF). The C—H stretching vibrations for PDMS appear prominently at 2963 cm™, while
the C—H stretch due to THF and SA are detected at 2917 cm™ and 2848 cm™, respectively.
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The presence of these bands confirms the coexistence of all three materials during initial

membrane formation.

Notably, strong bands corresponding to C=0 stretching (1698 cm™) and C—-O bending
(1464 cm™) are attributed to stearic acid, which indicate its successful incorporation in the
PDMS matrix. Additionally, the presence of Si—CHs, Si-O—Si, and other methyl-siloxane
vibrations, specifically at 1059 cm™, 1011 cm™, and 789 cm™, respectively, further
confirms the structural identity of PDMS in the composite. These characteristic peaks are
well-aligned with known PDMS spectral fingerprints, establishing the preservation of its

molecular framework post-membrane fabrication.
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Figure 6.3: FT-IR results of membranes showing functional groups and bonding.

THF, used as a solvent, shows minimal spectral presence in the final membranes,
suggesting that it is almost completely evaporated during the drying process. Any peak
shifting observed in the FTIR spectra is primarily attributed to interactions between SA and
PDMS, such as, hydrogen bonding or chain entanglement, rather than the presence of THF.
However, the increasing stearic acid content across the membrane samples does not lead to
a consistent trend in peak shifts. Instead, the variations in peak positions are scattered and
show either no change or a minor increase of ~1 cm™ in the functional group region (above
1500 cm™), while in the fingerprint region (below 1500 cm™), the peak positions remain

mostly constant or shift slightly downward.
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Figure 6.4: Figure: FTIR pattern for neat PDMS, THF and SA powder.

These irregular shifts suggest that molecular interactions vary non-linearly with SA loading
and are likely influenced by the physical distribution, crystallinity, or confinement of SA
within the PDMS network rather than by systematic chemical bonding changes. Overall,
the FTIR results validate the successful incorporation and structural retention of PDMS and
SA in the membranes, while also confirming that THF plays a transient role during

fabrication and has negligible presence in the final product.

6.5.2 DSC characterization

The DSC results provide insights of the melting and cooling characteristics (at 2 °C min')
of the composite membranes as shown in Figure 6.5. The onset and peak melting
temperatures remained relatively stable across all samples, with only slight variations
observed. This stability indicates that the fundamental thermal properties of stearic acid are
preserved within the polymeric matrix and that the incorporation process does not
significantly affect the PCM’s intrinsic phase transition behavior. Notably, in the T2
membranes, a slight decrease in onset temperature at higher SA concentrations suggests
limited PCM crystallinity or constrained phase transition behavior due to reduced solvent

content during fabrication, which may hinder effective dispersion.
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Figure 6.5: DSC thermograms of the prepared composite membranes.

The analysis reveals that the phase transition temperatures of stearic acid remain largely
unaffected by encapsulation within PDMS, with melting occurring at ~56 °C and
crystallization at ~52—53 °C. The observed supercooling (~3—4 °C) and consistent enthalpy

values confirm the thermal reliability of the composite membranes.

The peak areas obtained from various curves were used to compute the melting and cooling
enthalpies per weight of loaded sample (6H) and per weight of SA fraction (6H wt%),
represented in Figure 6.6. A consistent increase in the enthalpy of melting was observed
with increasing SA content for both T2 and T4 samples, indicating enhanced thermal
energy storage capacity due to the higher availability of the latent heat-storing phase change
material (PCM). Among the two formulations, the T4 membranes exhibited a significantly
higher enthalpy compared to T2 at all SA loadings, suggesting that increased solvent

volume facilitates better dispersion and distribution of stearic acid within the PDMS matrix.

The enthalpy of fusion increases with increasing stearic acid loading for both T2 and T4
membranes, as expected due to the higher fraction of active phase change material.

However, enthalpy analysis reveals that the efficiency of latent heat utilization does not
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increase proportionally and reaches a maximum around ~19-20 wt%. Beyond this
composition, only marginal gains in total enthalpy are observed, indicating the onset of
confinement-limited crystallization. The T4 membranes consistently exhibit higher
enthalpy values than T2, confirming that increased solvent volume enhances PCM
dispersion and improves thermal performance. The slight deviation observed at
intermediate loading (~15 wt%) suggests a transitional regime associated with

redistribution and partial confinement of PCM within the PDMS matrix.
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Figure 6.6: Cooling and melting enthalpy results of PDMS membranes fabricated with
various stearic acid contents at 2 and 4 ml of THF.

