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Chapter 1

Introduction

This Chapter introduces the foundational context for this research, which begins by
exploring the history and background of hemp, tracing its origins, traditional uses, and
re-emergence as a sustainable fibre source in modern times. Outlining the unique
properties of hemp, such as its mechanical strength, antimicrobial qualities, and
biodegradability, which collectively position it as a promising alternative to synthetic
and conventional natural fibres. Further, the importance of hemp in the textile industry
is highlighted in relation to sustainability and consumer demand for eco-friendly
products. Despite various advantages that hemp brings, processing of hemp fibres
remains challenging due to their complex structure and chemical composition. These
challenges limit the fibre’s broader industrial application and necessitate innovative
surface treatment techniques. Plasma treatment offers a clean, solvent-free method
to modify the surface characteristics of hemp fibres, potentially improving their
compatibility with textile processes. The chapter concludes by outlining the aims and
objectives of the research, which centre on exploring plasma-assisted surface
modification as a means to overcome the limitations associated with hemp fibre
processing. Together, these elements provide a comprehensive framework for the
thesis and establish the rationale for the experimental work that follows.

1.1 History and general background of hemp

The cultivation and production of hemp fibres date back to 5000-4000 BC and was a
highly valued fibrous material used in crafting hats, shoes, and robes for traders and
sailors visiting Indian territories [1]. The exceptional quality, strength, and fineness of
hemp fibres from this era reflect the sophistication of ancient Indian agricultural tools
and textile production techniques. As hemp became an established industrial crop in
India and other parts of Asia, it gradually spread to Europe via the Silk Road, where it
was widely traded across Mediterranean countries during the Middle Ages. By the 16th
century, hemp had been introduced to Chile, eventually reaching North America.
Today, hemp is cultivated worldwide, including in France and Great Britain. Its
popularity stems from its ability to grow rapidly and efficiently in temperate climates
throughout the year, requiring minimal irrigation, pesticides, and chemical fertilisers.
However, hemp production declined after the 18th century despite its historical
significance. The rise of the Industrial Revolution resulted in the invention of the cotton
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gin, and the expansion of industrial agribusiness led to a preference for alternative
materials in fabric and paper production [2].

Hemp is widely used in various industries, alongside other bast fibres such as flax and
ramie. Bast fibres are derived from the stem of the plants, which are collected from the
phloem, the tissue surrounding the stem of certain plants. Figure 1.1 illustrates the
internal structure of the bast fibre.
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Figure 1.1 Internal structure of hemp [3]

Figure 1.1Aillustrates the transverse section of the hemp bast, highlighting the internal
anatomical structure. At the centre lies the pith, composed primarily of soft
parenchymatous tissue. Surrounding the pith is the xylem, a rigid structure responsible
for transporting water and minerals throughout the plant while also providing
mechanical strength [3]. Adjacent to the xylem is the cambium, a meristematic layer
that drives secondary growth by generating new xylem and phloem cells. External to
the cambium lie the primary and secondary fibre bundles, which constitute the hemp
fibres utilised in composites and textile applications. The cuticle, epidermis, and cortex
form the outermost layers of the stem, offering both protection and mechanical
support. Figure 1.1B depicts the primary fibre bundles, characterised by densely
packed fibrils, while Figure 1.1C presents the cellular architecture of individual fibres,
highlighting their structured and fibrous morphology [3]. The fibres are protected by
waxes and other protective substances, with bundles of fibres held together by these
waxy substances. Bast fibres are highly oriented in an axial direction and have a low
rate of extensibility, a characteristic attributed to the unique structural organisation of
the hemp plant [4]. These fibres are promising for use in reinforced composites due to
their high tensile and load-bearing capacity. Kenaf, ramie, flax, jute and hemp are
among the most commonly used bast fibres for industrial use [5].



BILLION-
DOLLAR

J\IH!EHC‘.L‘; Eprmors promised s me ofter the Eher his bidh femdved contain
£ L

in morvice in Toxas, IN-
miols, Minpesots sad other siates are pra-

Figure 1.2 Billion Dollar Crop [6]

Hemp has a rich history and is often referred to as the “Billion-dollar crop” because of
its versatile uses across industrial, medicinal and agricultural sectors. Following the
news article in Figure 1.2, hemp gained widespread attention as a crop with billions of
potential applications. It was documented that 5-90% of the world’s paper, including
books, Bibles, maps, paper money, stocks and bonds, was made from hemp fibre [7].
From 1890 to 1910, linen textiles were predominantly manufactured from hemp rather
than flax. Despite the material's advantageous properties, such as durability,
sustainability, and versatility, its contemporary usage has diminished considerably.
This decline is primarily attributed to the persistent stigma associated with hemp’s
connection to psychoactive substances, which are derived from the plant’s floral
components, whereas textile-grade fibres are extracted from the stem.

Industrial hemp, a type of Cannabis sativa, has been successfully developed to
contain negligible amounts of tetrahydrocannabinol (THC: the compound in cannabis
responsible for its narcotic effects) [8] is now used in a variety of applications, including
reinforced composites, concrete, plasticising agents, bio-oils for medicinal use and
textiles for commercial use, such as garments and technical textiles. Hemp is one of
the fastest-growing plants on earth after bamboo. In Europe, France is the largest
producer of hemp for various applications. Hemp’s dense foliage allows it to be planted
as a cover crop to suppress weeds in the area. Scientific investigations have shown
that hemp is a potential natural source of food, cover, and energy. As the world shifts
towards a sustainable and circular economy, hemp may emerge as a key bio-based
material to replace petroleum-derived synthetics such as polyester, nylon, and plastic
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composites, particularly in industries like textiles, packaging, automotive, and
construction [4].

1.2 Overview of useful properties and applications of hemp

Hemp is a highly versatile plant with a wide range of applications across various
industries, owing to its unique chemical composition and structural properties. It has
been cultivated for centuries for its nutritional, medicinal, cosmetic, textile, energy, and
environmental benefits, making it an invaluable resource for sustainable development.
Figure 1.3 depicts an overall picture of the various applications of hemp in food, fuel,
composite and textile industries.
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Figure 1.3 Applications of hemp

One of the most significant uses of hemp is in the food industry. Hemp seeds are a
rich source of essential nutrients, including proteins, dietary fibres, and fatty acids.
They provide an optimal balance of omega-3 and omega-6 fatty acids, which play a
crucial role in maintaining cardiovascular health. The oil extracted from these seeds is



commonly used in culinary applications due to its distinctive nutty flavour and health-
promoting properties. Furthermore, hemp-derived protein powders have gained
popularity among vegetarians and vegans as a plant-based protein alternative,
contributing to a nutritious and well-balanced diet [9].

The cosmetic industry has also integrated hemp oil into various skincare and personal
care products. Due to its abundance of vitamins A, C, and E, hemp oil serves as a
potent moisturising and anti-inflammatory agent. It is widely used in lotions, soaps,
and lip balms to enhance skin hydration and protection. Moreover, its non-
comedogenic properties ensure that it does not clog pores, making it suitable for all
skin types, including sensitive and acne-prone skin [10].

In the pharmaceutical and medical fields, hemp-derived compounds have shown
remarkable therapeutic potential. Cannabidiol (CBD), a prominent cannabinoid found
in hemp, is recognised for its anti-inflammatory, analgesic, and anxiolytic effects. As a
result, CBD has been incorporated into treatments for chronic pain, epilepsy, and
anxiety disorders. Unlike tetrahydrocannabinol (THC), which is psychoactive, CBD
provides medicinal benefits without causing intoxication, making it a safer alternative
for medical applications [11].

Hemp also plays a crucial role in the energy sector. Biomass from the plant can be
converted into biofuels, such as biodiesel and ethanol, providing renewable and
environmentally friendly alternatives to conventional fossil fuels. Given hemp’s fast
growth cycle and adaptability to diverse climatic conditions, it presents a viable option
for sustainable energy production, reducing dependency on non-renewable resources
[2]. Beyond its direct applications, hemp cultivation significantly benefits the
environment. Its deep root system stabilises soil and prevents erosion, making it a
valuable crop for soil conservation. Additionally, hemp possesses phytoremediation
properties, allowing it to absorb heavy metals and toxins from contaminated soils,
thereby improving land quality. Furthermore, hemp’s rapid growth and ability to
sequester carbon dioxide contribute to mitigating climate change, positioning it as an
eco-friendly agricultural solution [2].

The construction industry has also embraced hemp-based materials, particularly
hempcrete, which is a mixture of hemp hurds and lime. This innovative material
provides excellent insulation, is lightweight, and has a negative carbon footprint,
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making it an ideal choice for sustainable building projects. Its ability to regulate indoor
humidity levels further enhances its suitability for construction purposes [12]. In the
paper industry, hemp fibres offer an environmentally sustainable alternative to wood-
based paper production. Hemp-derived paper is more durable, resistant to yellowing,
and requires fewer chemical treatments compared to conventional wood pulp paper.
Additionally, hemp cultivation consumes less water and fewer pesticides, thereby
minimising the ecological footprint of paper manufacturing [12]. Hemp fibres are used
in the production of fibre-reinforced composites because of their high strength and
durability. The resulting composites are used in the manufacturing of automotive
components, construction materials, and consumer goods [12].

1.3 Importance of hemp fibre in the textile and composite

industries

Hemp fibre stands out among natural fibres due to its remarkable strength, surpassing
that of cotton, flax, and nettle. Historically, this durability made hemp a preferred
material for producing ropes, rigging, fishing nets, and sails, ensuring reliability in
maritime and industrial applications. In addition to its robustness, hemp fibre is valued
for its flexibility, resilience, and resistance to water damage, enhancing its practicality
for a variety of uses [12]. With advancements in textile technology, hemp is now
processed into mainly woven fabrics that not only retain its signature durability but also
offer greater softness and comfort. Modern textile manufacturing techniques have led
to the production of woven hemp fabrics that outperform cotton in terms of longevity
and resistance to deformation. Recognising these advantages, prominent consumer
brands such as Adidas and Patagonia have incorporated hemp textiles into their
product lines, further promoting their adoption in mainstream fashion [12]. Pure, 100%
hemp textiles have gained significant traction in the apparel industry, where they are
utilised for making jeans, sportswear, casual clothing, hats, bags, cushion covers,
blankets, and accessories. Additionally, hemp’s natural breathability and antimicrobial
properties make it an excellent choice for summer wear, ensuring comfort and
hygiene. Finished textile products such as shoes, socks, and home furnishings often
incorporate either 100% hemp or a blend of hemp with other natural or synthetic fibres,
expanding their applicability in modern textile production [13].

Beyond clothing, hemp fibre is a key material in interior textiles and composite
applications. It is used in manufacturing rugs, pure hemp carpets, and upholstery
fabrics, providing durable and eco-friendly alternatives to synthetic materials.
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Moreover, its incorporation into composite materials has proven beneficial in the
automotive and construction industries, where hemp-based bio composites are
increasingly replacing traditional synthetic reinforcements. Despite these advantages,
the widespread use of hemp in the textile industry faces certain challenges. However,
ongoing research and technological advancements are gradually overcoming these
limitations, paving the way for broader industrial adoption of hemp textiles and
composites [14].

1.4 Challenges in the utilisation of hemp in textile products

Figure 1.4 outlines the key challenges associated with incorporating hemp into textile
products. One of the most significant barriers is governance and regulatory
constraints. Extensive documentation, compliance checks, and bureaucratic
procedures are required before hemp cultivation can commence, adding to the
complexity of its adoption. Additionally, legal restrictions vary across regions, further
complicating large-scale production. In India, for instance, only one out of the 28 states
has officially approved industrial hemp cultivation, limiting its commercial expansion

[1].
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Figure 1.4 General challenges in hemp fibre processing

Major obstacles include laws and regulations on agriculture and hemp production,
along with the issue of inadequate fibre processing technology [15]. The equipment



and infrastructure needed for effective hemp fibre processing are still in their infancy
when compared to more established sectors like the production of cotton and synthetic
fibre [16]. The high production cost and inefficiencies resulting from this technological
gap may affect the integration of hemp products into the broader textile market.
Additionally, hemp textiles have a low consumer awareness, hindering their market
penetration [17]. Some misunderstandings about its connection to psychoactive
cannabis fuel these restrictions on hemp-based products, despite its historical
prominence as a textile fibre [17]. Hemp clothing and textile products compete with
cheap and available synthetic fibres such as polyester and nylon. Additionally, cotton
dominates the natural fibre market due to its familiarity and strong market presence.
Overcoming these challenges would require targeted efforts in consumer awareness,
policy reforms, and advancements in hemp processing technology for hemp to
compete in the textile and fibre industries.

1.4.1 Challenges in processing hemp fibre into textiles and composites

The main challenges in processing hemp fibre into composites and textiles mainly
include its partially hydrophilic nature and inconsistent fibre length and size, often
requiring additional chemical treatments to improve compatibility with the polymer
matrix and dyes or finishing agents. In this thesis, hemp is described as a partially
hydrophobic substrate, exhibiting a water contact angle of around 60°, which lies
between complete hydrophilicity (8 = 0°) and complete hydrophobicity (6 = 90°). The
key challenges are as follows [18] [16] [19]:

1. Moisture absorption: Hemp is hygroscopic in nature, which can affect the
processing and performance of fibre reinforced composites and textiles,
requiring pre-drying steps before use.

2. Poor fibre-matrix adhesion: Hemp fibres possess a lignin-rich outer layer that
imparts partial hydrophobicity (contact angle ~ 65°) overlying a cellulose core
bearing abundant hydroxyl groups. This surface heterogeneity and residual
contamination impede consistent wetting and strong interfacial bonding with
common polymer matrices (e.g., polypropylene, polyethylene, epoxy).

3. Fibre dimensional variability: Hemp fibres vary in length, diameter, and
morphology depending on the growing conditions and processing methods,
potentially impacting the consistency of textile and composite product
properties.



4. Fibre diameter: Hemp fibres are naturally coarser and stiffer than cotton, which
can make them less appealing for certain types of clothing. Such fibre diameter
differences can also affect the reflectance properties of fabrics, affecting their
visual appearance.

5. Dye absorption: Hemp fibres possess a distinct structure compared to cotton,
characterised by higher crystallinity and the presence of non-cellulosic
components such as lignin and pectin. These features can restrict dye
penetration and result in lower dye uptake, making it more challenging to
achieve vibrant and uniform colouration without appropriate pre-treatments
[19].

6. Technological differences: The differing end-use applications of textiles and
composites incorporating hemp necessitate distinct processing approaches.
Converting hemp for woven textiles involves extensive retting, scutching, and
spinning, whereas nonwoven applications for composites demand mechanical
or chemical fibre separation methods, complicating standardisation across
industries [20].

1.5 Potential for plasma treatment to address these challenges

Plasma is a distinct state of matter where atoms or molecules become electrically,
thermally, or magnetically charged, often through ionisation [21]. It is a highly
energised state consisting of various particles, including ions, electrons, metastables,
and excited states of atoms or molecules. This ionised gas exhibits unique physical
and chemical properties compared to its neutral form, making it widely regarded as
the "fourth state of matter." Plasma can be categorised into two types: cold plasma
and hot plasma [22]. Cold plasma operates at lower temperatures and is
predominantly used for material modification, as in this project. Its versatile
applications span several industries, including medical plastics, print adhesion,
automotive manufacturing, aerospace, microscopy, and water treatment. Plasma
treatment can lead to physical or chemical changes in the material's surface through
interactions with radicals, ions, or excited-state electrons, resulting in effects like
polymerisation or sputtering. Figure 1.5 illustrates the mechanism of plasma treatment,
which is commonly used to modify polymers and enhance surface properties such as
adhesion, hardening, and cross-linking [22].
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Figure 1.5 Mechanism of plasma treatment of a textile substrate [23]

The advantages of plasma treatment offer significant benefits for polymer surface
modification. Firstly, plasma treatment can be limited to the surface layer of the
polymer without altering its bulk properties, due to its limited penetration depth,
typically in the range of a few nanometres to micrometres, depending on the type of
plasma and treatment duration. This ensures that only the outer surface of the fibre is
modified, making it ideal for applications where surface functionality is desired without
compromising the mechanical integrity of the core structure. Additionally, the excited
species in plasma can modify the surfaces of polymers, regardless of their inherent
structures and chemical reactivity [24]. Plasma treatment also allows for uniform
modification across the entire surface, eliminating the need for wet chemical
treatments. In polymer technology, plasma is used to enhance adhesion for reinforcing
materials, promote surface ablation, and adjust surface energy by improving
hydrophobic or hydrophilic properties depending on the source gas used. The
advantages of using plasma treatment to address the key challenges are as follows
[19] [25]:

1. Enhancing Dye Absorption: Plasma treatment can increase the surface
roughness and introduce functional groups on hemp fibres, improving their
dyeability [19]. This leads to more vibrant and consistent colours, overcoming
the natural dye absorption challenges of hemp.

2. Improving Comfort Properties: Plasma-treated hemp fabrics have been
shown to exhibit improved air permeability and wickability [26] compared to
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non-plasma treated cellulosic fibres, due to increased surface energy and
porosity. These enhancements contribute to better moisture management and
wearer comfort, making plasma-treated hemp fabrics more comparable to
cotton in terms of wearability [27].

3. Enhanced Adhesion: Plasma treatment improves the bonding strength
between the fibres and the matrix in composite materials by modifying fibre
surface characteristics. This process increases surface energy, making the
surfaces more receptive not just to composite matrices but also to adhesives
and coatings, which results in stronger and more durable bonds.

4. Surface Activation: Plasma treatment introduces functional groups to the
surface of composite materials, enhancing their chemical reactivity. This
activation improves the interaction between the composite surface and
adhesives, leading to better bonding performance.

5. Improved Durability: By enhancing the adhesion and surface properties of
composite materials, plasma treatment contributes to the overall durability and
longevity of the final product. This is particularly important in industries such as
aerospace and automotive, where high performance and reliability are critical.

Surface properties play a crucial role in determining the effectiveness of textiles in their
applications. Although plasma treatment has demonstrated potential in enhancing
characteristics such as wettability, adhesion, and absorptivity, there remains a limited
understanding of the precise reaction mechanisms involved in plasma-material
interactions. While this technology offers significant benefits, research is primarily
focused on end-use applications rather than the fundamental chemical and structural
transformations induced by plasma treatment.