Overall, the DSC results confirm that the enthalpy of fusion is strongly dependent on SA
loading and is significantly influenced by the amount of THF used during membrane
fabrication. The higher solvent volume (T4) not only supports more uniform distribution
of the PCM but may also allow for better penetration and entrapment within the PDMS
network, thereby improving latent heat retention. These findings highlight the importance
of solvent-mediated processing in tailoring the thermal performance of PCM-impregnated
polymeric membranes. The preserved melting behavior and enhanced enthalpy make these
composite membranes promising candidates for latent heat-based thermal energy storage

applications, particularly when fabricated under optimized solvent conditions.
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6.5.3 Latent heat utilization efficiency

The latent heat utilization efficiency (n) of the composite membranes was evaluated to
quantify the effectiveness of stearic acid (SA) in contributing to thermal energy storage.
The efficiency was calculated as the ratio of experimentally measured enthalpy to the

theoretical enthalpy based on SA content:

AH composite
n=———222" %100 6.1
w X AHSA, pure ( )

where w is the weight fraction of SA and AHgp e ~ 200 J gl is the latent heat of pure SA.

The efficiency () computed using the melting enthalpy (AHn) values derived from DSC
thermogram, plotted as a function of stearic acid loading are shown in Table 6.1.

Table 6.1: Latent heat utilization efficiency of PDMS—SA composite membranes for (AH,,)
values.

SA (Wt%) AH, (T2) J g1 N (T2) (%) AH,, (T4) (J g1 n (T4) (%)

5.7 2.7 24 — -
10.8 12.3 57 14.0 65
15.4 20.1 65 17.1 56
19.5 26.2 67 31.1 80
233 - - 343 74

The calculated efficiencies range from ~24% at low SA loading (5.7 wt%) to a maximum
of ~80% at 19.5 wt% for the T4 series. A consistent increase in efficiency is observed with
increasing SA content up to ~19-20 wt%, indicating improved crystallization and effective
participation of PCM in latent heat storage. Beyond this composition, a slight decline in
efficiency is observed (e.g., ~74% at 23.3 wt%), suggesting the onset of confinement-
limited crystallization within the PDMS matrix. The T4 membranes exhibit consistently
higher efficiency compared to T2 across comparable compositions, confirming that
increased solvent volume enhances PCM dispersion and reduces molecular aggregation. At
lower SA loadings, reduced efficiency is attributed to insufficient nucleation and isolated
PCM domains, while at higher loadings, reduced molecular mobility and spatial

confinement hinder complete crystallization.
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These results demonstrate that latent heat utilization is governed by a balance between PCM
loading and available free volume within the polymer matrix, with an optimal composition

around ~19.5 wt% that maximizes thermal energy storage efficiency.

6.5.4 SA content—dependent enthalpy saturation in PDMS

The molecular-volume occupancy of stearic acid (SA) in PDMS was quantified for SA
concentrations ranging from 5.7 to 23.3 wt%. The intrinsic pervaded volume of a single SA
molecule was calculated from its molecular diameter (2.4—2.7 nm) using the relation,
V=4/3 nr’, yielding 7.24x1072' to 1.03x1072° cm? per molecule. This intrinsic value remains
constant across all compositions. Using the number of SA molecules determined from the
mass-to-molar-mass ratio, the total molecular occupancy increased proportionally with SA

loading (from ~3x10° to ~2x10”° cm?), as shown in the Table 6.2.

Table 6.2: Calculated intrinsic SA molecular volume and corresponding number of
molecules at each SA wt%, used to evaluate cumulative molecular occupancy in PDMS and
its link to enthalpy saturation near ~20 wt%.

SA No. of SA Total intrinsic PDMS volume available per
(Wt%) molecules (N) occupancy (cm?) SA molecule (cm?)

5.7 4.23 x 10* 3.06x10 - 4.36x107° 8.08 x 102!

10.8 8.46 x 10*° 6.12x107 - 8.72x107° 4.04 x 1072

15.4 1.27 x 10*! 9.00x10° - 1.31x107° 2.69 x 1072

19.5 1.69 x 10! 1.22x107° — 1.74x10°? 2.03 x 10

233 2.12 x 102 1.54x10° - 2.18x107 1.61 x 1072

To evaluate how these molecules are accommodated within the polymer matrix, the total
PDMS volume (~3.42 cm?) was divided by the number of SA molecules to determine the
PDMS free volume available per SA molecule. This available volume decreases from
8.08x107%' cm? at 5.7 wt% to 1.61x1072! cm? at 23.3 wt%, indicating progressively tighter
spatial confinement at higher SA loadings. Despite this decrease, even at the highest SA
loading the total occupancy remains only a small fraction of the overall PDMS matrix
volume, showing that SA molecules remain well-dispersed and not densely packed. This
spatial accommodation explains the DSC trend: at low concentrations, the relatively large
free volume permits local molecular mobility, enabling small ordered domains, being

represented in schematic diagram, in Figure 6.7. As loading approaches ~20 wt%, the
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reduced free volume constrains molecular rearrangement, limiting the growth of crystalline

regions and causing the enthalpy per wt% SA to plateau. Pure SA exhibits far higher

enthalpy because it crystallizes without confinement.

More available PDMS Less available PDMS
volume per SA molecule, v, volume per SA molecule, v,

Enthalpy saturation

<<
SA molecule v
=
E
Pervaded volume g
of SA, v, -
P z ~ 20wt% SA

= '

= i

m 1

!

1

At lower SA wt%o; v, > v, ~20 wt% SA; v, < v, Crystallization of SA; v, <v, SA load‘ing wi%
Before saturation During saturation After saturation

Figure 6.7: schematic representation showing PDMS free volume, SA molecular
occupancy, and the transition to the constrained regime around 20 wt%

6.5.5 Transient cooling analysis

A pictorial representation of the experimental arrangement for analyzing the cooling
characteristics of the samples i1s shown in Figure 6.8, as implemented with a related
previous experimental setup[264]. A composite membrane was wrapped around a glass vial
(external diameter: 24 mm), which was filled with hot silicone oil at a temperature ensuring
complete melting of the SA within the membrane. For comparison, a predetermined amount

of pure SA sealed in a polypropylene pouch was wrapped around the same vial setup.

L Thermocouple wires

[:] Temperature
data logger

Hot silicone oil R Temperature sensor
(ambient)

- Styrofoam for insulation

— (Glass vial

Wrapped sample over glass vial

Figure 6.8: A pictorial arrangement for measuring time vs temperature variation between
pure stearic acid and PDMS-SA composite membrane with insulation.

Thermal analyses of both configurations were conducted under insulated and non-insulated

conditions, and the resulting temperature—time profiles were recorded during the cooling
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cycle to evaluate and compare the thermal storage and heat release behavior (Figure 6.9).
When comparing the thermal response of M_ T4 SA23.3 with pure SA, a distinct difference
in cooling behavior is observed. The membrane exhibits a noticeably slower cooling rate
than pure SA, as evident from the broader temperature drop curve. This indicates the
influence of PDMS, which acts as a thermal insulator, reducing the rate of heat dissipation
and allowing the membrane to retain thermal energy for a longer duration. While pure SA
shows a sharper decline in temperature, the composite matrix effectively delays heat

transfer, a desirable characteristic in thermal energy storage applications where controlled

heat release is crucial.
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Figure 6.9: Temperature—time profiles comparing the cooling behavior of pure SA
reference (a) without insulation, (b) with insulation and the SA-loaded composite PDMS
membranes (c) 23.3wt% and (d) 19.5wt% under insulated condition.

Furthermore, the phase change duration, identified by the plateau region in the temperature-
time curves, is broader for pure SA than for the composite membrane. This difference
reflects the reduced quantity of active phase change material in the composite, which results
in a shorter latent heat storage window. Additionally, the PDMS matrix may physically
constrain the crystallization of stearic acid to some extent, further contributing to the

narrower phase change range. Despite this, the thermal inertia introduced by PDMS
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compensates by extending the overall cooling duration. The membrane containing 23.3
wt% SA showed noticeably slower cooling and maintained elevated temperatures for a

longer duration compared to the membrane with 19.5 wt% SA.

The cooling rate was calculated from the slope of the temperature—time curve between ~70

. . . daT T,-T
°C and ambient temperature using, Cooling rate = — ~ tz tl
274

. The thermal time constant

(t) was determined using the 63% temperature drop criterion, i.e., the time required for the
temperature to reach T = T, + 0.37(T, — T, ), based on initial (7,), ambient (T,,), and
corresponding time values from the transient cooling curve. The cooling rate decreased
significantly from ~2.0 °C/min for uninsulated pure stearic acid to ~0.6 °C/min under
insulated conditions, and further to ~0.29 °C/min for the PDMS—SA composite (23.3 wt%).
This represents an overall reduction of nearly sevenfold, demonstrating the combined effect
of external insulation and intrinsic thermal resistance of the polymer matrix in suppressing

heat loss and enhancing thermal retention.