1.6 Aims and objectives

While there have been various studies of plasma treatment of cellulosic fibres such as
cotton, and some bast fibres such as flax, detailed studies of plasma treatment on
hemp fibres is less exhaustive due to several factors. Additionally, argon plasma
treatment has received considerably less attention than others e.g. oxygen. Therefore,
this study aims to bridge existing knowledge gaps in relation to plasma treatment of
hemp, by studying the oxygen and argon plasma interactions of different types of
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plasma with hemp fibre, and the resulting effects on key properties. Moreover, A
distinguishing aspect of this research is the specific focus on low-pressure and long-
duration argon plasma treatment.

Specifically, the aim of this research is to evaluate the impact of plasma treatment on
woven hemp fabrics, dew-retted fibres, and carded nonwoven fabrics, with an
emphasis on both conventional and technical textile applications. The study aims to
examine how plasma-induced surface modifications enhance the performance and
functional attributes of hemp textiles, broadening their potential applications across
diverse sectors.

The specific project objectives are:

1. To analyse how oxygen and argon plasma treatment alters the surface
properties of hemp fibres and its effect on the dyeability of woven hemp fabrics.

2. To assess the structural and chemical changes in hemp fibres after undergoing
argon and oxygen plasma treatments.

3. To evaluate the impact of argon plasma treatment followed by water shock
treatment on the properties of nonwoven hemp fabrics.
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Chapter 2
Review of Literature

2.1 Introduction

This chapter presents a comprehensive review of existing literature, providing
essential background to support the research focus. The cultivation and harvesting of
hemp, especially the retting process a critical step in fibre extraction, which involves
microbial action to degrade the pectin that binds the bast fibres to the woody core,
thereby facilitating fibre separation. The discussion then progresses to the structure
and morphology of hemp fibres, highlighting the anatomical hierarchy from stem cross-
section to microfibrillar organisation. Due to the presence of approximately 75%
cellulose, the complex structure of cellulose and the intermolecular hydrogen bonding
have been discussed. Hemp fibres possess impurities such as hemicellulose, pectin
and lignin. Lignin acts as a natural binder for the cellulose fibrils in hemp and also
imparts strength to the fibre. Lignin is hydrophobic in nature and often hinders textile
processing by reducing fibre wettability. Additionally, the presence of impurities such
as waxes, pectin, and hemicellulose further limits chemical reactivity, thereby making
pre-treatment a necessary step. The chapter further explores various surface
modification methods developed to address the processing of hemp into textiles with
an emphasis on plasma treatment. This chapter, therefore, builds a critical foundation
for the experimental investigations that follow, highlighting both the challenges and
opportunities in unlocking the full potential of hemp fibres for modern textile
applications.

2.2 Cultivation and harvesting of hemp fibres

Hemp is an annual, fast-growing plant that thrives in diverse climatic conditions,
making it one of the most adaptable crops cultivated worldwide. The cultivation and
harvesting of hemp are influenced by several factors, including soil conditions, climate,
and seed selection, as per the end-use applications. Temperate and subtropical
climates are preferred for the cultivation of industrial hemp [28] and a well-drained,
nutrient-rich soil, such as deep, loamy soils with high organic matter, having a pH
ranging between 6.0 and 7.5 is best for industrial hemp plantation as it facilitates good
aeration.
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Seed selection plays a crucial role in determining the quality and yield of hemp.
Different hemp varieties are cultivated based on their intended use, whether for fibre,
seeds, or cannabidiol (CBD) extraction. Certified seeds with high germination rates
and disease resistance are preferred to ensure a healthy crop [29]. Sowing is typically
done in early spring when soil temperatures reach around 10-15°C. The
recommended sowing density for hemp fibre production requires high-density
planting. Hemp has a rapid growth cycle, maturing within 70-120 days, depending on
the variety and environmental conditions [28]. It exhibits strong weed suppression due
to its fast germination and dense canopy formation. Minimal pesticide use is required
as hemp is naturally resistant to many pests and diseases. However, nutrient
management is crucial, with nitrogen, phosphorus, and potassium being the primary
macronutrients required for healthy growth. Crop rotation with legumes or other
nitrogen-fixing crops is recommended to maintain soil fertility and prevent nutrient
depletion. Industrial hemp fibres are typically harvested 70-90 days after sowing,
before the plants reach full maturity. Harvesting at this stage ensures finer and more
flexible fibres. Traditional methods involve cutting the stalks using sickles or
mechanised harvesters, followed by field retting (dew retting), which is a microbial
process that separates the fibres from the woody core [30].

2.2.1 Post-harvest processing of hemp fibres

In the stem of the hemp plant, the elementary fibres are primarily located within the
phloem in the form of fibre bundles, and the internal bast fibre structure is illustrated
in Figure 2.1. These fibres are embedded in a matrix of parenchymatous cells and are
positioned between the outer epidermis and the inner xylem core, aligning parallel to
the stem’s longitudinal axis [31]. The fibre bundles themselves contain elementary
fibres that are interconnected within a network of pectic polysaccharides, which play
an essential role in maintaining fibre cohesion and structural integrity [31]. To extract
hemp fibres effectively, the plants undergo multiple processing stages. The first stage
after harvesting encompasses retting, scutching, hackling, and spinning. Retting is a
crucial step which involves microbial or chemical treatment to break down the natural
binding materials holding the fibres together [32]. Following the retting, scutching,
hackling, and spinning are employed to refine the fibres into usable textile materials.
The quality and final characteristics of the extracted hemp fibres are highly dependent
on each of these steps, particularly the retting process, which influences fibre fineness,
strength, and overall processability. Figure 2.1 illustrates the overall post-harvest
processing of hemp fibre extraction.
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Figure 2.1 Post-harvest processing of hemp

2.2.2 Retting of hemp fibres

Retting is an essential post-harvest treatment that facilitates the separation of fibre
bundles from the hemp stalk. Among the various retting techniques, field retting, also
known as dew retting, remains the most commonly used method, particularly in
European regions [33]. This traditional approach is favoured due to its cost-
effectiveness and simplicity compared to other methods such as water, chemical,
enzymatic, or mechanical retting. Field retting involves laying the harvested hemp
stalks on the ground and allowing natural environmental factors, such as moisture,
temperature fluctuations, and microbial activity, to break down the pectin and lignin
that bind the fibres to the woody core. This process typically lasts between two and
ten weeks, depending on the prevailing weather conditions and microbial efficiency.
Microorganisms, including fungi and bacteria, produce hydrolytic enzymes that
gradually break down the components of the plant cell wall, mainly targeting the pectin-
rich middle lamella, which holds the elementary fibres together [33]. As the pectin
deteriorates, fibre bundles loosen, facilitating their subsequent extraction. The
effectiveness of field retting is highly dependent on climatic conditions, as
environmental factors such as rainfall, humidity, and temperature directly influence
microbial activity. Uncontrolled weather variations can lead to inconsistent retting,
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resulting in variable fibre quality [34]. The following field retting (dew retting) conditions
are most effective for high hemp fibre yield [33, 35]:

1.

Warm Weather. Optimal temperatures facilitate microbial activity, which is
crucial for breaking down the pectin that binds the fibres.

Intermittent Precipitation: Regular moisture helps maintain the retting process,
but it is important to avoid excessive rain, which can lead to over-retting.

Good Air Circulation: Ensuring that the hemp stalks are well-spread and turned
over periodically helps in achieving uniform retting.

Proper Timing: Retting typically takes 2-3 weeks under ideal conditions.
Monitoring the colour change in the stalks from green to pale yellow can
indicate the right time to turn them.

Turning Stalks: Turning the stalks ensures even retting and prevents the bottom
layers from over-retting.

Dew retting done in the mentioned conditions produces fibres with relatively good

mechanical properties, but can lead to more variability compared to controlled retting

methods such as water or enzymatic retting [36]. In some cases, the performance of

the fibres is affected by environmental conditions during retting, including temperature,
humidity, and microbial activity. Tables 2.1A and 2.1B enlist the chemical and
mechanical properties of hemp fibres dew retted at optimal conditions [20].

A Chemical Properties B Mechanical Properties
Cellulose 60 ~ 80%
Hemicellulose 10~20% Tensile Strength |~200-900 MPa
Lignin 5~15%
Pectin 1 ~5% Young's Modulus | ~10-60 Gpa

Wax and other

: e 0.5~2% Elongation at break| ~1.5-3%
impurities

Table 2.1 Properties of dew retted hemp fibres

One of the major challenges in retting is achieving the optimal balance between under-
retting and over-retting [37]. Under-retting can lead to insufficient fibre separation,
making subsequent processing steps more labour-intensive. In contrast, over-retting
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weakens the fibre strength due to excessive degradation of cellulose structures [33,
37]. Natural variations in hemp fibre characteristics also contribute to inconsistencies,
as factors such as plant variety, soil conditions, and growth environment impact fibre
morphology. Poorly managed retting processes further amplify these variations,
affecting fibre properties such as fineness, tensile strength, and overall mechanical
performance.

2.2.3 Post-retting processing of hemp fibres

Once retting is complete, the fibres undergo a series of mechanical treatments to
further refine them. The first step, known as decortication, is done in the decorticator
[38]. The process involves breaking and crushing the stalks to fragment the brittle
woody core while keeping the fibres intact, which is done by fluted rollers or manually.
Following decortication, the scutching process is carried out to remove the loosened
woody fragments from the fibres. The hemp scutching process is divided into two
stages [39]. The initial process serves to break down the woody stems, while the
subsequent step separates the hurd from fibres that remain attached to the bark.
Hemp scutching can release two types of fibres: short fibres and long fibres. The short
fibres are used for paper, composites production and constructions, and long fibre
tends to be used in textiles and for the textile industry. Presently, scutching is done
mechanically using sophisticated machinery [39] [38].

The next stage, hackling, ensures the complete removal of woody residues and aligns
the fibres into a more uniform structure. The fibres are pulled through a hackling board,
which is a wooden base with iron spikes and acts like a comb to align the fibres
unidirectionally into a continuous sliver. For composite and weaving applications,
hackled hemp is used. Following hackling, the hemp is baled [39] [14].

2.3 Structure and morphology of hemp fibre

Bast fibres such as hemp are collected from the phloem, the tissue surrounding the
stem of certain plants. The fibres impart strength to the stem by forming a protective
layer around its woody core. The fibres are protected by waxes and other protective
substances, with bundles of fibres held together by these waxy substances. Hemp
fibres are highly oriented in an axial direction and have a low rate of extensibility [4].
These phloem fibres are promising for use in reinforced composites due to their high
tensile and load-bearing capacity. The cells of hemp fibres are tube-like, allowing the
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fibres to reach lengths of up to 25mm [40]. A low lignin content in hemp fibres
compared to wood contributes to their length and flexibility, which gives them a greater
variability than wood. Hemp fibres are found in bundles with a diameter ranging
between 100 to 120 um, and individual fibres possess a diameter between a wide
range of 50 to 90 um. The SEM image in Figure 2.2 reveals the microstructure of hemp
fibre having a visible lumen, which appears as hollow voids in the centre of individual
ultimate fibre cells. These lumens are a key feature of the closed-cell structure of hemp
fibres and play a crucial role in moisture transport and flexibility. The solid regions
observed around each lumen correspond to the cell walls, which provide mechanical
strength and rigidity to the fibre [8]. The multi-layered composition of these fibres
includes the epidermis, phloem, xylem, and pith. Within these layers, the closed-cell
structure of the stem has voids at the pith and a distinctive boundary between the
phloem and xylem.

_ Solid region §

T

Figure 2.2 Microstructure of hemp fibre [41]

The systematic hexagonal packing of fibre cells governs their mechanical robustness,
primarily due to the thick solid wall regions shown in the micrograph [31]. These fibres
contain a high cellulose and lower lignin content compared to the xylem and pith
layers. The secondary cell walls of hemp fibres are coated with a waxy layer and
contain several fibrils with vessels of hemp shiv. Numerous pits can be observed on
the secondary cell walls [42] [43].

2.4 Physical properties of hemp
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For textile applications, fibres must possess key properties such as cohesiveness,
fineness, good tensile characteristics, and aesthetic characteristics. Hemp, as one of
the natural fibres which shows promising physical and chemical properties. It is the
strongest of the natural bast fibres, boasting high tensile strength ranging between
0.03 to 0.09 GPa. This superior tensile strength is linked to its high degree of
crystallinity, with fibres having an axial (unidirectional) orientation. The elongation at
break in hemp fibres reflects the amount of stress they can endure before failure,
further emphasising their durability and strength for textile use. Hemp fibre has an
elongation percentage of 1.6%, indicating its ability to withstand stress along its axis.
It has a yellowish colour, like flax, and is known for its durability and resistance to UV
rays. With a moisture regain of 12%, hemp exhibits excellent absorbency [44]. Today,
hemp is often used as a reinforcement material in polymer matrix composites, valued
for its high load-bearing capacity and tenacity. Hemp is also recognised for its good
thermal mass, making it an effective insulator. It remains stable up to 250°C of
temperature and degrades only between 330-350°C [44, 45]. Due to these physical
properties, hemp is increasingly being used to develop energy-efficient composites.

2.5 Chemical properties of hemp

The number of monomer repeat units of cellulose in hemp ranges from 5400 in crude
hemp to 2100 in pre-treated hemp [44]. A lower lignin content is an advantage when
processing hemp fibres, as hemp contains only about 5 to 15% lignin, which runs
axially through the fibre and is strongly bonded with the cellulose; thus, it is difficult to
remove. Pectin present in hemp fibres plays a crucial role in adhesion within the bast
and aids in hydration [46]. In industrial hemp, the total pectin and fat content ranges
from 2% to 6%. The chemical composition of hemp highlights its suitability for various
applications due to the specific properties listed in Table 2.2, and the chemical
structures of crucial components are given in subsequent sections. In cellulosic
textiles, chemical treatments with alkali and acetyl agents can result in the formation
of a hydrophilic surface. These treatments increase the number of hydroxyl groups,
improving bonding with dyes and polymers. Sawpan et al. [47] demonstrated that
hemp fibres treated with 5 wt% alkali achieved a tensile strength of around 600 MPa,
compared to 550 MPa for untreated fibres, a negligible improvement of roughly 50
MPa. This improvement is attributed to the removal of non-cellulosic components such
as pectin, hemicellulose, and lignin, which increases the relative proportion of
crystalline cellulose [48]. Alkali treatment reduces the spiral angle of cellulose
microfibrils, which is the angle between the microfibril orientation and the fibre’s
longitudinal axis. This may lead to a rearrangement of the microfibrillar structure, which
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in some cases can result in a decrease in tensile strength due to the disruption of the
native alignment [49]. On the other hand, acids have a more detrimental effect on
cellulosic textiles, including hemp. Acids catalyse the cleavage of 1-4-glycosidic
bonds, leading to a decrease in the degree of polymerisation and the fibre’s physical
properties.

Composition Range
Cellulose 65% to 75%
Hemicellulose 15% to 25%
Pectin and Fats 2% to 6%
Lignin 5% to 15%

Table 2.2 Chemical composition of dew retted hemp

2.5.1 Impurities in hemp

Hemp, like other lignocellulosic materials such as wood, consists of cellulose,
hemicellulose and lignin as its primary components [50]. Lignin is a crucial biopolymer
found in the cell walls of plants, providing structural support, rigidity, and strength [51].
It is an aromatic and complex phenolic polymer with a cross-linked, three-dimensional,
amorphous structure. Lignin contains a variety of functional groups, which enable it to
undergo chemical or physical modifications, enhancing its applications. Figure 2.3
shows the chemical structure of three primary monomers in lignin, which are namely
coniferyl (G), sinapyl (S) and p-coumaryl (H). A higher proportion of guaiacyl units
promotes extensive crosslinking and condensed structures, increasing rigidity and
recalcitrance. Syringy! units, with two methoxy groups, restrict crosslinking, yielding a
more linear and less condensed lignin that is comparatively easier to degrade.
Hydroxyphenyl units, being less substituted, are associated with simpler structures
and reduced steric hindrance, often enhancing reactivity. Thus, the H/G/S ratio
governs lignin’s structural complexity, degradability, and interaction with chemical or
enzymatic treatments [52].
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Figure 2.3 Structural monolignols [53]

Lignin is a major impurity in hemp fibres that complicates processing, especially for
textile applications [54] [55]. Alkaline treatments are effective in removing lignin and
pectin from hemp, though some residual lignin remains. Lignin content in hemp can
be analysed using thermogravimetric methods, with degradation occurring across a
wide temperature range. In addition to lignin, other impurities in hemp-derived
products may include sugars, sugar acids, extractives, and inorganics. These
impurities can significantly impact the efficiency of lignin mixtures in various
applications, such as their use as dispersants, binders, emulsifiers, and sequestrants
[56].

The degumming of hemp fibres is a crucial process for removing non-cellulosic
components and individualising fibres. The process of degumming hemp fibre involves
pre-treating the tough outer layer of the hemp, followed by mechanical grinding to
prepare the fibres for further treatment. Biological enzymes are then used to break
down and remove hemicelluloses and lignin that are bound to the fibre surface [57].
The procedure includes repeated mechanical grinding and concludes with washing
the hemp fibres to eliminate any remaining hemicelluloses and lignin [58]. The lignin
content in hemp fibres varies significantly between degummed and non-degummed
states. Typically, non-degummed fibres contain 8 to 10% lignin, in contrast to
degummed fibres having 3 to 5% lignin [59]. Removing lignin from cellulosic bast fibres
such as hemp can result in a loss of fibre strength, and in some cases, also leads to
high water and chemical usage. Recent research has focused on developing eco-
friendly methods to minimise this strength loss while reducing water consumption.
Zhao et al. introduced an innovative solid-state ethanolamine (ETA) degumming
process, which achieved a 33.3% reduction in water usage while removing 87.5% of
lignin, simultaneously preserving the fibre strength [58]. Xiang et al. explored a chemo-
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enzymatic approach using laccase and hemicellulase, which improved fibre properties
by the removal of impurities such as lignin and hemicellulose from the fibre structure
without harsh chemicals [60]. Ahmed et al. combined microwave energy with deep
eutectic solvents, achieving comparable cellulose content to traditional methods while
enhancing UV protection and thermal stability in the hemp fibres [61].

Innovative research over the past few years has increasingly focused on the
valorisation of lignin as a structural component, exploring its potential to enhance
material properties and create sustainable applications such as bioplastics, 3D-
printable inks, and energy storage devices. In recent research conducted by Shong et
al., wood-based substrates were first boiled in a solution of sodium hydroxide (NaOH)
and sodium thiosulfate (Na2S203) and then subjected to hot pressing at a high
temperature of 100°C [62]. The resulting nanofibers within the wood structure became
aligned during the process, leading to the densification of the wood. A comparative
analysis between densified and natural wood revealed that the densified version
exhibited superior physical properties. Similar studies aim at preserving the
lignocellulosic microstructure with an objective to enhance the physical properties of
the substrate [63]. These innovative techniques aim to improve fibre quality, reduce
environmental impact, and maintain or enhance desirable properties such as strength,
fineness, and water uptake, making hemp fibres more suitable for various applications,
including textiles.

2.5.2 Structure of cellulose

Hemp differs significantly from cotton in terms of surface, mechanical and chemical
properties. As a coarse bast fibre, hemp contains lignin and pectin, which are bonded
axially through the stem to provide mechanical support to the plant. Despite these
impurities, hemp is composed of a high percentage of pure cellulose, with a notably
high degree of crystallinity (~50% to 80%) [64]. The degree of polymerisation in hemp
is approximately 2100 cellulose units per chain [65].

Within the cellulose structure, both crystalline and amorphous regions exist. The
crystalline regions are tightly bound by intermolecular hydrogen bonds [66], making
them more rigid and less flexible. Hemp fibres, being largely composed of these
crystalline regions, have less amorphous content compared to other cellulosic fibres
like cotton. Native cellulose fibres, such as those found in hemp, are primarily
composed of crystalline fibrils, which contribute to the fibre’s strength and durability.
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Figure 2.4 Structure of cellulose [67]

Cellulose is a polysaccharide formed as a condensation polymer of B-D-
glucopyranose units linked by 1,4-glycosidic bonds [68]. The molecular structure of
cellulose is depicted in Figure 2.4. According to the Meyer and Misch theory, the
glycosidic bonds are perpendicular to the planes of adjacent rings [69]. However,
Herman’s model proposes a slightly different arrangement, suggesting that the
glycosidic bonds are inclined at small angles, alternating between positive and
negative relative to the ring plane. As a result, the chain molecules are extended into
flat ribbons with minimal thickness, perpendicular to the planes of the rings [70]. This
structural arrangement contributes to its strength and stability.

Figure 2.5 Cellulose crystal structure [70]

The flat ribbons of cellulose can be described by a monoclinic unit cell with dimensions
of approximately a=0.82, b=0.79, c=1.03 nm, and an angle of 97° and are shown in
Figure 2.5. As per Meyer and Misch, the chains at the centre and corners of the unit
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cell are antiparallel. However, recent evidence suggests that these chains are
arranged in parallel, with the centre chains staggered by a distance of 0.26nm [71].

Adjacent chains in the cellulose structure are held by hydrogen bonding in the ac-
plane. The staggered, alternating sheets of cellulose chains are linked through
hydrogen bonds, with one sheet consisting of corner chains and the other of centre
chains. This intricate system of intermolecular hydrogen bonding is shown in Figure
2.6.

Figure 2.6 Hydrogen bonding in cellulose [72]

Cellulose fibres exhibit a robust network of hydrogen bonds between planes, which
makes cellulose resistant to dissolution in most polar solvents. The crystalline regions
of cellulose are characterised by strong hydrogen bonding between consecutive
planes, as shown in Figure 2.6, while the amorphous regions have weaker hydrogen
bonds. In cellulose fibres, the material’s structure consists of fringed micelles, where
crystalline micelles are embedded within an amorphous matrix. Individual cellulose
chain molecules extend through both crystalline and amorphous regions [68]. Thus,
the “fringed fibrils concept” implies that non-crystalline regions emerge at various
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points along the crystalline fibrils, illustrating a heterogeneous structure of cellulose
fibres [73].

2.6 Pre-treatment of hemp fibres

The pre-treatment of hemp fibres is a critical step in processing, having a primary
objective to enhance the absorbency of water by eliminating undesirable impurities,
such as lignin, hemicellulose and pectin, which otherwise reduce the fibres' ability to
absorb liquids. This process ensures that subsequent stages, such as dyeing and
finishing, yield optimal results. By effectively preparing the textile surface, pre-
treatment enables better penetration of dyes and chemicals, ensuring uniformity,
improved quality, and durability of the final product [74]. The pre-treatment process
eliminates natural and added impurities, making the textile substrate suitable for
subsequent dyeing and finishing stages [75]. Pre-treatment of cellulosic substrates is
a vital phase in textile wet processing, where impurities like hemicellulose, lignin,
pectin, and sizing oils are eliminated. This multi-step process includes singeing, de-
sizing, scouring, and bleaching. Following pre-treatment, the fibre becomes receptive
to dyeing as the removal of impurities allows textile chemicals to penetrate the fibre
structure more effectively, enabling the formation of chemical bonds.

Common bleaching agents, such as sodium chlorite (NaClO;) and hydrogen peroxide
(H20O,), are employed to remove residual impurities and transform yellow-grey fabrics
into a visually appealing white, providing a clean base for subsequent processing [76].
Pre-treatment of fibres and textiles results in tensile loss due to the decrease in the
degree of polymerisation of cellulose. Pre-treatment of hemp and other cellulose
fabrics involves four main steps, which are as follows:

1. Singeing: The process involves the burning of small fibres which are protruding
outside the fabric. Singeing makes the fabric smoother [74].

2. Desizing: During fabric production, sizing agents such as polyvinyl alcohol and
starch are applied to the warp yarns to minimise hairiness and prevent
breakage under the high tension and abrasion they experience during weaving.
In the subsequent desizing process, these agents are removed primarily
through hydrolysis, using methods such as enzymatic treatments, acids, or, in
some cases, chlorinated chemicals [74].

3. Scouring: Grey fabric contains non-cellulosic impurities such as lignin, pectin,
hemicellulose, waxes, oils, and fats. These surface impurities hinder water
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absorbency. Scouring is carried out to enhance the fabric’s absorbency through
controlled chemical treatments, traditionally involving boiling in a strong alkali
solution, typically sodium hydroxide (NaOH) at a concentration of 2-5 wt% (on
weight of fabric) [77].

4. Bleaching and Mercerisation: Bleaching is a process in which the natural colour
of pigments in the cellulosic substrates is removed using peroxides. In
mercerisation, the cellulose crystals swell in the presence of an alkali. The dye
uptake of the fabric increases, and the fabric looks more lustrous [78].

In addition to traditional chemical methods, modern technologies such as microwave
irradiation, plasma treatment, and enzyme biotechnology are increasingly employed.
These innovative approaches offer more sustainable and efficient alternatives by
reducing the consumption of water, energy, and chemicals, while also improving the
overall effectiveness of the pre-treatment process.

Pre-treatment of hemp fibres is crucial for enhancing their properties and performance
in composite materials. Various methods have been explored, including chemical
treatments with NaOH and EDTA, enzymatic modifications, and innovative
approaches using deep eutectic solvents combined with microwave energy [16]. Alkali
treatments, particularly with NaOH, effectively remove impurities and improve fibre
surface properties, yielding better matrix-fibre interaction for optimal performance in
geopolymer composites [79]. Enzymatic treatments have also demonstrated potential,
although their effectiveness may vary depending on the pectin structure of hemp fibres
[80]. Currently, the pre-treatment of hemp fibres is extensively explored for their use
in technical textiles, such as composites.

The surface morphology of fibres changes significantly following pre-treatment,
transitioning from a rough to a smoother surface. Among various pre-treatment
methods, mercerisation produces a more uniform and less convoluted fibre
morphology, thereby enhancing dye affinity, lustre, and the effectiveness of
subsequent finishing treatments [81]. This smooth surface improves the overall quality
and aesthetic appeal of the treated fabric, making it more suitable for textile
applications [77]. Different pre-treatment processes modify the surface morphology of
textiles according to the desired outcomes. For applications that require higher dye
uptake and enhanced aesthetics, a smooth surface is generally preferred as it allows
for uniform dye absorption and a polished appearance. However, certain pre-
treatments, such as microwave irradiation, deliberately induce a roughened surface.
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This approach can be tailored based on the specific requirements of the textile's final
application [82]. For example, the pre-treatment of cotton fabric using ultraviolet
irradiation has been shown to result in a 40% higher dye uptake compared to untreated
fabric. This demonstrates beyond composites, opening new avenues in the textile and
fashion industries where natural and sustainable materials are in increasing demand.

2.7 Methods to modify the tensile and other properties of hemp
fibre

To enhance the tensile properties of hemp fibres, various treatment methods have
been explored, with chemical modifications being the most widely used approach. One
of the most effective techniques involves the application of alkali treatments,
particularly sodium hydroxide (NaOH) [83]. This process removes non-cellulosic
components such as lignin and hemicellulose, resulting in higher cellulose crystallinity,
improved fibre separation, and ultimately, increased tensile strength [84]. Beyond
alkali treatments, other chemical modifications can further improve hemp fibre
performance. Silane coupling agents, for instance, are commonly applied to improve
adhesion between hemp fibres and polymer matrices, particularly in composite
materials [85]. This modification enhances interfacial bonding, leading to stronger and
more durable composites. Acidic treatments have also been used to alter fibre
properties, though they require precise control to prevent excessive degradation of
cellulose, which could compromise fibre strength [85] [86]. Emerging research also
points to plasma treatment as a promising method for modifying hemp fibres.

Additionally, chemical, physical and blending techniques can be employed to modify
the aesthetic properties of hemp fibre. Chemical treatments involve the use of dyes,
finishes, and other chemical agents to enhance the colour, texture, and overall
appearance of hemp fibres [87] [88]. For example, chemical softening agents can be
used to improve the feel of the fabric. Moreover, techniques such as mechanical
processing, calendaring, and mercerisation can alter the surface properties of hemp
fibres, making them smoother and more lustrous [88]. These methods can also
improve the drape and hand feel of the hemp fabric. Another route to enhance the
aesthetic properties of hemp is by combining hemp with other fibres like organic
cotton, linen, or silk, which can help improve its aesthetic properties. Blending hemp
fibres with other fibres can improve softness, sheen, and overall visual appeal while
maintaining the durability and eco-friendliness of hemp [89].
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2.7.1 Green technologies for modification of hemp fibre

Green technologies for the modification of hemp fibres prioritise environmentally
friendly methods aimed at enhancing fibre properties without harming the
environment. One notable approach is enzymatic treatment, which utilises enzymes
to break down non-cellulosic components such as hemicellulose and lignin [90]. This
method operates under mild conditions and is highly specific, making it a sustainable
choice. Another effective method involves deep eutectic solvents (DES), which are
biodegradable, non-toxic solvents that can dissolve lignin and hemicellulose while also
being recyclable [25]. Similarly, ionic liquids (ILs), which are salts in liquid form, can
dissolve various materials, including lignocellulosic biomass, and are considered
green due to their low volatility and reusability. Mechanical treatments like steam
explosion and ultrasound treatment physically alter the fibre structure, facilitating the
removal of non-cellulosic components without using harmful chemicals. Additionally,
biological treatments that employ microorganisms to degrade lignin and hemicellulose
offer a slow but highly specific and environmentally benign alternative [91]. Overall,
these green technologies enhance the mechanical properties, thermal stability, and
moisture resistance of hemp fibres, making them more suitable for applications in
composite materials. Traditional chemical methods like alkali (NaOH) and acetylation
involve harsh chemicals that can harm the environment and produce substantial
chemical waste [92]. While green methods are effective, they tend to be less
aggressive in removing non-cellulosic components compared to traditional treatments,
which can provide a more thorough fibre modification. Additionally, green methods
may incur higher initial costs due to specialised solvents or enzymes, but they offer
long-term savings through reduced waste disposal and the potential for solvent
recycling [93]. Traditional treatments, being more established and cost-effective, are
easier to scale up but come with higher long-term environmental costs. From a health
and safety perspective, green treatments are safer for workers due to the milder
reaction conditions, while traditional methods involve greater risks due to the use of
toxic chemicals. Overall, green pre-treatment methods are more sustainable and
safer, though they may require a higher initial investment and be less aggressive in
fibre modification compared to traditional chemical treatments.

UV irradiation, microwave treatment, and plasma technologies are advanced pre-
treatment methods that modify the surface and structure of hemp fibres, improving
their performance in composite materials [16]. UV irradiation works by exposing hemp
fibres to ultraviolet light, breaking down surface impurities and improving surface
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roughness and wettability, which enhances bonding with polymer matrices. Microwave
treatment heats the fibres using microwave energy, causing the breakdown of non-
cellulosic components like lignin and hemicellulose [94] [90]. This results in better fibre
separation, improved fineness, and enhanced mechanical properties, making the
fibres suitable for high-quality composites. Plasma treatment, on the other hand,
involves exposing fibres to a plasma field that generates reactive species, which
modify the fibre surface by introducing functional groups [95]. This improves adhesion
with polymers and boosts mechanical properties such as interfacial bonding, thermal
stability, and moisture resistance. Together, these methods provide environmentally
friendly and effective approaches to enhance the properties of hemp fibres for various
industrial applications.

2.8 Modification of fibres using plasma treatment

Plasma treatment has been used to modify the surfaces of synthetic substrates such
as polyurethanes, polyamides, and polyesters, as well as natural fibres like wool,
cotton, and polyester-cotton blends. This treatment can enhance their dyeability and
functional properties, including hydrophobicity. For instance, when thermoplastic
polyurethane underwent plasma treatment with argon and oxygen gas, its hydrophobic
surface was transformed into a hydrophilic one, demonstrating the versatility of plasma
treatment in altering surface characteristics [96]. Using noble gases like argon in
plasma treatment offers the potential to generate highly energetic radicals capable of
breaking C-C, C-H, and hydrogen bonds. Plasma treatment is more effective for
surface modification compared to techniques like UV irradiation. For example, plasma
treatment of poly(vinyl) alcohol blends increased the surface polarity of the polymer
and improved its adhesion properties [94]. The surface modification of a three-
dimensional aero graphite network through plasma treatment increased its porosity,
creating spaces for oxygen vacancies. This process enhances the material's structural
properties, making it more suitable for various applications requiring high surface area
and reactivity [97]. Plasma treatment has been successfully applied to cellulose fibres,
imparting self-cleaning properties such as superhydrophobicity. Additionally, plasma
treatment has provided fire-resistant and water-repellent finishes on cotton and other
textile substrates, showcasing its versatility in enhancing textile functionality [98] [99]
[100] [101].

The application of plasma treatment to hemp fibres is an emerging research area that
bridges material science with environmental sustainability. Various physical and

29



chemical modifications enhance hemp fibre properties, particularly by improving
mechanical strength and adhesion to polymer matrices [102]. Traditional chemical
treatments, such as alkali processing, primarily remove lignin and other non-cellulosic
components, thereby increasing fibre roughness and improving fibre-matrix bonding
[102]. Research has demonstrated that alkali treatments effectively eliminate lignin
and hemicellulose, resulting in a lightweight and structurally reinforced fibre [103]. In
addition, oxygen plasma treatment introduces controlled oxidation and micro-etching
on fibre surfaces, further enhancing their compatibility with polymers [16]. Compared
to conventional methods, plasma treatment offers a simple and environmentally
friendly alternative, eliminating the need for hazardous chemicals such as strong
alkalis and solvents [25] [16]. Argon or oxygen plasma treatment has proven effective
in improving fibre adhesion within polymer composites, optimising load distribution,
and enhancing overall mechanical properties [103].

Maintaining the intrinsic cellulose structure to enhance compatibility with polymers is
essential for diverse industrial applications, including the automotive and construction
sectors [104]. Plasma treatments using a variety of gases, such as oxygen, argon, or
nitrogen, have been observed to enhance fibre surface morphology and modify
moisture absorption, which is crucial for composite and garment manufacturing [85,
105]. Studies examining the properties of plasma-treated hemp fibres suggest that
oxygen plasma treatment enhances thermal and oxidative resistance, improving their
performance in polymer reinforced composite structures [106]. Parameters such as
treatment duration and power significantly influence the extent of fibre property
improvements. Incorporating plasma treated hemp fibres into composites has
addressed critical challenges such as moisture absorption and thermal degradation
[16] [106]. Enhanced adhesion between fibre and polymer improves the resilience of
the final material, making it suitable for applications demanding durability under
varying environmental conditions [16]. As research progresses, sustainability and
environmental impact remain key considerations for fibre treatment methods. Given
the rising demand for eco-friendly materials, fibre modification processes must
balance performance enhancement with environmental responsibility [107]. Thus,
plasma treatment presents a promising approach to enhancing hemp fibre properties
for high-performance conventional and technical textiles.
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Chapter 3
Materials & Methods

3.1 Introduction

This Chapter provides a detailed account of the experimental techniques employed
throughout the study, with an emphasis on the principles and instrumentation of each
method. Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM),
Fourier Transform Infrared Spectroscopy (FTIR), Raman spectroscopy, water contact
angle measurements, and tensile strength testing were systematically utilised to
characterise the effects of plasma treatment on hemp substrates. A comprehensive
explanation of each technique’s operating principle is provided. The tapping mode
employed in AFM is discussed in detail, alongside the working mechanism of SEM
used for evaluating surface morphology. ATR-FTIR and Raman spectroscopy were
extensively used to investigate the chemical structure of treated fibres, with their
underlying principles and instrumentation thoroughly described. The functioning of the
goniometer for assessing water contact angle is also illustrated. Furthermore, the
method and principle of tensile strength testing are addressed to evaluate changes in
mechanical properties. Plasma treatment was applied to hemp substrates across
various experimental conditions. In Chapter 4, woven hemp fabric was plasma treated
using argon gas and subsequently dyed using both reactive and vat dyes to assess
changes in colouration. In Chapter 5, dew-retted fibres underwent prolonged plasma
treatment using oxygen and argon gases ranging from 30 minutes to 4 hours, followed
by structural and surface analyses. In Chapter 6, nonwoven hemp fabrics were plasma
treated and immediately subjected to a water shock by immersion in ice-cold water.
Each treatment scenario was followed by detailed characterisation using the
aforementioned techniques to evaluate morphological, chemical, and physical
changes induced by plasma and combined treatments. Figure 3.1 thus explains the
overall research layout.
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Figure 3.1 Summarised research methodology
3.2 Materials

Three different substrate types were utilised for the plasma-assisted surface
modification of hemp (sliver, drylaid nonwoven and woven fabric), as depicted in
Figure 3.2. A drylaid nonwoven fabric composed of hemp fibres was manufactured
internally using labscale carding, crosslapping and needle-punching facilities.
Additionally, a ready-for-dyeing (R.F.D) woven hemp fabric was procured, which was
plasma treated and dyed using fibre-reactive and vat type of dyes.
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Figure 3.2 Hemp substrates used for plasma treatment

3.2.1 Specifications and source of hemp fibres

A total of 10 kg of hemp fibre bale was sourced from East Yorkshire Hemp [108]. Prior
to delivery, the fibres underwent a dew retting process lasting approximately 5 to 6
weeks, followed by mechanical processing steps, including decortication to separate
the bast fibres from the woody core, scutching to remove excess hurd, and hackling
to refine and align the fibres before being compressed into bales. The hemp fibre bales
were passed through a bale opener twice to efficiently loosen and separate the fibres.
After this initial processing step, the fibres were subjected to carding, which
individualises the fibres and aligns them uniformly, forming a carded web. Following
carding, the fibres underwent needle punching, resulting in the formation of a
nonwoven hemp fabric. This mechanical process involves repeated piercing of the
fibre web with barbed needles, effectively entangling the fibres and enhancing fabric
cohesion, strength, and durability.