The thermal time constant (1), estimated from the cooling profiles, increases significantly
from ~1000 s for uninsulated pure stearic acid to ~6300 s for the PDMS—SA composite
(23.3 wt%) under insulated conditions, indicating a substantial enhancement in thermal
inertia. This increase reflects a progressive reduction in effective heat transfer rates due to

both external insulation and the intrinsic low thermal conductivity of the PDMS matrix.
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Figure 6.10: Temperature versus time analysis with and without insulation for pure stearic
acid and membrane with 23.3wt% SA.

In Figure 6.10, comparisons between insulated and non-insulated conditions for both pure
SA and the membrane reveal that insulation significantly slows down the cooling rate. This
effect is more prominent in the membrane samples, where the internal insulation provided

by PDMS is further enhanced by the external barrier. Such dual insulation mechanisms
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demonstrate the potential of the membrane for applications requiring thermal regulation
and storage, especially where insulation and material properties synergistically influence
performance. Lastly, when insulation is removed, as shown in the non-insulated
comparisons, both pure SA and the composite exhibit steeper cooling curves. However, the
composite still cools more gradually than pure SA, reinforcing the inherent thermal
buffering provided by the PDMS network. This behavior underlines the membrane’s

capacity to moderate thermal fluctuations even in uninsulated environments.

6.6 Challenges encountered and resolutions implemented

The preparation and thermal evaluation of stearic acid embedded PDMS membranes
presented specific challenges related to membrane formation, PCM incorporation, and
thermal performance. The major challenges and the corresponding resolution attempts are

summarized below.

¢ Challenge: Ensuring uniform SA dispersion in PDMS at higher loading to avoid
SA agglomeration and uneven thermal domains.

Resolution: Controlled heating, optimized mixing, and doctor-blading enabled
uniform SA distribution up to ~23 wt%.

e Challenge: Preventing PCM leakage during melting.

Resolution: The cross-linked PDMS matrix physically entrapped SA while
maintaining structural integrity.

e Challenge: Balancing latent heat storage with membrane flexibility.
Resolution: A suitable SA loading range (5-23 wt%) was identified to retain
flexibility and TES performance.

e Challenge: Reduced crystallization efficiency at high SA loading due to
confinement within the polymer matrix.

Resolution: An intermediate SA loading (~19.5 wt%) was identified to maximize
latent heat utilization efficiency.

e Challenge: Rapid cooling and poor thermal retention of pure stearic acid.
Resolution: Incorporation of the insulating PDMS matrix significantly reduced
cooling rate and enhanced thermal inertia.

e Challenge: Solvent effects during membrane fabrication.

Resolution: Experimental results confirmed negligible influence of THF volume
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on membrane performance.

e Challenge: Evaluating thermal response under realistic heat-loss conditions.

Resolution: Cooling analysis was conducted under both insulated and non-

insulated conditions.

The issues that remain unresolved after the implemented resolution attempts have been

briefly indicated in the Summary section and further included in Chapter 7 as part of the

future research scope.

6.7 Literature comparison with the present work

The thermal energy storage performance of the present SA-PDMS membranes is compared

with relevant polymer-supported PCM systems in Table 6.3.

Table 6.3: Literature comparison of matrix—PCM composite systems for thermal energy

storage.

Matrix / PCM
system
PCM heat-
transfer review
PCM systems
review
PDMS / paraffin
composites
Expanded
graphite /
paraffin
Expanded
graphite /
paraffin /
silicone rubber

SA / SiOz shell

Stearic acid
PCM

SA /TiOs
nanofluids

Key outcome

Materials, heat-transfer,
applications reviewed
Leakage and low thermal
conductivity identified
Flexible PCM composite; 30 wt%
paraffin feasible
Form-stable PCM; improved
thermal conductivity and latent
heat storage

Shape-stable; improved thermal
conductivity

SA microencapsulation improved
thermal stability; enthalpy
remained stable after 30 cycles.
Radial-direction stability and
~50.3% average heat-storage
efficiency.

TiO> addition reduced
melting/solidification times and
improved thermal stability.

Relevance

TES performance
framework
General TES design
benchmark
PDMS-based flexible
PCM benchmark

Conductive-filler
PCM benchmark

Silicone-rubber PCM
benchmark

SA benchmark for
encapsulation stability
and cycling.

Foundational SA-TES
study.

Filler-assisted
thermal-response
enhancement in SA-
based PCMs.