3.2.2 Equipment used for plasma treatment

The plasma treatment of hemp fibres was conducted using a Diener Electronic Zepto
plasma surface treatment machine. Figure 3.3 illustrates the schematic of the low
pressure plasma apparatus. The system comprises two copper electrodes, one
serving as the cathode and the other as the anode, each embedded with a high-
durability insert such as hafnium. Positioned near the gas inlet, these electrodes
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initiate plasma generation by producing an electric arc that ionises the gas. In addition
to triggering the plasma, the electrodes also help maintain its stability. The chamber
is equipped with two gas inlets that introduce the required gases for plasma formation.
Before plasma generation, the chamber is evacuated to a pressure of approximately
0.4 mbar. This reduced pressure is critical for achieving a stable plasma state, as it
ensures an optimal balance between the gas density and ion collision frequency.
Following the treatment process, a vent valve is used to restore atmospheric pressure
within the chamber.

Plasma chamber

«— Vent

<+«——— Vacuum pump

«—— Gasinlet

«——— Gasinlet

T |
Electrodes
Power inlet

Figure 3.3 Functioning of the plasma machine

This plasma equipment features a quartz glass vacuum chamber with a diameter of
105 mm and a length of 300 mm, offering a total volume of 2.6 litres. The system
operates on a 220-240 V AC power supply with a frequency range of 50-100 Hz. Two
gases can be supplied through two needle valves, allowing controlled introduction of
treatment gases. Pressure measurement is conducted using a Pirani gauge, ensuring
precise monitoring of vacuum conditions. The vacuum pump has a capacity of
approximately 3 m?®h, maintaining the necessary low-pressure environment for
plasma treatment.

3.3 Method for plasma treatment of hemp

The operational mode of the machine is manual, and it is furnished with a Pfeiffer Duo
3 rotary-vane vacuum pump. For the generation of plasma, argon or oxygen gas
cylinders were connected to the plasma system. Plasma treatment of hemp was
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executed employing various parameter combinations of power (intensity of plasma
frequency) and treatment time (duration). Thus, the R.F.D. woven hemp fabrics
underwent plasma treatment for a maximum duration of 10 minutes, and the
nonwoven hemp fabrics were plasma treated for 3 hours. The gas supply was
maintained at a constant flow rate by setting the gas valve at 1 bar, with a stable
pressure of 1.5 mbar within the plasma chamber. After plasma treatment, the hemp
fabric/fibre samples were conditioned in a standard textile testing environment having
a relative humidity of 65 %, maintained at 20 °C.

3.4 Methods for analysis of surface morphology of hemp fibres

The surface morphology and surface topography of both treated and untreated hemp
fibres and fabrics were analysed. Scanning electron microscopy (SEM) was employed
to examine the surface morphology, providing detailed insights into fibre structure and
surface modifications. Atomic force microscopy (AFM) analyses helped in gathering
crucial data regarding the surface roughness and 3D surface projection.

3.4.1 Scanning electron microscopy of hemp

SEM provides high-resolution magnified images of samples by scanning a focused
beam of electrons over the sample surface, making it an invaluable tool for material
characterisation [109]. The interaction between the incident electron beam and the
sample produces secondary electrons (Figure 3.4B), which are detected by the
detector to produce an image. The contrast in the image is based on variations in the
sample's topography and composition. The secondary electrons emitted by the
sample provide detailed morphological information, whereas backscattered electrons
help differentiate materials based on atomic number, also known as EDS. Figure 3.4A
describes the working of the SEM, which consists of an electron gun, a magnetic lens,
a sample holder and a detector.
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Figure 3.4 Working principle of SEM [110]

SEM is particularly well-suited for analysing hemp fibres because it offers high-
resolution images having a maximum magnification of 25000x, allowing for detailed
observation of the fibre surface. This technique enables the assessment of structural
changes, roughness, and the presence of micro-cracks or defects caused by plasma
treatment. For SEM imaging, hemp fibre samples were coated with a 20 nm layer of
Iridium using a sputter coater to improve conductivity and enhance imaging quality.
Iridium coating prevents electron accumulation on the sample surface, reducing
distortions and improving image clarity [111].

3.4.2 Atomic force microscopy of hemp

Atomic Force Microscopy (AFM) is a high-resolution scanning technique used to
analyse surface morphology and surface topography at the nanometre scale. It
provides 3D-surface profiles by measuring the interaction forces between a sharp
probe and the sample surface. AFM operates by scanning a fine tip (mounted on a
flexible cantilever) over the sample surface [112]. The tip interacts with surface
features through van der Waals forces, electrostatic forces, and mechanical contact.
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A laser beam reflects off the cantilever onto a photodetector, which detects deflections
and converts them into high-resolution surface maps. A feedback loop maintains a
constant force between the tip and the sample surface by adjusting the height of the
cantilever based on the detected deflection [112] [113].

Atomic Force Microscopy (AFM) operates in three primary modes: contact mode,
tapping mode, and non-contact mode, as illustrated in Figure 3.5. In contact mode
(Figure 3.5A), the AFM tip remains in continuous contact with the sample surface,
making it most suitable for hard and shear-resistant materials [114]. For this study,
AFM analysis of the hemp fibres was performed using tapping mode (Figure 3.5B) in
ambient air. In this mode, the tip oscillates at its resonant frequency and intermittently
contacts the surface during scanning, enabling high-resolution imaging with minimal
sample damage. In non-contact mode (Figure 3.5C), the tip also oscillates near its
resonant frequency but does not touch the surface. Instead, image formation relies on
detecting changes in the oscillation caused by tip-surface interactions [114].

Micro-cantilever Oscillation VS
Amplitude
Line Scan 20~100 nm Line Scan

() (b)

Micro-cantilever
Line Scan

(©)

Figure 3.5 Operating modes in AFM: (a) Contact mode, (b) Tapping mode, (c)
Non-contact mode [115]

AFM is useful for analysing plasma-treated hemp fibres as it provides quantitative data
on surface roughness and topographical modifications at the nanoscale. Unlike SEM,
which relies on electron interactions, AFM directly measures surface forces, making it
highly sensitive to surface modifications caused by plasma treatment. Precise
quantitative measurements of surface roughness (Ra, Rqg, Rz) and fibre topography
data were extracted using AFM [116].
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Sample preparation in AFM is highly important as it determines the quality of resultant
images. Thus, the hemp fibre samples were secured onto a flat aluminium disc using
double-sided adhesive tape to ensure stability and attachment to mitigate the risk of
movement of the sample on the disc due to cantilever oscillation and tapping. Before
testing, care was taken to ensure that the fibres were firmly attached and properly
flattened on the disc [116].

3.5 Method for analysis of the chemical structure of hemp

To investigate the chemical composition, spectroscopy techniques such as Raman
spectroscopy and Fourier Transform Infrared (FTIR) spectroscopy were utilised.

3.5.1 Attenuated total reflectance Fourier transform infrared

spectroscopy (FTIR)

ATR-FTIR is an analytical technique used to identify chemical structures and
functional groups in materials by measuring their infrared absorption spectra. It works
by passing infrared light through the surface of a sample, where specific molecular
bonds absorb certain wavelengths. Herein, the penetration depth of the incident rays
is up to 500 um [117]. The absorbed wavelengths are then transformed into an infrared
spectrum, which provides insights into the chemical composition of the sample. ATR-
FTIR was thus used to essentially determine the presence of chemical functional
groups or the induced changes in the absorption spectra of plasma treated hemp fibres
and fabrics. Hemp fabrics and fibres, both plasma treated and untreated, were placed
on a crystal ATR (attenuated total reflectance) and scanned [118].
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Figure 3.6 Working principle of ATR-FTIR spectroscopy [119]

Infrared (IR) radiation is a type of electromagnetic radiation with wavelengths ranging
from 780 nm to 1 mm. Most molecules absorb IR radiation at specific frequencies that
correspond to the vibrational modes of their functional groups. Each functional group
has characteristic absorption frequencies, allowing molecular identification through IR
spectroscopy [119]. Figure 3.6 illustrates the working principle of Fourier Transform
Infrared (FTIR) spectroscopy. When infrared radiation is directed onto a sample,
certain wavelengths are absorbed while others are transmitted. The transmitted light
is captured by a detector, which then generates a spectrum representing the sample's
molecular vibrations [120]. Different chemical functional groups absorb infrared light
at specific frequencies that correspond to distinct vibrational modes. These include
symmetric stretching, where atoms move in the same direction while maintaining the
molecule’s symmetry, and asymmetric stretching, where atoms move in opposite
directions, disrupting that symmetry. Additional vibrational modes include twisting,
which involves changes in bond angles as atoms rotate around the bond axis, and
scissoring, where atoms move toward and away from each other, altering the bond
angle. These distinct vibrational patterns enable the identification of functional groups
within the sample [117].

39



3.5.2 Raman spectroscopy

Raman spectroscopy is a highly effective analytical method that offers in-depth
insights into the vibrational modes of molecules. The technique relies on Raman
scattering, an optical process where the interaction between excited light (laser) and
a sample results in scattered light. The energy shift of this scattered light corresponds
to the vibrational energies of the molecule's bonds. In Raman spectroscopy, a laser
beam is directed onto the sample, and the scattered light is detected. Plasma
treatment alters the surface characteristics of hemp fibres by changing their chemical
composition and structure. Due to its sensitivity to such alterations, Raman
spectroscopy is an ideal tool for examining the effects of plasma treatment [121].

Raman spectroscopy is an analytical technique that identifies chemical functional
groups through light scattering. When a sample is exposed to a high-energy laser, it
scatters the incident light in two ways such as elastic and inelastic scattering. In elastic
scattering, known as Rayleigh scattering, the scattered photons retain the same
frequency or wavelength as the incident light, indicating no energy exchange with the
molecule [122]. In contrast, inelastic scattering, referred to as Raman scattering,
involves a shift in the frequency or wavelength of the scattered light, signifying that the
molecule has either absorbed or released energy. The Raman spectrum records the
intensity of this inelastically scattered light as a function of the Raman shift, which
represents the energy difference between the incident laser and the scattered light.
Figure 3.7 visually summarises these fundamental concepts [123]. The spectrometer
comprises a laser source, a sample holder and a detector. Experiments were done
using the 514 nm, 780 nm and 1064 nm lasers depending on the substrate. For natural
fibres like hemp, the autofluorescence effects of inherent biomaterials such as lignin
may affect the spectroscopy data. In some instances, using the 514 nm laser resulted
in fluorescence, as this wavelength falls in the visible light range. Hence, to study the
presence of lignin on the fibre surface, they were excited using the 514 nm laser and
the images of the fibres were acquired using the confocal Raman microscope.

Confocal Raman microscopy is an invaluable tool to determine a 3D image of the
chemical composition of the sample. In this microscope, the laser is focused on the
sample and the detector is connected to a microscope to visualise the scattered light.
In a few instances, the high-intensity laser may cause fibre burnout [123].
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Figure 3.7 Scattering of light

3.5.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a widely used analytical technique that provides structural
information about crystalline materials. When X-rays are directed at a sample, they
interact with the crystal lattice present in the sample, causing the X-rays to diffract at
specific angles. The resulting diffraction pattern is unique to the crystal structure and
can be used to determine information about the atomic arrangement, crystallinity, and
orientation of the material. The angles and intensities of the diffracted rays are
measured, and through analysis, one can obtain the crystal structure and other
material properties. XRD was employed on both plasma-treated and untreated hemp
fibres to analyse the changes in their crystallinity [124].
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In a crystalline material, atoms are arranged in a well-ordered, three-dimensional
pattern known as the unit cell, and the regular repetition of these unit cells forms the
crystal lattice. Materials that exhibit a highly ordered and repetitive arrangement of unit
cells are considered to have a high degree of crystallinity [124]. In X-ray diffraction
(XRD), incident X-rays interact with the crystal lattice and are scattered at specific
angles, as illustrated in Figure 3.8A. This scattering behaviour is governed by Bragg’s
Law, which states that constructive interference resulting in a strong diffraction signal
occurs when the difference in the path length of X-rays scattered from adjacent crystal
planes is an integer multiple of the X-ray wavelength [125]. When X-rays interact with
a crystalline material, they are scattered in specific directions where constructive
interference occurs at particular angles (8), resulting in a diffraction pattern
characterised by distinct peaks. These peaks correspond to the interplanar spacings
(d-spacings) within the crystal structure and are directly related to the wavelength of
the incident X-rays, and the relationship can be explained by the equation.

nA = 2dsinf

wherein n is the order of reflection, A is the wavelength of incident X-rays, d is the
interplanar spacing in the crystal, and 6 is the angle of incidence [125]. The
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instrumentation for the XRD instrument is described in Figure 3.8B and consists of an
X-ray source, a sample holder and a detector [124].

The determination of crystallite size was done using the Debye-Scherrer equation
[126].
KA
L= [ cosf

Here, L is the crystallite size, Kis a shape factor (usually 0.9), A is the X-ray wavelength
and (3 is the full width at half maximum (FWHM) in radians and 8 is the Bragg’s angle
[127].

3.6 Method for analysis of surface wetting of hemp

Surface wetting analysis was conducted by measuring the water contact angle. This
angle is determined by observing the shape of a small water droplet placed on a
surface, using a goniometer to measure the angle formed at the droplet’s edge. Water
contact angle measurement is a widely used method to evaluate how a surface
interacts with water, providing a quick and quantitative assessment of a material's
wetting behaviour. The contact angle is defined as the angle formed at the interface
where the liquid, solid, and gas phases meet and is illustrated in Figure 3.9. The water
contact angle reflects the balance between adhesive forces (between the liquid and
solid) and cohesive forces (within the liquid itself) at this three-phase boundary. A low
contact angle (6 < 90°) indicates strong adhesion between the liquid and the solid
surface, suggesting good wettability. In contrast, a high contact angle (6 > 90°)
signifies weak adhesion, implying poor wettability or a hydrophobic surface.

Figure 3.9 Water contact angle and the three-phase boundaries [128]
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Wettability is influenced not only by the interaction between the solid and liquid but
also by the cohesive forces that cause the liquid molecules to stick together, resisting
spreading. If the solid surface is hydrophilic, water molecules will readily adhere,
resulting in a low contact angle. Conversely, hydrophobic surfaces resist water
adhesion, leading to a high contact angle. Additionally, the interaction between the
solid and vapour phases, along with the surface tension at the liquid—vapour interface,
plays a crucial role. Liquids with high surface tension tend to minimise contact with the
solid, thereby increasing the contact angle.

The surface-wetting characteristics of untreated and plasma treated hemp fibres were
evaluated using the Kruss DSA30E contact angle measuring instrument. A contact
angle of less than 90 degrees indicates a hydrophilic surface (where water spreads
easily), while an angle greater than 90 degrees indicates a hydrophobic surface
(where water forms droplets) [19].

3.7 Method for analysis of tensile strength of hemp

A universal tensile strength tester functions by applying a controlled tensile force to a
specimen while measuring the resulting deformation. The system typically consists of
a load frame equipped with grips to hold the test specimen, a load cell to measure the
applied force, and a control unit that manages the test parameters and records data.
Figure 3.10 illustrates the main components and working principle of the tensile testing
setup.
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Figure 3.10 Tensile testing machine wherein 1: Load frame, 2: Software, 3:
Load cell, 4: Grip to hold the sample tightly, and 5: Strain measurement [129]

The tensile strength of both untreated and plasma pre-treated hemp fibres was
evaluated using a universal tensile strength tester following the BS EN ISO 5079-2020
[130] for individual hemp fibres and ISO 9073-3:2023 [131] for nonwoven hemp fabrics
test standard method for testing. Using this process, the tensile strength and modulus
of both plasma treated and untreated hemp fibres were determined by recording load
and displacement data during the test.

3.8 Spectrophotometry to determine the colour strength of fabric

A spectrophotometer measures colour by quantifying the amount of light reflected or
transmitted by a sample across the visible spectrum, ~ 380 nm — 780 nm [132]. In this
study, a Konica Minolta spectrophotometer was used to analyse the colour properties
of dyed fabrics. The instrument directs a beam of light onto the fabric surface and
measures the intensity of light that is either reflected or transmitted, producing a
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spectral "fingerprint" that represents the colour characteristics of the sample. Using
this data, the amount of colour (dye) present inside the fabric can be quantified [132].

Al
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: ;: ﬁl Lo It | -

Digital Display
Light source Monochromator Sample or Meter
(Prism or Grating) Solution
(in Cuvette)
720 nm
violet 360 nm red
420 nm 630 nm

purple orange

450 nm 590 nm
blue yellow
490 nm 580 nm
blue-green green

520 nm

Figure 3.11 Working of a spectrophotometer[A] and a colour wheel [B] [132]

Although Figure 3.11A illustrates the setup of a UV-VIS spectrophotometer, the
working principle remains the same for colour measurements in dyed textiles. The
spectrophotometer employs a light source, typically a lamp, which emits light across
the visible range. The colour wheel in Figure 3.11B shows the specific wavelengths of
each colour. As this light interacts with the sample, some wavelengths are absorbed
while others are reflected. The reflected light is then collected by a photodetector,
which records the intensity of light at each wavelength. By analysing the resulting
spectrum, the instrument determines the colour of the sample. For instance, a red-
coloured fabric would reflect more light in the red region of the spectrum and absorb
more in other regions.

The colour data is commonly converted into CIE L*a*b* values, a standardised colour
space developed by the International Commission on lllumination (CIE). In this
system, L* represents lightness (ranging from O for black to 100 for white), a*
represents the red-green axis (positive values indicate red, negative values indicate
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green), and b* represents the yellow-blue axis (positive values indicate yellow,
negative values indicate blue). These values provide a three-dimensional coordinate
for accurately locating and comparing colours.

Additionally, the spectrophotometer can calculate the K/S value, representing colour
strength or concentration, using the Kubelka-Munk equation, which relates the
sample’s reflectance (R) and absorption/transmission (T) properties. A higher K/S
value indicates greater dye uptake or colour intensity on the fabric surface. This makes
the K/S value particularly useful for evaluating the depth of shade in dyed textiles.

K coefficient of absorption

S coefficient of scattering

The L*, a*, and b* values, along with the colour strength (K/S), were measured using
a Konica Minolta spectrophotometer, enabling precise quantification of the colour
characteristics of the dyed fabrics. Statistical analysis of the collected data was
performed using Minitab software to evaluate trends and assess the significance of
the results.
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Chapter 4

Improved colouration of hemp fabrics via low-pressure argon

plasma assisted surface modification

4.1 Introduction

Interest in hemp as a viable cellulosic fibre for clothing has increased, driven partly by
its economic benefits and the importance of natural renewable materials in emerging
circular economies. However, the colouration and chemical finishing of lignocellulosic
fibres such as hemp typically require large quantities of water and chemicals. Argon
plasma pretreatment provides a way of modulating the physical properties of hemp
fibres to improve the colouration process without compromising other bulk properties
such as tensile strength. Such plasma treatments may contribute to alleviating the
negative environmental impacts associated with liquid pretreatments, heating, or the
use of auxiliary chemicals. Dyeing of hemp fibres is particularly challenging due to its
crystalline chemical structure. In this study, low-pressure argon plasma-assisted
surface modification of woven hemp fabrics up to 600 s at 40 and 80 Hz was explored
for enhanced dyeability, resulting in enhanced dye-fibre bonding. Fourier-transform
infrared spectroscopy and Raman spectroscopy of argon plasma pretreated hemp
fabrics produced no noticeable changes in the functional groups of the fibres, but a
physiochemical modification was observed in terms of the density of polar groups.
Scanning electron microscopy (SEM) images revealed marked morphological
changes including nano-etching of the fibre surface at certain argon plasma process
conditions. The pretreatment process increased fibre hydrophilicity, and enhanced
reactivity of the surficial -OH groups towards fibre-reactive and vat dyes, resulting in
higher colour strength in dyed woven hemp fabrics. Overall, we envisage such plasma
pretreatments may impact positively on the material and energy efficiency of the hemp
fabric dyeing process.

Hemp is a natural cellulosic fibre similar to bast fibres such as flax and ramie that are
widely used in the textile industry [133]. The fibres are extracted from the internal
stems of the Cannabis sativa L. plant and comprise primary and secondary walls of
long cellulose microfibrils (~72% cellulose [44]) arranged in layered strata, with a
distinctive axial orientation [20]. The high crystallinity and axially aligned cellulosic
structure confers characteristically high tensile strength and attractive mechanical
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properties, such that hemp finds purpose in numerous textile applications, including
technical textiles, fibre-reinforced composites and clothing. Opportunities for hemp in
clothing are further extended by cottonisation of the coarse fibres extracted from the
plant’s stem, yielding smaller fibre diameters of ca. 15-20 microns, that are suitable
for blending with other fibres such as cotton and spinning into fine count yarns [20].
Given the growing importance of renewable materials in the fashion and textile
industry, there is an increasing interest in hemp as an economically attractive fibre for
clothing fabrics, but sustainable development necessitates less resource intensive
dyeing and colouration processes [134]. Compared to other natural cellulosic fibres,
notably cotton, and bast fibres such as flax (linen), there is a paucity of studies relating
specifically to the dyeing of hemp.

Conventional dyeing processes in the textile industry can have significant
environmental impacts. It has been claimed that for every ton of fabric to be dyed, up
to 200 tonnes of wastewater containing salts, dyes, surfactants, peroxides and heavy
metals can be generated [135]. To address these issues, alternative colouration
methods such as supercritical CO2 and ultrasonic methods are being studied [136].
Innovative colouration methods also include laser and enzyme processing
technologies, particularly in relation to cotton, wool and polyester substrates [137].
However, current research lacks a focus on hemp. The use of hemp in the textile
industry is limited primarily due to the dominance of cotton, historical stigma, complex
governmental regulations and a lack of awareness about the potential advantages of
the fibre [13]. Table 4.1 highlights recent studies where hemp dyeing was
accomplished using conventional exhaustion methods.

Substrate Dyeing Summary Reference
Conditions
Hemp/Cotton 8% wiw dye Dyed using [138]
blend common madder

Material to liquor

ratio (MLR)= 1:60 | and calendula
achieving a

colour strength of
5.6 after applying
tannin as a

t=1h, T=60°C

mordant.
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100% Hemp t=2h, T=70°C Dyed using [88]
fabric (GSM:132) plant-based dyes
and the ultraviolet

protection factor
was evaluated.

100% Hemp 5 % wiw dye Dyed using [139]
fabric shade reactive dye and
MLR= 1:20 compared with
cotton fabric.
t=1h, T=60°C
100% Hemp yarn | t=70 min, T=60°C | Dyed using the [140]

conventional
dyeing method
and fabric
properties were
compared with
flax, linen, cotton
and their
respective
blends.

Table 4.1 Recent studies on the colouration of hemp using exhaustion
methods

Current research interest in surface-treated hemp fibres is mainly confined to fibre-
reinforced composite applications. The aim of the present research is to broaden the
scope of hemp usage from composites to clothing applications by addressing two
major research gaps related to the study of hemp fibre colouration. First, it addresses
the issue of low colour fastness in dyed hemp fabrics, by exploring dye-fibre bonding
using pyridine stripping [141]. Second, while numerous studies have reported surface
modifications on cellulosic fibres, they often overlook the chemical interactions
following these surface modifications [141]. This work investigates both morphological
and chemical changes resulting from low-pressure argon plasma pretreatment.

To develop environmentally sustainable colouration techniques for hemp fabrics, it is
important to understand the extent to which non-aqueous fabric pretreatments might
enhance dyeability. Previously, microwave and UV irradiation of bast fibre cellulosic
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fabrics have shown potential to improve the colour strength and fastness of dyed
fabrics [82, 142, 143]. However, plasma pretreatment has arguably become the most
ubiquitous, non-aqueous pretreatment method for natural cellulosic fibres, providing a
means to modulate fibre physical structure and surface chemistry [144]. The
advantage of plasma as a pretreatment is that it is a chemically independent
technique, which confines its physical and chemical effects to the surface.

Plasma is defined as a state in which a significant number of atoms and/or molecules
are either electrically, thermally, magnetically excited or ionised. Plasma treatment
may impart physical or chemical changes with the help of radicals, ions or electrons in
an excited state. Low-pressure plasma is applied in various fields such as surface
cleaning, coating, etching and functionalisation of polymeric materials, with the ability
to modify surface fibre morphology and/or chemistry [22]. Plasma treatment can have
an etching effect on the surface resulting in a nano-porous structure [145]. The use of
noble gases like argon can also produce highly energetic radicals in the plasma state
that are able to break C-C, C-H, and hydrogen bonds, and potentially create desirable
functional groups [96]. As reported by Thompson et al. [99], plasma treatment of nylon-
6 using oxygen gas as a source gas resulted in an increase in the number of polar
groups (C=0, C-C, C-OOH), increasing the hydrophilicity of the surface.
Comparatively, hemp also has a crystalline structure and is relatively hydrophobic in
its parent state.

Previously, plasma treatment of hemp has mainly been confined to studies of bio-
composites, specifically fibre-reinforced polymer composites, in which hemp fibres are
used as a reinforcing phase [146]. In this context, plasma pretreatment can be used
to improve the interfacial bonding between the fibre surfaces and the matrix phase, so
as to improve the bulk tensile and shear strengths, as well as the fracture resistance
of the bio-composite [147]. Plasma treatment of hemp fibres using argon as a source
gas has also been reported to improve the sound absorption of the resulting structures
[148].

Low-pressure argon plasma pretreatment of other bast fibres, such as flax, has been
found to enhance hydrophilicity leading to strong interfacial bonding with vinyl silane
to confer flame retardancy [149]. In the context of fibres derived from bamboo, plasma-
assisted surface modification employing gases such as oxygen and argon improved
surface wetting and interfacial adhesion, thus promulgating their application as a
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reinforcement material in composites [150]. Similarly, jute fibres treated with air
plasma, exhibited increased hydrophilicity due to surface etching, subsequently
improving interfacial adhesion and thereby rendering them suitable for reinforcement
in composites [26] [151].

The potential for argon plasma irradiation as part of a pretreatment process to enhance
the dyeing properties of hemp remains a topic that has not been extensively explored
in the literature. Radetic et al. studied the low-temperature air plasma and enzymatic
pretreatment of hemp for acid dyeing and reported an increase in the dyeing rate, final
dye exhaustion and colour yield. The observed effects were attributed to plasma
etching and oxidation of hemp fibre surfaces [152]. Argon plasma treatment is believed
to promote crosslinking of the polymer chains and fragmentation of polymer chains
into lower molecular weight entities, and argon plasma is thought to induce a more
enduring hydrophilic transformation than any other gas plasma [153]. Based on the
literature survey, it is apparent that there is insufficient study exploring the extent to
which plasma pretreatment influences the dyeing of hemp. Dyeing of hemp presents
particular challenges due to the high degree of molecular orientation and relatively
high crystallinity of the fibres. In such crystalline natural fibres, dye molecules tend to
penetrate more easily through the amorphous regions than the crystalline regions
[154]. Conventional dyeing procedures take place in an aqueous environment,
wherein, water has a competitive role in relation to hydrogen bonding, and given the
extensive hydrogen bonding in cellulose, when immersed in water, negative zeta
potential arises. Similarly, when reactive dye molecules are solubilised in water, they
acquire a negative zeta potential due to the presence of -SOsH group. Therefore, the
addition of salts helps neutralise the negative zeta potential acquired by cellulose,
thereby promoting uniform dye adsorption. Lokhande et. al., observed a decrease in
a negative zeta potential, leading to proportional dye adsorption in the cellulosic
structure [155].

The dyeing of cellulosic fibres such as hemp is an equilibrium reaction, which depends
on the temperature, pH and dye concentration, and the extent of dye adsorption hinges
on the cohesive forces inherent in the cellulosic structure. When cellulose interacts
with water, the water molecules compete for some hydrogen bonding sites. Notably,
cellulose carries inherent fixed negative charges that can potentially repel dye
molecules, which are also negatively charged, seeking adsorption. The presence of
these Coulombic effects inhibits dye adsorption and further dye uptake [156-158].
Accordingly, previous investigations into augmenting the colouration of hemp textiles
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have explored the application of mordants such as tannin and alum [138]. A
comparable study done by Correia et al. focused on the pretreatment of cotton fabric
using cationic ammonium compounds, which were further plasma treated using
oxygen gas [159]. Similarly, nitrogen plasma pretreatment can be used to graft silver
nanoparticles onto cellulosics such as cotton, viscose and linen to impart antibacterial
functionality [160]. In a literature review, Haji et. al summarised major studies in recent
years where the colouration of wool, cotton and polyester fibres was achieved [161].
Interestingly, the majority of the studies, aiming to achieve colouration of fibres using
plasma, have employed oxygen as their plasma source.

The goal of this research is to utilise an inert, low-pressure argon plasma pretreatment
to surface-modify woven hemp fabrics prior to conventional exhaustion dyeing. The
extent to which the colour strength of resulting dyed fabrics is affected by the argon
plasma pretreatment is studied to assess the potential for effective colouration.
Moreover, the impact of power and the duration of argon plasma pretreatment on
surface modifications was explored in relation to reactive dyeing and vat dyeing. An
analysis encompassing surface morphology, Raman spectroscopy, ATR-FTIR
spectroscopy and surface wetting properties was conducted on both untreated and
plasma treated hemp fabrics.

4.2 Experimental

4.2.1 Materials

In the experimental work reported here, 100% hemp fabric samples of different woven
constructions (H, P1, P2) and yarn linear densities in the warp and weft, were
industrially procured (Hemptology Ltd, UK), with material specifications as shown in
Table 4.2.

Yarn Linear Fabric
Fibre Woven Fabric Density Weight/unit area
Fibre Composition Structure (Tex) (g.m?)
Warp | Weft
Hemp 100% Herringbone (H) | 120 120 190
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Hemp 100% Plain (P1) 79 79 100

Hemp 100% Plain (P2) 35 35 214

Table 4.2 Product parameters of the hemp fabrics

Prior to low-pressure argon plasma pretreatment, all samples were scoured to remove
any residual processing chemicals or spin finish. An alkaline boiling process was
followed for the scouring of hemp [162]. Thus, hemp fabrics were boiled for 75 minutes
in an alkali solution containing 6% o.w.f (on the weight of fabric) NaOH, 3% o.w.f of
Na2COs and 0.5% o.w.f of Na2SOs. After the alkaline boiling, the fabrics were
neutralised using 10% o.w.f CH3COOH and were washed thoroughly with deionised
water. The scoured fabrics were dried in an air-assisted oven at 90°C. Following
drying, the scoured fabrics were stored in a standard textile testing environment with
65% relative humidity at a temperature of 20°C before plasma treatment. Fibre-
reactive and vat dyes were procured from Atul Industries Ltd (India). Analytical
research (AR) grade reagents, sodium hydroxide (NaOH), sodium dithionite (Na2S204)
and anionic surfactant were acquired from Sigma-Aldrich (UK). Additionally, Turkey
red oil utilised for vat dyeing was purchased from Fisher Scientific Ltd (UK).

4.2.2 Surface modification of hemp fibres following argon plasma

pretreatment

Argon plasma pretreatment of the hemp fabrics was conducted using a Denier Zepto
plasma machine (Diener electronic GmbH & Co KG, Germany). The machine
incorporates two needle valves for precise gas supply with gas flow controllers. The
operational mode of the machine is manual, and it is furnished with a Pfeiffer Duo 3
rotary-vane vacuum pump. For the generation of plasma, an argon gas cylinder was
connected to the plasma system. Argon plasma-assisted surface modification of hemp
was executed employing various parameter combinations of power (intensity of
plasma frequency) and treatment time (duration). Thus, the hemp fabrics underwent
plasma treatment at two power levels of 80Hz and 40Hz at six treatment durations of
t= 30s, 60s, 120s, 180s, 300s and 600s. The argon gas supply was maintained at a
constant flow rate by setting the gas valve at 1 bar, with a stable pressure of 1.5 mbar
within the plasma chamber. Subsequent to argon plasma pretreatment, the fabric
samples were conditioned in a standard textile testing environment having a relative
humidity of 65%, maintained at 20°C. The design of experiments (DOE) was
formulated using the surface response design with two factors such as power (40Hz,
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80Hz) and treatment time (30s, 60s, 120s, 180s, 300s, 500s) The results were then
analysed using the surface response analysis methodology using the Minitab
software.

4.2.3 Analysis of fibre surface modifications

The argon plasma pretreated fabric samples were subjected to surface analysis to
investigate any induced alterations in fibre surface morphology, fibre chemical
modifications or wetting.

4.2.3.1 Method to study fibre morphological features

The surface morphology of argon plasma pretreated and untreated hemp fibres were
investigated by scanning electron microscopy (SEM) images using a Jeol JSM-6610
scanning electron microscope. Using the SE mode, micrographs at magnifications of
25x-8000% were taken of the fibre surfaces for each sample, covering a scale of 1mm
to 10um following the standard method by Juhasz et. al [163]. Prior to image capture,
the samples were sputter-coated with gold. Subsequently, SEM images were
processed using Fiji ImagedJ software to analyse fibre morphological features such as
surface roughness [164]. To measure the indented features, herein referred to as the
‘pore’ structure of the fibre surfaces using Fiji Image J, an area of 30 um on the fibre
was selected within the SEM micrograph. Utilising the threshold function, surface
pores within the selected area were highlighted enabling the determination of mean
porosity. To assess the pore size, the pore analysis option was applied following the
threshold function. The porosity measurements were conducted thrice to ensure
reproducibility and to obtain consistent results.

4.2.3.2 Methods for analysis of chemical modifications

The chemical structure of argon plasma pretreated and untreated hemp samples were
analysed utilising ATR-FTIR and Raman spectroscopy. A Bruker FT-IR spectrometer,
which was equipped with an ATR (attenuated total reflectance), was used in the
wavenumber range of 600 cm™' to 4000 cm™'. 100 scans were taken at a resolution of
4 cm™ on the untreated and plasma treated samples, referring to the work by Peets
et. al [165]. For each fabric sample, three spectra were acquired to ensure the
reproducibility of the data. Raman spectroscopy of argon plasma pretreated and
untreated hemp fabrics was performed using a Horiba Raman spectrometer equipped
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with a microscope and a 785 nm laser source. A total of 32 scans were accumulated
per spectrum, having a resolution of 4 cm™ on the untreated and plasma treated
samples following a standard method from Rygule et al [166]. For each fabric sample,
three spectra were acquired to ensure the reproducibility of the data. The resulting
spectra was processed using Origin software to edit, analyse and represent
spectroscopic data.

4.2.3.3 Method for analysis of surface wetting

The surface-wetting properties of untreated and argon plasma pretreated hemp were
assessed using a Kruss DSA30E contact angle measuring equipment. The static
contact angle of the hemp fabric was measured by placing 7ul sessile water droplets
of deionised water having a surface tension of 72 N/m on the fabric surface. The
droplets were allowed to stabilise for 20s and the contact angle was measured using
a built-in camera. Three replicates were taken for H, P1 and P2 fabric types, with each
droplet positioned at a different position on the fabric sample to test the reproducibility
of the data.

4.2.3.4 Method for dyeing hemp with reactive dyes

To study the effect of argon plasma pretreatment on the dyeing behaviour, a 5% shade
on weight of fabric was applied across all the experimental procedures involving
exhaust dyeing of each of the hemp fabric samples. The amount of dye solution was
calculated using equation 4.1. The dyeing process was conducted with a fabric-to-
liquor ratio (MLR) of 1:20 for all samples.