Ref

[265]

[266]

[267]

[268]

[269]

[270]
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. . 40
SA-embedded Efficiency increased from ~24%

PDMS to ~80% at ~19.5 wt% SA; Flexible PDMS-SA  This
cooling rate reduced to ~0.29 °C TES membrane work
membranes i

6.8 Summary

This study explores the development of PDMS-based composite membranes incorporating
stearic acid (SA) as a phase change material for thermal energy storage applications. The
membranes were fabricated using a controlled doctor-blading approach, where both SA
loading and solvent content were systematically varied to tailor the internal structure and
thermal response of the composite system. Performance is governed primarily by SA
concentration within the polymer matrix. Increasing SA loading leads to a progressive
enhancement in latent heat storage capacity, reflecting improved energy storage potential.
However, this increase is not linearly translated into usable performance. Instead, an
optimal composition is observed, beyond which further addition of SA results in reduced
efficiency due to restricted crystallization within the confined polymer network.Thermal
characterization indicates that the PDMS matrix plays a dual role: while it limits complete
crystallization of the phase change material at higher loadings, it also significantly
improves thermal stability by slowing heat dissipation. This is evidenced by a substantial
reduction in cooling rate and a marked increase in the thermal time constant compared to
pure stearic acid. As a result, the composite system exhibits enhanced thermal inertia,
enabling more controlled heat storage and release. The study exhibits a link between
processing parameters, material structure, and thermal performance. It identifies an
intermediate SA loading (~19.5 wt%) as optimal for balancing energy storage capacity and
utilization efficiency. These findings highlight the importance of compositional tuning in
polymer—PCM composites, while long-term cycling stability, leakage resistance, and heat-

transfer enhancement remain important aspects for future investigation.
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Chapter 7: Conclusions and Future Scope

This chapter presents the overall outcomes of the thesis based on the development and
evaluation of PDMS-based composite structures for continuous photocatalysis, membrane-
based separation, liquid—liquid extraction, and thermal energy storage. The content is
organized chapter-wise to clearly present the subjective conclusions, objective conclusions,
unresolved issues, and future work associated with each experimental study. The subjective
conclusions summarize the qualitative understanding and significance of the developed
systems, while the objective conclusions highlight the major quantitative findings and best
observed results. The unresolved issues and future work are also presented chapter-wise to

indicate the remaining limitations and possible directions for further research.

7.1 Chapter 3

7.1.1 Conclusions

Subjective / Qualitative conclusions
e A novel method was successfully developed for immobilizing plasma-treated

ZnTiO; particles inside a PDMS-lined coiled flow inverter (CFI) reactor.

e The swelling—deswelling assisted impregnation technique enabled effective

incorporation and partial exposure of ZnTiOs3 particles within the PDMS lining.

e Plasma treatment improved particle dispersibility and surface characteristics,

facilitating better immobilization inside the CFI.

e Characterization confirmed successful PDMS lining formation and ZnTiO3

distribution along the inner channel surface.

e The ZnTiOs-impregnated CFI exhibited superior photocatalytic performance

compared to the straight tube under visible-light illumination.

e The CFI configuration enhanced photocatalytic kinetics while enabling compact

continuous-flow operation.

e Low dark adsorption confirmed that MB removal predominantly occurred through

photocatalytic degradation.
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Objective / Quantitative conclusions

Plasma-treated ZnTiOs3 particles exhibited a reduced optical band gap of 2.77 eV,
supporting visible-light photocatalytic activity.

ZnTi0s particles were immobilized inside the PDMS-lined CFI with an estimated

particle area fraction of 0.105.
The estimated exposed ZnTiO3 particle area inside the CFI was 10.34 cm?.

Photocatalytic experiments were conducted using 10 ppm MB solution at flow rates

0.72,0.96, 1.2, 1.44, 1.68 and 1.92 mL/min under a 25 W white-LED source.
Dark adsorption remained low at approximately 4.5%.
Pseudo-first-order rate constants (k £ 95% CI half-width) were:

o 3.69+2.00 x 10 min' for dark CFI operation,

o 10.60+3.28 x 107> min' for the illuminated straight tube,

o 24.66+6.28 x 107 min! for the illuminated CFI.

The illuminated CFI achieved more than 2-fold higher photocatalytic activity than

the illuminated straight tube and over 5-fold enhancement relative to dark operation.

7.1.2 Unresolved issues and future scope

Improvement in the uniformity and thickness control of the PDMS lining inside the

tubular reactor is still required for better reproducibility and particle distribution.