Amount of dye solution (mL) = Shad (R)xWeigh of jabrics) 4.1)

Concentration of stock solution (g/L)

Similarly, the amount of auxiliaries as alkali and salt was calculated using equation
4.2, wherein 20% o.w.f of alkali, namely soda ash and caustic soda, along with 20%
o.m.f Glauber’s salt were used.

iy Auxiliary required (%)xWeigh of fabric (g)
Amount of auxiliary (mL) = Y TEqh . gh of f 9 (4.2)
Concentration of stock solution(g/L)
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For the dyeing of the hemp fabric, Glauber’'s salt, water and dye solution were
introduced to a beaker alongside the fabric. Firstly, twenty per cent of the salt was
utilised, accompanied by 20% o.m.f of soda ash and 20% o.m.f of caustic soda.
Following a 15-minute interval, the dye bath was stabilised at a constant temperature
of 75°C. Alkali was then added, and the dyeing was carried out for 60 min under
continuous agitation. Figure 4.1 summarises the complete reactive dyeing cycle.

A: Addition of 5% dye solution

B: Addition of deionised water

C: Addition of fabric

D: Addition of Alkali

100 O g Quenching off the reaction and washing off
\ F: Initiation for drying the dyed fabric

/ \

50 E

Temperature (°C)

—

—®

—0
—

257

| | I I | |
15 30 45 60 75 90

Time (minutes)

Figure 4.1 Dyeing curve for dyeing of hemp fabric using reactive dye

Subsequent to dyeing, the dyed fabrics were subjected to a soaping process that
involved boiling the fabrics in a 5% on weight of fabric anionic soap solution to remove
unbound dye molecules. The soaped fabric samples were dried in an air-assisted oven
at 90°C for 4 hours. The dyed fabrics were analysed using a Konica Minolta CM 700-
d spectrophotometer for colour measurement to ascertain the CIE colour coordinates
of the dyed fabrics.

4.2.3.5 Analysis of covalent bonding of reactive dyes

Hemp fabric samples that underwent dyeing with reactive dyes were subjected to a
pyridine-stripping process [167]. In contrast to the conventional employment of sodium
hydrosulphite and sodium hydroxide for dye-stripping, a solution containing 15 g/L of
pyridine was utilised. Thus, the dyed fabrics were subjected to boiling in a solution
containing 15 g/L pyridine solution. Following 5-minute boiling intervals, the pyridine
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solution was replaced iteratively until achieving a clear solution. The colour strength
of the fabrics subjected to pyridine stripping were subsequently measured using a
Konica Minolta colour measurement device.

4.2.3.6 Method for dyeing hemp with vat dyes

The vat dyeing process for hemp encompassed three sequential stages: vatting,
dyeing and air oxidation. The conventionally known vat dyeing process used in the
denim textile industry was followed [168]. Initially, the dye mixture was prepared by
combining 1 g of amorphous vat dye with 5 mL of turkey red oil, forming a paste. The
turkey red oil (sodium salt of sulphated castor oil) acting as a wetting agent, facilitated
this process. 40% o.w.f of sodium hydroxide (NaOH) and 2 gm of sodium dithionite
(Na2S204) were subsequently introduced to the dye paste and stirred until the
formation of a homogeneous paste. This process yielded the soluble salt or leuco vat
dye. All of the hemp fabric samples were dyed employing a 1% o.m.f shade with a
fabric-to-liquor ratio of 1:20. Water, surfactant and alkali were added in accordance
with calculations based on the material-to-liquor ratio and the weight of the fabric. The
temperature of the dye bath was elevated to 80°C and maintained at this temperature
for a duration of 90 min. Upon cooling, the samples underwent washing and air drying
to ensure uniform oxidation [168]. The oxidised fabrics were then subjected to a 20
min boiling process in a 15 g/L soap solution, which served the dual purpose of
removing excess non-reacted dye molecules and imparting a lustrous appearance to
the fabrics. Subsequent to this soaping treatment, the colour strength of the fabrics
was assessed following drying. Figure 4.2 illustrates the vat dyeing and reactive
dyeing cycle of hemp fabrics used for this research, and Figure 4.3 summarises the
employed dyeing profile.
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Figure 4.3 Dyeing curve for dyeing of hemp using vat dyes
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4.3 Results and discussion

The physical and chemical properties of the hemp fabrics and their constituent fibres
were studied before and after pretreatment with argon plasma to determine any
structural and chemical effects and their potential influence on the dyeing process.

4.3.1 Influence of argon plasma treatment on hemp fibre surface

morphology

The fibre surface morphologies of untreated and argon plasma treated hemp fabrics
were investigated by means of SEM (Figures 4.4 A, B, C, D, E and F). Figure 4.4A
shows a typical example of the surface morphology of fibres in the untreated sample,
having relatively smooth surface. Evidence of dry etching is apparent in hemp fibres
that had been argon plasma treated for 600s at 40Hz power (Figure 4.4F). A
progressive dry etching can be observed as the argon plasma treatment time
increases [169]. The dry etching can be attributed to a chain scission at the surface of
the fibre and has been previously observed in plant-based fibres [169, 170] as well as
regenerated cellulose fibres such as viscose [150]. This type of effect can be
observed, highlighting a high degree of sub-micron surface etching in the argon
plasma treated hemp samples (comparing Figures 4.4A and 4.4F).
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Figure 4.4 SEM micrographs showing the surface morphologies of the

untreated P1 hemp fibreand the argon plasma treated P1 hemp fibre at

different powers (Hz) and treatment times (s) at magnifications of x2000
(micrograph 4.4B) and 4000x (micrographs 4.4A, 4.4C, 4.4D, 4.4E and 4.4F)

Plasma is known to be capable of nano-etching surfaces [171] and etching at this
scale was evident in the argon plasma treated samples at x4000 (Figure 4.4F). By
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means of image analysis (Fiji Image J), the size of ‘pores’ on the surface of the fibres
before and after argon plasma treatment was estimated. It was found that, in the
untreated sample, the detectable pore structure covered a very small portion of only
0.5% of the total fibre area of 30 pm, and the mean size of these pores was 3 nm (SD:
0.04). Following argon plasma treatment, the mean pore size increased to 17 nm (SD:
0.01), with the pores covering 24% of the 30 pym fibre area shown in the SEM
micrograph. With regard to the change in surface pore structure, the etchant gas, in
this case, argon, evidently accelerates onto the surface with a force capable of
dislodging atoms or molecules on the surface monolayer. A similar type of nano-
porous surface was obtained by the action of argon gas plasma on cellulose paper
[172]. In previous research carried out on the surface of diamond, with oxygen and
hydrogen as source gases for plasma generation, the etching mechanism was studied
using molecular dynamic simulation, and it was concluded that the etching is a layer-
by-layer process involving the generation and desorption of gaseous molecules [173].
This type of layer-by-layer etching process can be visible in the micrographs, whereby
an initiation in the etching is observed in the hemp fabric plasma treated for a lower
treatment time of the 60s (Figure 4.4B).

When argon gas comes in contact with the electrodes in the plasma generator, they
govern a type of quasi-neutrality. At this stage, the density of positively charged
species and negatively charged species is equal [174]. Ar(18) is a relatively large atom
when charged using high-voltage electrodes, it possesses a high potential to be
ionised to form Ar*. Typically, the velocity of travel of an Ar* ion is approximately
800m/s [174]. Thus, argon gas plasma can be considered to be in a state of high
entropy and highly rapid Ar* ions, on reacting with the amorphous or semi-crystalline
or crystalline regions present in the hemp fibres, may dislodge atoms and molecules
present on the surface monolayer, resulting in an etched surface. Kortshagen et. al
has postulated a detailed explanation of the mechanism of nonthermal plasmas [174].
Thus, with reference to the SEM images shown in Figure 4.4, it can be postulated that
plasma preferentially etches the amorphous or semi-crystalline regions of the surface
monolayer. Such a change in the surface morphology of the fibres may be expected
to modulate interfacial properties such as water droplet interaction and, consequently,
surface-wetting behaviour.

4.3.2 Chemical properties of hemp before and after argon plasma

treatment
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In order to investigate the alterations induced in the chemical structure of cellulose,
both the untreated and argon plasma treated hemp fabrics were subjected to analysis
via ATR-FTIR spectroscopy and Raman spectroscopy.

4.3.2.1 Fourier-transform infrared spectroscopy of hemp fabrics

Prominent peaks corresponding to the stretching vibration of functional groups,
namely -OH, -CH and -C-O can be observed within the frequency range of 3500 to
3000 cm-, 2900 cm-' and 1200 to 1000 cm™! respectively [175]. Figure 4.5 shows the
FT-IR spectra pertaining to the untreated hemp fabric and the hemp fabric plasma
treated for 600s with 40Hz of power.

In Figure 4.5, the blue FTIR spectrum refers to the P1 fabric (see Table 4.2 for sample
details) after argon plasma treatment for 600s at 40Hz power. Sharper peaks of
functional groups such as -OH (hydroxyl), corresponding to 3000 cm' and 2900 cm-"’
wavenumbers are seen. C-H bond stretching vibration at a wavenumber of 1500 cm-’
and a sharp peak at 1600 cm™ can be attributed to the bond vibration of C=0
(carbonyl) [176] [177]. The distinct peak of the carbonyl group may have resulted from
oxidation induced by the argon plasma. Additionally, the sharp peak at 1000 cm™"
corresponds to the vibration of -C-O- group of secondary alcohols and ether bonds
within cellulose. There are noticeable alterations in the absorption envelope within
these regions of the spectrum, following plasma treatment, suggesting possible
modifications to the interaction of the -C-O-vibrational groups.

Following argon plasma treatment for 600s at 40Hz of power, the intensity of -OH, -
C=0 and -C-O- bond vibration increases leading to prominent sharp peaks associated
with polar groups. The presence of these surface active polar groups indicates a
strong reactivity of the surface-treated fabric towards dyes. Moreover, it can be
hypothesised that after plasma treatment of hemp fabric, the inter and intra-molecular
hydrogen bonding in the cellulose molecule was weakened leading to an etched
surface and an enhancement in hydrophilicity.

The wetting behaviour of fabric is closely linked to the presence of polar groups on the
constituent fibre surfaces, which play a role in attracting water molecules and
facilitating liquid spreading through capillary action. The presence of these polar
groups signifies that a higher surface energy is to be expected [178]. Concerning
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argon plasma treated hemp fabrics, it is apparent that plasma treatment induced a
physiochemical modification to the fibre surfaces by increasing the density of polar
groups. In a study on oxygen plasma treated carbon nanotubes (CNTSs), the wettability
of the CNTs increased following plasma treatment because of the surface etching
combined with the functionalisation of the CNTs by oxygen plasma [179].
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Figure 4.5 FT-IR spectroscopy of P1 hemp fabric before and after argon
plasma treatment for 600s at 40Hz of power

4.3.2.2 Raman spectroscopic analysis of argon plasma treated hemp

Raman spectroscopy provides a non-destructive means of identifying surface
modifications in textile fabrics. It enables the detection of chemical alterations in
surface-modified cellulosic fibres, providing insights into molecular interactions,
crystallinity and chemical structure [180]. In Raman spectroscopy, polar molecules
with a dipole moment can be detected as they are polarised by a high-energy laser
source. To discern the mechanism of plasma penetration and its interaction with either
amorphous or crystalline cellulose, Raman spectroscopy was performed on hemp
fabrics before and after argon plasma treatment. The frequency of bond vibrations in
a Raman spectrum is influenced by the mass of a molecule. To validate the hypothesis
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of plasma penetration into the surface monolayer, thereby inducing changes in the
masses of surface molecules, Raman spectroscopy was conducted on P1 hemp
fabrics treated with argon gas plasma for 600s at 40Hz power. A distinct Raman shift
is visible in Figure 4.6A, where the Raman fingerprint spectrum of untreated P1 fabric
in black noticeably differs from that of the plasma treated P1 hemp fabric shown in red.
The vibrational and stretching frequencies present within the cellulose molecule are
manifested in the peaks spanning the range of 1000 cm' to 2000 cm™' corresponding
to the -C-C-C-, -C-C-O-, -C-O-C-, and -C-OH, bonds in the a-D-glucopyranose ring
[181].

In the Raman spectra (Figure 4.6), the profound change in peak height is notably
observed within the wavelength interval of 0 cm™' to 750 cm-'. These peaks denote the
presence of -C-H bending vibration at 330 cm', C-O stretching at 490 cm™! and -OH
bending of absorbed water molecules visible within the frequency range of 500 cm-"
to 650 cm™'. In the case of the plasma treated hemp, a prominent Raman shift is
observed with decreasing peak height. This observation suggests that plasma
treatment is capable of dehydrating the hemp fibres and can be detected between the
wavelength range of 1600 to 1700 cm™' which is the CH20 bending mode [182].

In Figure 4.6A, a prominent difference can be observed in the frequency range
spanning 0 to 600 cm-'. This difference is characterised by a decreasing intensity of
bond vibrations in the Raman spectra of the plasma treated hemp, suggestive of
alteration in the surface energy [121]. Figures 4.6B and 4.6C showcase the Raman
spectrum of plasma treated hemp and untreated hemp fabric across the wavelength
frequency range spanning 0 to 1000 cm-'. In spite of plasma treatment, the functional
groups inherent to cellulose remain unaltered as observed in Figure 4.5. Noteworthily,
Raman shifts are discernible in plasma treated substrates, these vibrations are clearly
seen in the Raman spectra belonging to the region of 1200 to 1500 cm™' [182]
indicating the presence of acid (-COO) or -C=0 (carbonyl) on the surface monolayer.
Below 900 cm', complex vibrational modes corresponding to C-C-C, C-C-O, C-O-C,
O-C-0O and C-O-H are detected on the surface of the plasma treated hemp fabric [183].
The shifts in hydrogen bonding are discerned in Raman spectroscopy as peaks
transition beyond the 3000 cm™' realm [184]. This phenomenon occurs due to the
challenging polarisation of inter and intra-molecular hydrogen bonds in cellulose
primarily due to steric hindrance. Additionally, the vibrational frequency of the
hydrogen atom changes as it interacts with an electronegative atom like oxygen.
Referring to Figures 4.5 and 4.6, it appears that H-OH bonds on the surface monolayer
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of the hemp fabric are impacted, leading to the emergence of sharp peaks associated
with -OH groups in the IR spectrum and the absence of H20 bending mode in Raman
spectroscopy. This suggests the hypothesis that Ar* atoms generated by plasma are
capable of cleaving the inter- or intra-molecular hydrogen bonds in cellulose present
on the surface monolayer or hemp.
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Figure 4.6 A) Raman spectroscopy of P1 hemp fabric before and after argon
plasma treatment for 600s at 40Hz power; B) Raman shift in P1 hemp fabric
after plasma treatment for 600s at 40Hz power ranging from 0 to 1000 cm™'; and
C) Raman shift in P1 hemp fabric in the untreated state ranging from 0 to 1000
cm-’

4.3.3 Wetting characteristics of hemp fabrics after plasma treatment
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Water droplet contact angle measurements were made on the H, P1 and P2 hemp
fabric samples to assess their surface wettability before and after argon plasma
treatment. In their untreated states, all the fabrics exhibited partially hydrophobic
(6=60°) wetting characteristics, evident by the presence of a stable water droplet on
the fabric surface, with no lateral spreading. Water droplets on the surface resided for
at least 20 min before measurement was concluded. By contrast, argon plasma
treatment led to a marked change in hydrophilicity and wettability, with a water droplet
contact angle of 6=0°. Lateral liquid spreading was evident in all three argon plasma
treated hemp fabrics following wetting, with wetting occurring within >1s from the
moment that the droplet made contact with the surface. It was reasoned that argon
plasma treatment initiates surface etching (section 4.3.1), thereby increasing the
surface energy and contributing to a reduction in the water contact angle. Figure 4.7
illustrates the water contact angle measurements for hemp fabric samples (P1)
subjected to plasma treatment for a duration from Os to 600s based on three replicates
for the H, P1 and P2 fabric samples. Line fit curves in Figure 4.7 marked in blue and
red for P1 hemp fabric samples treated at 40Hz power and those treated with 80 Hz
power follow a decay-type curve. With an increase in plasma treatment duration, a
marked decrease in water contact angle is observed and a constant water contact
angle of 8=0° is obtained after plasma treatment for a duration of 600s.
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Figure 4.7 Change in fabric water contact angle with the duration of argon
plasma treatment

Surface morphology is known to influence wetting characteristics. The role of surface
free energy is of key importance in wetting behaviour and the relation is described by
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Young’s equation for ideal surfaces in which the surface morphologies considered are
for smooth surfaces. Following plasma treatment, if a non-ideal smooth surface is
modified into a roughened surface, the modified Cassie-Baxter theory can be applied
to theoretically analyse the wetting behaviour. Taking into consideration all three
models namely, Young’s model, Wenzel's equation and Cassie-Baxter theory, it was
found that the degree of surface roughness controls the wetting behaviour because of
its influence on free energies between the solid-vapour and the solid-liquid phases
[185] [186].

Water is a polar liquid possessing a number of forces, specifically London force,
dispersion forces and hydrogen bonding. When a droplet of water is applied onto the
interfacial monolayer of a fibre surface, attractive forces exist in the phase with higher
surficial energy. The interaction between the two phases depends upon the type of
individual forces present [187]. Therefore, it can be hypothesised that the increased
hydrophilicity observed in argon plasma treated hemp is a consequence of a
modulation in fibre surface topography, combined with the increase in the attractive
forces of the fibre surface monolayer [188] [151]. Previous research examining the
modification in the surface energy of inert materials such as polypropylene following
plasma treatment serves as a reference, suggesting that Argon gas plasma has the
capability of enhancing the surface energy of the substrate [189]. The extent of surface
modification is contingent upon the duration of argon plasma treatment. Consequently,
the reduction in water contact angle in a hemp fabric is affected by the duration of
argon plasma treatment. Surface modification is notably enhanced with a longer
plasma treatment duration as illustrated in Figure 4.4. This is because of an increase
in surface etching with pores up to 17nm being formed following plasma treatment.