Optimization of important operational parameters, such as, catalyst loading, flow
rate, light intensity, residence time, and solution pH is necessary to maximize

photocatalytic performance.

Long-term stability, reusability, and possible particle leaching from the ZnTiO3-

impregnated CFI need to be systematically evaluated.

The present study was limited to methylene blue model dye solution under
laboratory conditions; therefore, validation using real industrial wastewater is

required.

The influence of higher dye concentration, elevated TDS, and alkaline conditions

on reactor performance remains to be investigated.
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Scale-up studies are needed to assess the practical applicability of the ZnTiO3-
impregnated CFI system for continuous wastewater treatment and compact reactor

design applications.

7.2 Chapter 4

7.2.1 Conclusions

Subjective conclusions (Qualitative insights):

A novel low-temperature route was developed for preparing porous SiOC particles

from PDMS.

One-sided SiOC infusion created localized inorganic domains and asymmetric

membrane properties.

SiOC incorporation increased surface hydrophilicity and altered pore-size

distribution.

The modification introduces hydrophilic functional groups and creates localized

water-affinitive domains, altering the interfacial transport mechanism.

Enhanced ethanol transport occurred through a mixed solid—liquid interfacial

diffusion pathway.

Surface-localized SiOC modification improved separation performance without

modifying the full membrane bulk.

Objective conclusions (Quantitative results):

High surface-area SiOC particles (192 m? g™') were synthesized from PDMS at 550
°C.

One-sided infusion produced an asymmetric PDMS membrane with ~100 pum SiOC

penetration depth.

Pervaporation of a 50:50 ethanol-water mixture was conducted at 298 K with

permeate conditions of 21 kPa and 3 °C.
The membrane exhibited an overall flux of ~331 mL m2h™" during a 12 h operation.

The modified membrane demonstrated an increase of approximately 150% in

ethanol-water selectivity compared to the native membrane.
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Enhanced ethanol permeability was observed for a 50:50 ethanol-water mixture,

while maintaining relatively low overall flux.

7.2.2 Unresolved challenges and future scope

Further optimization of particle loading, infusion depth, and membrane thickness is

required.
Long-term membrane stability and possible SiOC leaching need investigation.

Exploration of membrane performance with varying feed compositions and

operating temperatures.

Effects of feed composition, temperature, and vacuum conditions on transport

behaviour remain unresolved.

Scale-up of the membrane fabrication technique for potential industrial

applications.

Extension of this approach to other separation systems involving organic—aqueous

mixtures.

Development of predictive transport models incorporating coupled diffusion and

interfacial phenomena for better process design.

7.3 Chapter 5

7.3.1 Conclusions

Subjective conclusions (Qualitative insights):

A soft, transparent PDMS-CFI has been successfully fabricated using a removable

helical PVA filament, enabling the creation of a continuous coiled microchannel.

The coiled geometry significantly enhances phase interaction, mixing, and

interfacial contact between immiscible liquids.

The device demonstrates effective continuous liquid—liquid extraction capability in

a compact millifluidic configuration.

Flow dynamics play a critical role in governing mass transfer performance, with

phase flow rates influencing the extent of mixing and separation efficiency.
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The system highlights the potential of PDMS-based millifluidic reactors for process

intensification and scalable separation applications.

Objective conclusions (Quantitative results):

The system was evaluated for extraction of acetic acid from a 10% (v/v) acetic acid—

toluene mixture using water as the extracting phase.

Tripling the organic phase flow rate (from 1 to 3 mL/min) at constant aqueous flow

resulted in approximately a twofold increase in extraction efficiency.

Doubling the aqueous phase flow rate (from 0.5 to 1 mL/min) at constant organic

flow led to nearly a threefold enhancement in extraction efficiency.

The aqueous phase flow rate exhibited a more pronounced effect on mass transfer

compared to the organic phase.

The maximum overall volumetric mass transfer coefficient (k,a) achieved was

0.007145 s under the highest aqueous flow condition.

7.3.2 Unresolved issues and future scope

Extended operation with toluene-rich streams may influence mechanical stability

and requires endurance testing.

Detailed evaluation of internal flow structure (e.g., interfacial deformation,

recirculation patterns) has not yet been quantitatively examined.

The current study evaluated extraction at fixed temperatures; thermal effects on

mass transfer remain uninvestigated.

Changes in PDMS surface hydrophobicity during repeated solvent exposure may

alter reactor performance

Investigation of a wider range of flow rate ratios and phase properties to further

optimize mass transfer performance.