4.3.4 Influence of argon plasma treatment on the dyeability of hemp

To examine the potential change of the dyeability of hemp fibres following argon
plasma pretreatment, both untreated and treated hemp fabrics were dyed using fibre-
reactive and vat dye types (Figure 4.2). Fibre-reactive dyes were selected to explore
the hypothesis of an increase in the extent of covalent bonding of cellulose surface
molecules after plasma treatment. To further explore any potential alteration of
bonding sites following argon plasma treatment, hemp fabrics were also subjected to
dyeing with vat dyes.
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4.3.4.1 Hemp fabrics dyed using fibre-reactive dyes

The impact of argon plasma treatment on H, P1 & P2 hemp fabric, dyed using fibre-
reactive dyes was evaluated through the analysis of colour space values. Table 4.3
displays the outcomes of colour space analysis, encompassing L*(brightness), a*
(redness or greenness), b* (blueness or yellowness) and K/S (colour strength) for the
dyed P1 hemp fabrics that underwent argon plasma treatment under variable
conditions. Significantly, the colour strength of the dyed, argon plasma treated hemp
increased compared to the untreated hemp fabric. Similarly, the colour strength of the
dyed hemp fabrics following a pyridine stripping test was measured and is represented
in Table 4.4. It is evident that the colour strength of the untreated hemp fabric after
pyridine stripping was markedly lower, indicative of reactive dye being removed by
pyridine stripping. However, as the duration of plasma treatment increases, the
reactive dye becomes more resistant to washing off, resulting in higher K/S values.
This is because of the chemical functionalisation of the surface polymer chains. Ar*
plasma is capable of generating oxygen-rich groups like -OH following a free radical
mechanism [190]. Hence, a greater concentration of hydroxyl groups can contribute
to the formation of strong covalent dye-fibre bonds. Upon comparing the data in Table
4.3 and Table 4.4, it becomes evident that the argon plasma treatment strengthens
the dye-fibre bonding by making it more resistant to strong alkali as indicated by the
similar K/S values before and after pyridine stripping reaction of dyed, plasma treated
hemp fabrics.

The effect of plasma treatment on K/S and L* can be seen in Figure 4.8A and Figure
4.8C. Figure 4.8A illustrates that the K/S value increases with extended treatment
time, while Figure 4.8C demonstrates that L* increases with higher power (intensity)
during plasma treatment. The interaction plots in Figure 4.8B and Figure 4.8C suggest
that plasma treatment facilitated an efficient colouration of fabric, particularly in cases
where the fabric had a lower yarn count compared to those with densely woven
structures. In comparison to the P1 and P2 fabric types, the fabric type H has a
herringbone type of weave. Referring to the interaction plots in Figure 4.8B, it is evident
that the K/S values for H type sample increased after argon plasma treatment. This
can be attributed to the herringbone weave structure, which comprises half warp and
half weft yarns, giving a broken twill effect. Consequently, employing a much longer
plasma treatment duration can lead to a more enhanced colouration of the herringbone
weave [191].
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Sometimes, the presence of surface roughness on a fabric can contribute to optical
reflection, creating an impression of a deeper coloured dyeing. A rough surface
scatters light diffusely, potentially creating a matte-like effect [192]. The colour
strength, representing the ratio of the absorbed light to the incident light, is a critical
parameter. Therefore, it can be inferred that the observed increase in colour strength
is not an effect of optical reflection but is due to the enhanced dyeability of the fabric.

It was hypothesised that plasma treatment improves the diffusion of reactive dyes,
which could primarily be due to enhanced penetration of the dye facilitated by the
increased surface energy. Such a change in surface energy plays a vital role in
facilitating the formation of a strong covalent bond between the dye molecules and
cellulose molecules [193]. Furthermore, plasma treatment is observed to result in
surface etching as evidenced in SEM micrographs (Figure 4.4). This has effected in
the formation of a nano-porous structure, which in turn leads to an increase in surface
area of the fabric [194]. As noted by Rattee et al., various factors influence the physical
chemistry of dye adsorption, among which surface area plays a critical role. An
increase in surface area enhances the uptake of reactive dyes, leading to more
uniform dye fixation. This, in turn, results in improved visual attributes of the fabric,
such as increased brightness and lustre.

Power Treatment K/S
(Hz) Time (s) L a b’ (420nm)
0 0 77 2 14 0.6
40 300 65 28 72 16

Table 4.3 L*, a*, b* and K/S values of the dyed P1 hemp fabrics

Power | Treatment K/S
(Hz) Time (s) (430nm)

0 0 0.2

40 300 12

Table 4.4 Colour strength of the dye-stripped fabrics
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Figure 4.8 The influence of argon plasma treatment parameters (treatment
duration and power) on the colour strength (K/S) and brightness (L*) of hemp
fabrics dyed with fibre-reactive dyes

Figure 4.9 provides a factorial analysis of the increased colour strength resulting from
reactive dyeing on both untreated and argon plasma pretreated hemp fabric. The
Pareto chart indicates power (Hz), and weave type have similar impacts on enhancing
colour strength. Therefore, it can be concluded that power is a crucial factor that
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influences the increased colour strength after reactive dyeing of plasma pre-treated
hemp. The statistical analysis for the K/S (colour strength) under the plasma treatment
conditions has a standard deviation of 2. The Pareto chart of standardised effects
clearly identifies five statistically significant terms: A(Power), B(Treatment time), C
(Weave) and two interactions, AC (Power x Weave) and CD (Weave x Gas), all
surpassing the critical t-value threshold of 1.965. This suggests that these factors have
a meaningful impact on dye uptake or colour depth, with the type of weave and the
plasma power being the most influential. The main effects plot supports these findings,
where pronounced changes in K/S are observed across varying levels of power,
weave, and duration, particularly showing increased K/S values with longer duration
and specific weave types. These results collectively demonstrate that, under minimal
variability, plasma treatment effectively influences K/S values in reactive dyeing. The
analysis of the L* (lightness) response under a higher standard deviation of 3 reveals
a significantly variable model. The Pareto chart of standardised effects indicates that
none of the factors or interactions surpass the significance threshold (t = 1.965),
implying that no single plasma treatment factor independently exerts a statistically
dominant effect on lightness. This is further illustrated in the main effects plot, and is
true because K/S is a measure of optical density and L* (lightness) is a colour space
component representing the brightness of the dyed fabric.
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Figure 4.9 Statistical analysis of reactive dyeing using surface response model

4.3.4.2 Hemp fabrics dyed using vat dyes

The impact of argon plasma treatment on the vat dyeing process of hemp fabric was
assessed through colour space analysis, and the results are presented in Table 4.4.
Notably, the colour strength of the argon plasma treated hemp fabric with a K/S of 22
demonstrates a substantial increase compared to untreated hemp fabric which has a
K/S of 6.4.

Figures 4.10A and 4.10C reveal the effect of factors, such as treatment time and
power, on the colour strength and the brightness of the dyed fabric. It is evident that,
as the duration of plasma treatment is extended, the colour strength of the dyed fabric
increases. Similarly, higher plasma power values led to increased fabric brightness.
The interaction plots in Figure 4.10B and Figure 4.10D indicate the influence of plasma
treatment on the reactivity of hemp towards vat dye molecules. These plots suggest
that longer duration and higher power settings in plasma treatment enhance the
reactivity of the fabric with vat dye molecules.

It could be considered that the gain in surface energy and concurrent increase in
overall surface area due to the change in surface fibre morphology, following plasma
treatment, facilitated an enhanced attachment of vat dye molecules to the surface of
hemp fibres [189]. A similar increase in the colour strength of vat-dyed cotton was

74




observed following a surface treatment using ultrasound and microwave treatments

[195].
Colour
Plasma Parameters Colour Space Analysis Strength
Treatment KIS
Power (Hz) time (s) L* (D65) a* (D65) b* (D65) (510nm)
0 0 37 42.1 20.5 6.4
40 300 47 46 13.5 18
80 300 54 44 3 22

Table 4.5 Colour space analysis of P1 hemp fabrics dyed using vat dye
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Figure 4.10 The influence of argon plasma treatment parameters (treatment
duration and power) on the colour strength (K/S) and brightness (L*) of hemp
fabrics dyed with vat dyes
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Figure 4.11 Statistical analysis of vat dyeing using surface response model

Figure 4.11 is a factorial analysis that explains increased colour strength following vat
dyeing. Factors such as power (Hz), treatment time(s) and the weave type collectively
enhance the colour strength. The main effect plot highlights the influence of each
factor after vat dyeing of H, P1 and P2 hemp fabrics. Consequently, it can be
concluded that the effectiveness of argon plasma pretreatment significantly depends
on the weave type and duration of argon plasma treatment. The statistical analysis of
the K/S (colour strength) indicates a standard deviation of 3, suggesting a small
degree of variation. The Pareto chart of standardised effects identifies four terms that
exceed the critical t-value threshold of 1.966, indicating statistical significance for
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treatment time and weave. The quadratic term for Power in the Pareto chart (Power x
Power) suggests that power input has a nonlinear and strong influence on the dye
uptake. The main effects plot reinforces this, showing a positive slope for Power,
where an increase in power leads to greater K/S values, while duration and weave
have comparatively milder effects. According to the coded coefficients, Power has a
significant positive coefficient (-1.586, p = 0.002), confirming its crucial role. L*
(lightness) for vat dyed fabrics indicates a higher standard deviation of 4 indicates a
weaker influence of plasma treatment factors on L*. The Pareto chart of standardised
effects shows that Weave, treatment time and Power x Power(AA) factor crosses the
critical significance threshold (t = 1.966), indicating that the three factors have
contributed their effects in the modification of L* after argon plasma treatment. Thus,
it can be concluded that plasma treatment increases the colouration properties of
hemp fabric.

4.4 Conclusions

Low-pressure argon plasma pretreatment of hemp fabrics enhances the colour
strength that can be achieved in reactive and vat dyeing. This is attributed to
morphological and physiochemical changes to hemp fibre surfaces, specifically nano-
etching and an increase in the density of polar groups, which increases aqueous
wettability.

Based on the FTIR analyses of the argon plasma treated fabrics, distinct carbonyl
(C=0) peaks have been observed at 1500 cm-* signifying oxidation induced by argon
plasma. Furthermore, sharper polar group peaks were evident indicating a
physiochemical alteration of the substrate. A prominent Raman shift has been
observed within the frequency range of 0 cm™ to 1000 cm-! implying a shift in the
surface energy of the fibres after argon plasma pretreatment. Moreover, the water
contact angle measurements confirmed an increase in the surface energy following
argon plasma treatment and the hydrophilicity of hemp gradually increases with longer
plasma treatment duration. The morphological modifications using argon gas plasma
include the development of a nano-porous fibre surface associated with progressive
dry etching. Such a nano-porous surface contributes to an increase in the available
surface area for improved dye adsorption. Moreover, the change in surface energy of
plasma treated hemp promotes the formation of strong covalent bonds with reactive
dye molecules, while also facilitating the attachment of bulkier vat dye molecules to
the fibre surfaces.
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Given the challenges associated with the colouration of hemp, argon plasma
pretreatment represents a potentially valuable means of preparing hemp fabrics for
dyeing to maximise colour strength without liquid pretreatments, heating, or the use of
auxiliary chemicals. This approach holds promise for addressing some of the
limitations and environmental impacts associated with conventional dyeing and wet
treatment of hemp fibres to magnify its commercial value. Argon gas plasma treatment
offers a method to uniformly dye the hemp fabric by reducing overall treatment time
and temperature required for dye-fibre fixation.

Hemp fabrics possess complex surface chemistry and the induced surface
modification through low-pressure plasma treatment was detected after colouration of
fabrics. Although this study provides significant insights, further investigations on fibre
surface topography and surface energy employing specialised analytical equipment
would be beneficial in establishing the detailed mechanism involved in the interaction
between Ar* plasma and hemp fibres.
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Chapter 5

Study of hemp fibre properties modified via long duration low-

pressure argon and oxygen plasma treatments

5.1 Introduction

Hemp is a lignocellulosic fibre used in fibre-reinforced composites, technical textiles,
and clothing with surface properties that can be modified by plasma to improve
processability. In contrast to previous studies reporting the effects of short duration
plasma treatment (<10 min), this paper investigates the effects of extended (30 min -
4 h), low-pressure (~0.4 mbar) argon and oxygen plasma treatments on dew retted
hemp fibres at varying power levels (40 Hz and 80 Hz). Scanning electron microscopy
(SEM) revealed marked surface fibre etching after prolonged treatment, with argon
plasma inducing fibrillation and heterogeneous motifs, while oxygen plasma yielded
irregular morphologies. Atomic force microscopy (AFM) confirmed a near four-fold rise
in surface roughness (70 nm to 270 nm) after 4 h of plasma treatment. All plasma-
treated fibres exhibited complete wetting (water contact angle 6=0°) versus 6=62° for
untreated controls, based on drop-shape analysis and tensiometry. Fourier-transform
infrared spectroscopy (FT-IR) revealed no major chemical shifts, although sharper -
OH and -C=0 peaks suggested a subtle physicochemical change. X-ray diffraction
indicated slightly enhanced crystallinity without crystallite size alteration. Fibre tensile
strength remained unaffected across treatments. Fluorescence microscopy suggested
a degree of lignin removal, evidenced by reduced surface fluorescence after 4 h of
argon plasma treatment. Thus, long duration argon and oxygen plasma treatments
distinctly modify hemp fibre surfaces, without substantially altering internal chemistry
or crystallinity. These findings highlight plasma treatment as an alternative to wet
chemical methods for surficial hemp fibre modification, offering potential for precise
surface engineering in textile applications.

Lignocellulosic bast fibres such as hemp are used to produce natural fibre-reinforced
composites (FRCs), technical textiles including architectural and building products, as
well as fabrics for garments [2, 31]. The attractive tensile strength (~700 — 900 MPa)
[16], modulus (~75 GPa) [16] and economics of hemp fibre production have led to its
resurgence in eco-conscious fashion and textile products, where the environmental
impacts of fibre production, including resource extraction and emissions, are

80



increasingly scrutinised. Certainly, the precise environmental footprint and physical
properties of hemp depend on the agricultural system and conditions used to grow the
plant, as well as the fibre processing methods that follow.

To extract industrially valuable hemp fibres from plant stems for textile manufacturing,
substantial pre-processing is required, including retting after harvesting. Dew retting,
also referred to as field retting, is a cost-effective method where harvested hemp is
left in the field for three to five weeks, allowing microbial activity to break down the
pectin, hemicellulose, and lignin that binds the integral fibres. Decortication
(separating the fibres from the woody core, or shiv), scutching (beating the fibres to
remove any remaining woody material), and hackling (mechanical cleaning and fibre
separation) are required to produce clean, high-quality fibres [35], [196].

Hemp fibre degumming is typically performed following retting, scutching, and
hackling. Fibres obtained through dew retting may require intensive degumming due
to residual pectin content [197]. Consequently, the choice of degumming method is
tailored to the intended end-use, with chemical and enzymatic approaches commonly
employed to produce high-quality textile-grade fibres [197]. Non-cellulosic impurities,
mainly lignin, pectin and hemicellulose, can be removed through degumming [57]
typically using chemical (normally alkali) [198], enzymatic or eutectic solvent methods
[59] [61]. After degumming, hemp fibre comprises mainly cellulose by mass (65%-
75%), but residual impurities such as lignin are still present (~9%) axially distributed
within the fibre, along with hemicellulose (~20%), pectin and fats, which comprise 3%
of the total. During subsequent processing, these impurities adversely affect surface
properties such as liquid wetting. However, while lignin removal improves wettability,
it often compromises fibre strength, and significant variability in fibre length, diameter,
and surface characteristics persists [16], [199], [104]. Strategies for lignin removal
include alkaline treatment, oxidative treatments and enzymatic treatments, which can
be harnessed to reduce fibre diameter. Cottonisation further reduces fibre diameter,
enabling the spinning of fine yarns for textile fabrics suitable for clothing. For the
cottonisation of hemp fibres, various methods can be employed, including the use of
deep eutectic solvents, urea-etidronic acid treatment, and soda-lye scouring [25]. The
combination of deep eutectic solvents and microwave energy enhances impurity
removal and enables the efficient extraction of pure cellulose from hemp fibres. In
contrast, soda-lye scouring not only refines the fibres but also imparts inherent flame-
retardant properties [200, 201]. Deep eutectic solvent (DES) treatments can reduce
fibre tensile strength due to the removal of non-cellulosic components such as lignin
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and hemicellulose, potentially rendering the fibres more brittle [202]. While DES
processing can enhance specific properties desirable for textile applications, it may
also compromise structural integrity and alter chemical composition. Therefore, careful
optimisation of treatment parameters is essential to balance performance gains with
mechanical durability, depending on the intended end use. These wet processes aim
for 70-100% delignification, but the processes are associated with significant resource
consumption and chemical effluents [199].

Wet oxidation, hydrothermal treatment and steam explosion can also increase the
cellulose content in the fibre by up to 15% [203]. Additionally, esterification,
alkalisation, silane treatments and UV treatments have been identified as
advantageous for improving the mechanical properties of hemp fibre [16]. While
aqueous pretreatment methods for hemp are highly effective in removing impurities
and increasing the cellulose content, they utilise significant quantities of water,
chemical reagents, and energy, having significant effluent management requirements.
An alternative approach that obviates the need for wet chemistry and associated
drying is therefore attractive if valuable modifications to the fibre surface can still be
obtained.

Previously, oxygen [204], atmospheric air [98], nitrogen [205], or argon [150] gas
plasma treatment of hemp has been reported as ‘dry’ means for modifying fibre
properties such as wetting, chemical functionalisation, and surface cleaning [106].
Sameer et al., treated ramie fibres with atmospheric air plasma for short durations
ranging from 60 to 240 s, resulting in significant nanotexturing of the surface. This
reduced the water contact angle from 50° to 30°, improving wettability, while the
chemical functional groups of cellulose in the fibres remain unaffected [206]. Another
study by Biljana et al. examined the sorption properties of hemp fibres treated with
atmospheric air plasma for 120 s at different power levels (40W and 80W). A
substantial increase in wettability was observed without any significant changes to the
chemical or morphological properties of the fibre [27]. A further study on the surface
modification of 100% hemp woven fabrics using low-pressure argon plasma revealed
nano-etching of fibre surfaces and enhanced wetting and dyeability, together with an
increase in the number of polar groups after 10 min of treatment [19].