Exploration of different solvent systems and solutes to extend applicability of the

CFI reactor.

Study of scale-up strategies and parallelization of CFI units for industrial

implementation.

Integration of in-line monitoring techniques for real-time analysis of extraction
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efficiency.

Evaluation of long-term operational stability and material compatibility under

continuous processing conditions.

7.4 Chapter 6

7.4.1 Conclusions

Subjective conclusions (Qualitative insights):

Flexible PDMS-based composite membranes incorporating stearic acid (SA) were

successfully developed for thermal energy storage applications.

The doctor-blade fabrication technique enabled uniform PCM distribution while

maintaining membrane integrity.

FTIR confirmed physical incorporation of SA within the PDMS matrix with

negligible residual solvent.

Membrane morphology and SA loading strongly influenced thermal behavior,

whereas THF variation had minimal effect.

The composite membranes exhibited enhanced thermal inertia and controlled heat-

release characteristics compared to pure SA.

The study established a clear processing—structure—property relationship between

SA loading, membrane structure, and TES performance.

The PDMS matrix exhibited a dual role by restricting complete crystallization at

high SA loading while simultaneously enhancing thermal retention.

An intermediate SA loading provided the best balance between latent heat storage

and utilization efficiency rather than the highest SA loading.

The developed composites show strong potential for thermal management and

controlled thermal-response applications.

Objective conclusions (Quantitative results):

SA loading in the membranes was varied from 5.7 wt% to 23.3 wt%.

DSC analysis showed melting temperatures near 56 °C and crystallization

temperatures around 52—53 °C.
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Latent heat increased from ~ 2.7 to 34.3 J g*! with increasing SA loading.

Latent heat utilization efficiency increased from ~ 24% to nearly 80% at around

19.5 wt% SA, followed by a slight decline at higher loading.

Cooling rate decreased from ~ 2.0 °C min™' for pure SA to nearly 0.29 °C min™' for

the composite membranes.

The thermal time constant increased from ~ 1000 s for pure SA to nearly 6300 s for

the composite system.

The composition containing ~ 19.5 wt% SA was identified as the optimum

formulation for maximizing thermal storage efficiency.

7.4.2 Unresolved issues and future scope

Enhancement of heat transfer rates through incorporation of thermally conductive

fillers (e.g., graphite, BN, metal particles).

Optimization of PCM loading beyond 23 wt% while preventing phase separation or

mechanical.

Long-term thermal cycling studies to evaluate durability, leakage resistance, and

mechanical durability.

Scale-up of the doctor-blade fabrication method for large-area membrane

production.

Optimization of membrane thickness for balancing heat-transfer rate and thermal

storage capacity.

Integration of these composites into practical systems, such as, smart textiles,

portable thermal management, and electronic cooling modules.

Investigation of alternative phase change materials with higher latent heat or

different transition temperatures.
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ARTICLE INFO ABSTRACT

Keywords:

‘Water treatment

Visible light photocatalysis
Pl ydimethylsil oxane (PDMS)
Coiled flow inverter (CFI)
Surface impregnation

Plasma treatment

This study reports (i) fabrication of a transparent CFI reactor with its inner walls infused with the zinc titanate
particles, and (ii) kinetics of continuous photocatalytic degradation of methylene blue (MB) dye in water in this
reactor. A silicone tube is folded in the form of coiled flow inverter (CFI), lined with PDMS, and subsequently the
PDMS lining is impregnated with the photocatalytic rhombohedral zinc titanate (ZnTiOg) by first swelling the
film and then exposing it to the aqueous dispersion of the zinc titanate particles. The dispersion of ZTO particles,
which is otherwise not easily dispersible in water, is facilitated by a pre-treatment inside a custom designed
plasma chamber. The plasma pre-treatment significantly improves particle dispersion as confirmed by the
rheological and DLS/zeta potential measurements, and thereby the incorporation of the particles by the swollen
PDMS lining of the CFI. Under visible light illumination, ZnTiO3 nanoparticles immobilized on the inner surface
of the CHI catalyze the degradation of MB dye molecules through the generation of reactive oxygen species,
leading to the transformation of the dye into non-toxic byproducts. The intricate flow patterns within the CFI
facilitate efficient mixing, ensuring enhanced contact between the photocatalyst and the dye molecules.
Transparency of the structure helps in achieving the higher degradation rate constant under visible light illu-
mination as compared to dark. Under illumination the rate constant observed in CFI (24.67 x 10~2 min™) is
more than twice of that observed in the straight tube configuration.

1. Introduction

Industrial dyes currently in widespread use are typically non-
biodegradable and highly toxic, with the textile sector being a major
global water consumer [1] and a significant source of organic and
chemical contaminants in wastewater including methylene blue (MB), a
low molecular weight cationic aromatic dye [2,3]. Although these
compounds play a vital role in various human activities, their presence
in the environment poses significant ecological risks. These aromatic
dyes’ inherent breakdown substances have a tendency to accumulate in
living organisms, resulting in harmful health consequences for humans
[4]. Wastewater discharged from industries such as textiles, pesticides,
pharmaceuticals, food processing, and leather manufacturing often
contains high concentrations of dyes, contributing to the contamination
of water bodies and leading to adverse environmental consequences,
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including the suppression of photosynthesis and the contamination of
aquatic organisms [5]. The resulting turbidity from these dyes obstructs
sunlight penetration, which in turn impairs the photosynthetic processes
essential for sustaining aquatic life. Consequently, the removal of dyes
from industrial effluents prior to their release into natural water sources
is of critical importance. Numerous treatment technologies have been
explored for this purpose, including membrane filration, coagulation-
flocculation, ozonation, ion exchange, photocatalysis, biological and
chemical oxidation, and adsorption. Adsorption, coagulation, mem-
brane filtration, and sedimentation are common methods for reme-
diating organic pollutants like MB and its breakdown products [6-9].
Although these methods have demonstrated efficiency, they all have a
drawback in that they shift the target pollutant from one medium to
another without necessarily eliminating it. Visible light induced pho-
tocatalysis is particularly regarded as a highly efficient and
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ABSTRACT

In this work, we report that extraction of ethanol from the ethanol-water mixture using pol-
ydimethylsiloxane (PDMS) membranes is enhanced when the membrane is impregnated by
the SiOC particles close to one side. SIOC particles with a high surface area (192m’g™") are
prepared by a novel route in which a sponge of PDMS is wrapped inside an aluminum foil
and subjected to a heat treatment at 550°C. A 10% cross-linked and cured PDMS mem-
brane is infused with these particles on one side up to a depth of 100 um by exposing that
side to a suspension of SiOC particles in di-iso-propylamine. Infusion leads to increased sur-
face hydrophilicity on that side and a significantly altered pore size distribution in the mem-
brane. We observed enhanced transport of ethanol as compared to water when infused
membranes were used for pervaporation of a fifty-fifty mixture of ethanol water. We pro-
pose an explanation that the impregnated particles adsorb water molecules forming a
water-rich region inside the membrane, which thereby affords a liquid phase diffusion of
ethanol and enhances its transport as compared to neat membranes which offer only solid
phase diffusion. SIOC modification increased ethanol-water selectivity by ~150% compared
to native PDMS.

Introduction crystalline graphitic domains are included inside
the amorphous Si-O-C matrix. These graphitic
carbon domains are believed to improve many
properties of the material. The mechanical
strength of SiOC is enhanced by the presence of
carbon within the SiO, matrix, providing a bal-
ance between rigidity and toughness that is desir-
able in many structural applications (Soraru et al.
2019; Szymanski et al. 2019). Chemical resistance

Polymer-derived ceramics (PDC) is an area that
has attracted a surge in research activity over the
past 10-15years (Wen et al. 2020). PDC offers a
versatile route for manufacturing ceramic-based
components. Silicon-based ceramics are particu-
larly convenient to produce using silicon-based
polymers. One such important ceramic product is
silicon oxycarbide (SiOC) (Liu et al. 2023; Erb

and Lu 2019). SiOC particles are derived from
the pyrolysis of polymeric precursors that contain
silicon, oxygen, and carbons (Lu and Erb 2018;
Ma et al. 2016). This process results in a network
structure characterized by Si-O-C bonds, where
carbon atoms are incorporated into the silicon
dioxide (8iO,) matrix. One of the distinguishing
features of these materials is the presence of car-
bon in both hetero-bonded form with Si (car-
bide) and segregated graphitic form with carbon
atoms joined by sp® bonding. The nano-

is another notable property of SiOC particles.
They exhibit excellent resistance to oxidation and
corrosion, which extends their usability in harsh
chemical environments (Wang et al. 2011; Guo
et al. 2018). This chemical inertness, combined
with their thermal stability, makes SiOC materials
ideal for use in industries such as catalysis and
energy storage (Mukherjee et al. 2018). The high
specific surface area of SiOC particles, which can
reach several hundred square meters per gram, is
particularly beneficial in these fields. Since in
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