Plasma treatment is widely recognised for its ability to achieve dry etching [207],
resulting in nanoscale surface roughness that can substantially improve both the
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surface energy and the functional performance of natural fibres [208]. The formation
of roughened surfaces increases the available surface area, which in turn enhances
interfacial adhesion in fibre-reinforced composites and strengthens interactions with
finishing agents, dyes, and chemical coatings [19]. One of the primary drawbacks of
conventional wet chemical and enzymatic treatments is their tendency to compromise
structural integrity, often resulting in a measurable loss of fibre strength and flexibility
due to uncontrolled molecular degradation [46]. Plasma processing offers a compelling
alternative, enabling the achievement of surface modification without altering the bulk
fibre properties. The outcome of surface modification via plasma treatment is also
strongly influenced by the type of reactive gas used; for example, the use of
hexafluoroethane gas as a plasma source leads to the generation of hydrophobic
surfaces. In contrast, gases such as argon and oxygen offer pathways for increasing
surface polarity and hydrophilicity. Traditional lignin-removal strategies, including
scouring and bleaching, frequently reduce fibre strength as a result of cellulose chain
cleavage. The current study demonstrates that extended plasma treatments,
particularly with argon, can reduce surficial lignin while fully retaining the tensile
strength of the fibres, positioning this method as a robust alternative to aggressive
chemical pretreatments. Moreover, although argon and oxygen plasmas have been
individually explored in previous work, no comprehensive comparison exists
evaluating their effects under prolonged low-pressure conditions. This work fills that
gap by providing a systematic side-by-side analysis of the modifications in surface
morphology, surface chemistry, and wetting behaviour of hemp fibres subjected to
extended-duration treatments in both argon and oxygen plasma environments. A
process can only be fully understood when studied across its full operational window,
from short to long durations. This broad-spectrum approach not only clarifies the range
of phenomenological outcomes but also lays the foundation for tailoring treatments for
diverse end-use applications.

This work primarily aims to broaden the current scope of literature, which often limits
hemp's application to basic garment substrates. Rather than focusing on a single end-
use such as dyeing or finishing, the central objective of this study is to explore and
understand the underlying mechanism of plasma-fibre interactions. By investigating
the morphological, chemical, and physical changes induced through plasma
treatment, we present a foundational understanding that can support a wide range of
textile applications in both apparel and technical textile domains.
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5.2 Experimental

5.2.1 Materials

Raw field-retted hemp fibres were procured from East Yorkshire Hemp Ltd [108] in the
UK. Following dew retting process lasting six weeks, a series of mechanical
processing was conducted by the supplier to yield fibre, prior to baling. The mechanical
processing involved shredders to break down hemp stalk into smaller pieces,
decorticator to separate the hemp fibre from the hemp shiv, and lastly, cleaning
machinery to remove dust and other debris. Argon and oxygen gas cylinders (supplied
by BOC Ltd.) were utilised for plasma treatment, and the gases were used without
further purification.

5.2.2 Method for processing hemp fibres before plasma treatment

Retted hemp fibres from the received bale (1 kg) were mechanically opened using a
laboratory scale Tatham mini PO30 fibre opener, consisting of a nipped feed roller and
single cylinder opener roller, to separate the constituent fibres and remove residual
shiv. The hemp fibre was fed through the fibre opening process twice to maximise the
fibre separation. The opened fibre was then carded using a lab-scale, single-cylinder,
worker-stripper sample card (Haigh), enabling intensive fibre disentanglement prior to
web formation and production of a self-supporting sliver for plasma treatment. No
additional scouring or chemical pre-processing of the baled fibre or sliver was
performed to ensure satisfactory detection of the effects of plasma treatment.

5.2.3 Plasma treatment of hemp sliver

Research-grade pure argon and oxygen gasses were used as a plasma source for the
treatment of hemp fibre samples. A Diener Zepto low-pressure plasma machine
(Diener Electronic GmbH & Co KG, Germany) was employed for the plasma treatment.
The machine is equipped with two needle valves for precise gas supply with gas flow
controllers. Operating in manual mode, the system is attached with a Pfeiffer Duo 3
rotary-vane vacuum pump to create a low-pressure environment in the plasma
chamber. Plasma treatment was conducted at two power levels (intensity of plasma
frequency) of 80 Hz and 40 Hz for treatment durations of t = 30, 60, 120, 180, and 240
min. The gas supply for both gasses was maintained at a constant flow rate, and a
fixed pressure of 1 bar, to maintain a stable pressure of 1.5 mbar within the plasma
chamber. After plasma treatment, individual fibres (~500 fibres) were taken from the
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plasma treated sliver and were conditioned in a standard textile testing environment
(ISO 139), with a relative humidity of 65% and temperature of 20°C for a duration of
48 hours, before physical property measurements and chemical analysis.

5.2.4 Fibre Morphology Analysis

5.2.4.1 Scanning Electron Microscopy

The surface morphologies of both untreated and plasma treated hemp fibres were
examined using scanning electron microscopy (SEM). Micrographs were captured
using a Jeol JSM 6610 SEM operating in secondary electron mode with an
accelerating voltage (electron source energy) of 5.00KV, covering a range of
magnifications from 25x to 4000x, with a scan size varying from 1 mm to 10 ym x 10
pum following the method referred to by Juhasz et. al. [163]. Before imaging, the fibres
were sputter-coated with gold using a LUXOR gold sputter-coating device to yield a
coating thickness of 50 nm.

5.2.4.2 Atomic Force Microscopy

The surface topography of hemp fibres was examined using atomic force microscopy
(AFM) (Bruker Dimension FastScan) operating in Tapping mode in air. Individual fibres
(n = 3 samples) with an approximate length of 8 mm, were affixed to round stainless
steel specimen discs of 15 mm diameter using double-sided adhesive tape to ensure
stability and flatness before scanning. FastScan A probes (Bruker) with a nominal
spring constant of 18 N/m and resonant frequency of 1.4 MHz were used for imaging
each specimen. To ensure the reproducibility of the acquired AFM scans, untreated
hemp fibres were initially imaged under the AFM. Three different areas on three
different fibres were imaged and scan sizes at 5 um, 10 um, 20 um and 30 um were
collected from each area using the NanoScope 9.4 software. Images were acquired
at 768 x 768 pixel resolution at a scan rate of 1 Hz. These same untreated, mounted
fibore samples were then plasma treated using the method outlined in section 2.3.
Following plasma treatment, the samples were re-examined under the same AFM
settings, within the same areas initially imaged. The obtained topographic images
were processed with 15t-order flattening and analysed using NanoScope Analysis 1.9
software.

5.2.4.3 Chemical structure of fibres
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The crystallinity of untreated and plasma treated hemp fibres was analysed using a
Bruker D2 Phaser equipped with a Cu (1.541 A) source and LYNXEYE detector. The
analysis was conducted at a scan speed of 5° per min, with the hemp fibres placed in
a 35 x 50 x 5 mm glass sample holder and performed under plateau conditions [209].
The crystallinity index was measured based on the diffractometric method outlined by
Chukhchin et. al [210, 211]. Data analysis and peak deconvolutions of the X-ray
diffraction pattern(s) were done using the OriginPro software. Additionally, the
chemical structure was explored using a Perkin-Elmer ATR-FTIR Spectrum-3
equipped with a single-bounce diamond attenuated total reflection (ATR) accessory.
Spectroscopic data were collected at 4 cm- resolution over 100 scans for untreated
and plasma pre-treated samples. OriginPro software was used for data representation
of the obtained ATR-FTIR scans.

5.2.4.4 Fibre surface wetting analysis

Surface wetting analysis was conducted on fibres using a Kruss BP100 tensiometer.
Prior to analysis, microscopic images with a magnification ranging from 1 mm to 200
um were taken using a Leica digital microscope, and ImageJ software was employed
to measure fibre diameters. To reduce experimental error due to the inherent variation
in the diameter of hemp fibres, specimens of fibre were selected with a diameter of 50
um and cut into 10 cm lengths. The measurements involved assessing the force of
attraction of solvents by varying the position of fibre immersion. Hexane, an aprotic
solvent, and water, a protic solvent, were utilised for this purpose [212]. The detection
speed for the tensiometer was set at 6 mm/min with a detection sensitivity of 5 x 104
mN/m. The measuring speed was kept at 3 mm/min with a maximum immersion depth
of 5 mm and a minimum depth of immersion of 1 mm. The water contact angle was
determined using the data acquired from the tensiometer [213]. In the tensiometer
setup, the fibres are suspended from the tip, allowing for the measurement of both the
force with which the fibres interact with water and the depth to which they are
immersed. The Wilhelmy plate method was applied to determine the water contact
angle [214]. In the case of natural fibres such as hemp, which exhibit significant
variation in diameter, ensuring reproducibility of results is crucial. Therefore, the water
contact angle was also measured using sessile drop measurements with a Kruss
DSA30E goniometer [19]. The water contact angle was measured by suspending a 7
uL sessile water droplet of deionised water with a surface tension of 72 N/m on the
surface of plasma treated and untreated lignocellulosic hemp fibre. The droplets were
allowed to stabilise for 20 seconds, and the contact angle was measured using a built-
in camera. From the recorded video, a series of images enabled the water contact
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angle to be measured at the point of the droplet’s contact with the surface. Three
repetitions were taken for each fibre sample.

5.2.4.5 Fibre tensile properties

The tensile strength of both untreated and plasma treated hemp fibres was evaluated
using an Instron 5544 universal tensile strength tester following the BS EN ISO 5079-
2020 test standard method for fibre testing [130]. The crosshead speed was
maintained at 20 mm/min using a gauge length of 20 mm [215]. Before testing, the
fibres were mounted on a 30 mm x 30 mm (length x breadth) standard template, which
was cut before initiating the test. To ensure consistency, fifteen replicates were tested,
and the data averaged. The tensile strength data was analysed statistically using
response surface methodology with the help of Minitab software. To minimise the
degree of variation, lignocellulosic hemp fibres possessing a 50 um diameter were
selected for testing. Images of the fibres were captured using a Leica optical
microscope and analysed with ImagedJ software to measure the fibre diameter. Fibre
testing was conducted in a controlled textile testing environment maintained at 65%
relative humidity and 20°C temperature. To ensure equilibrium with the testing
conditions, the fibres were conditioned in this environment for 48 hours before testing.

5.2.5 Fluorescence microscopy

Fluorescence microscopy was employed to visualise lignin within hemp fibres by
exploiting its inherent autofluorescence [216]. Comparative analysis was conducted
between untreated fibres and those subjected to argon plasma treatment for 4 hours
at 80 Hz, focusing on potential changes in lignin distribution and relative abundance.
Fibres with diameters of 60 - 80 ym were selected to ensure morphological
consistency. High-resolution imaging was performed using a Stellaris 8 confocal
microscope, capturing Z-stack images to obtain three-dimensional optical sections of
the fibre. Scanning was conducted at 10 ym/min to ensure precise depth profiling.
Lignin fluorescence was excited using dual-wavelength illumination at 488 nm and 550
nm [217], delivered at 10% transmission with 30% laser power, parameters optimised
to enhance signal intensity while minimising photobleaching. Emission was detected
using a bandpass filter (BP530) and a long-pass filter (LP590), allowing selective
capture of lignin-specific signals in the green-to-red spectrum. This methodology
enabled clear and specific visualisation of lignin distribution, in alignment with
established excitation-emission parameters for lignified plant tissues.
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5.3 Results and discussion

As-received untreated (dew retted hemp fibre) and plasma treated hemp fibres were
examined to explore any differences in physical, morphological and chemical
properties.

5.3.1 Morphological analysis of plasma treated and untreated hemp

fibres

The SEM and AFM scans (Figure 5.1) on untreated and argon plasma treated hemp
fibres (40 Hz power for 30 min and 80 Hz power for 30 min) reveal clear differences in
surface morphology. Comparing the SEM images (Figure 5.1 A, D, & G), it is evident
that as plasma treatment time and the intensity of argon plasma increases, the degree
of surface etching increases, with the maximum surface roughness determined by
AFM increasing from approximately 530 nm to around 1.3 ym (Figure 5.1 C, F & I).
The surface morphology of the untreated fibre (Figure 5.1A) appears comparatively
smooth, while argon plasma-treatment for 30 min at 40 Hz and 80 Hz power (Figure
5.1 D & G) roughens the surface. Morphological distinctions are also visible in fibres
treated with argon gas plasma after 30 min when altering the plasma power from 40
Hz to 80 Hz (Fig. 5.1 D & G). Specifically, in the case of D, there appears to be a
pronounced surface roughening, most probably caused by the removal of surficial
layers associated with the multiple impacts of highly reactive ions, electrons and
radicals within the plasma [218]. Sample G, which was treated at 80 Hz for 30 min,
also shows evidence of the initiation of fibrillation. Fibrillation appears to be linked to
the surface roughness, which leads to the breakdown of the internal structure within
the surface layers. This breakdown, however, is not anticipated to be thermally
induced, as low-pressure plasma devices operate at low temperatures [219].

With reference to Figures 5.2 A and D, the argon plasma components (consisting of
highly energetic atoms and positively charged ions) collide with the lignin-rich fibre
surface over a period of 4h, resulting in a highly etched and textured surface with lignin
and hemicellulose remnants clinging to the fibre surface. Hemp fibres are relatively
coarse in terms of diameter, with lignin strongly bonded throughout their length [220],
so it may be hypothesised that plasma treatment facilitates disruption of lignin-
cellulose binding interactions resulting in a morphologically heterogeneous, etched
surface being observed. In research by lvanovska et al, similar results were observed
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when jute fibres were plasma treated in the presence of atmospheric pressure air
plasma [151].

The AFM topographical images over a scan length of 10 ym x 10 um are given in
Figures 5.1 B, E, and H, with their 3D surface projections in Figures 5.1 C, F, & |
(untreated and argon plasma treated hemp fibres for 30 min at 40Hz and 80Hz).
Additionally, AFM images in Figure 5.2 B & E show hemp fibre samples plasma treated
for a substantially longer period of 4 h at 40 and 80 Hz power respectively. The AFM
scans of untreated fibres (Figure 5.1 B & C) reveal a relatively smooth surface, with
negligible peaks and troughs on the surface, whereas argon plasma treated fibres
exhibit a roughened surface texture across the full 10 ym x 10 ym scan and is
particularly noticeable in fibres plasma treated for a shorter treatment time of 30 min
(Figure 5.1 E & H). Their 3D surface projection illustrated in Figure 5.1 F & I, clearly
show a highly textured surface. These topologically altered features on the fibre
surface may be attributed to lignin [218]. Previous AFM studies conducted on pre-
treated eucalyptus wood, reported similar results to those reported here, albeit with a
different material [221]. The textured surface could also be associated with physical
disruption of the surface, including fibrillation [222]. Increasing the treatment time to 4
h, led to the formation of deeper valleys, and cracks becoming more pronounced
(Figure 5.2B, C,E & F).
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Figure 5.1 Scanning electron micrographs (x2000) and AFM (10 pm x 10 ym)
scans of argon plasma treated hemp fibres for a duration of 30 minuites at 80
Hz and 40 Hz power

90



SEl 6kV L)
Colour Science Anagi

O ArPA4OHzt4hr O

812.8nm ’ <o
AV N A
y i Ty .':,‘.Q{‘“
1 ' =
¢k ) I b 8
§ T RN
0 "' ¥ TR
M \ v
”\' )

a
L VS

) 28498 1 F18Jul 2023’1}

Height 20pm

ArP 80Hzt4 hr

Figure 5.2 Scanning electron micrographs (¥x2000) and AFM (10 pm x 10 pm)
scans of argon plasma treated hemp fibres for a duration of four hours at 80
Hz and 40 Hz power

In Figure 5.3, SEM images, taken at 1200x magnification, alongside 10 ym x 10 ym
AFM scans, illustrate the surface morphology and topography of hemp fibres treated
with oxygen gas plasma under different conditions. Fibres treated at 40 Hz for 30 min
(Figure 5.3A) show a slightly rougher surface than untreated fibre samples, while those
treated at 80 Hz for the same duration (Figure 5.3D) display more pronounced surface
etching of the fibre surface. Fibres treated for 4 h at 40 Hz (Figure 5.3G) exhibit a
highly roughened, network-like surface structure. Farias et al.’s work on oxygen
plasma treated coir fibres showed a similar network-like structural morphology [223].
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Subsequent AFM scans (10 um x 10 ym) of fibres plasma treated with oxygen gas are
illustrated in Figures 5.3 B, E, & H with their 3D surface topography in Figures 5.3 C,
F, & I. Note that the roughened surface globular features that were observed in argon
plasma treated fibres are less visible in these AFM scans. Lignin consists of complex
macromolecular aggregates [224], because of which it can be observed in globular
structures similar to those prominently seen in Figure 5.1 E & H. Micic’s AFM work on
lignin shows similar globular structures [225]. Comparing AFM scans in Figure 5.1(E
& H), Figure 5.2 ( B & E) and Figure 5.3 (B, E, & H), it may be speculated that oxygen
plasma is more capable of lignin removal than argon plasma. Muazzam et al.
examined lignin following oxygen plasma treatment and found that lignin underwent
oxidation due to the presence of ozone in oxygen plasma [226].

In a study by Edwards et al., the regenerated cellulose fibre lyocell was plasma treated
for 20 min at 40Hz power. AFM studies revealed a change in surface roughness from
0.18 nm roughness, in the case of untreated lyocell, to 3.18 nm roughness after
oxygen plasma treatment [227]. Chemically, lyocell contains negligible impurities in
the form of lignin, hemicellulose and pectin, comprising up to 92% a-cellulose [228].
The marked changes in the surface morphology of hemp fibres observed herein are
therefore suggested to be consistent with the removal of impurities such as lignin,
hemicellulose and pectin, as well as the sputtering effects during plasma treatment.

Oxygen plasma primarily triggers chemical reactions with O, gas, generating a plasma
which is rich in reactive oxygen atoms and ozone (amongst others), which contribute
to surface modification and surface functionalisation through chemical transformation
[229]. In contrast, argon plasma consists of high-velocity Ar* ions that modify the
surface through primarily physical mechanisms. The resulting differences in surface
morphology arise from these distinct processes of oxygen plasma, causing chemical
changes and argon plasma, inducing physical alterations. Yamamoto et al. studied the
difference in argon and oxygen plasma treatments on gold films and concluded that
argon plasma had a physical effect and oxygen plasma had a chemical effect, the
latter inducing the formation of Au203 [230].

Hemp fibres plasma treated using oxygen gas possess a high number of cracks and
valleys on the surface, and a prominent difference can be seen in samples treated for
30 mins at 40 Hz (Figure 5.3B) and at 80 Hz (Figure 5.3E). Some features are
indicative of globular lignin (Figure 5.3B), whereas increasing plasma power roughens
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the surface with deep valleys, hundreds of nanometres in depth (Figure 5.3E). A more
substantial change is visible in fibres plasma treated for 4 h at 40 Hz (Figure 5.3H)
with an etched surface across the area, resulting in deeper cracks on the surface
extending to more than 1 um in depth, as indicated in the 3D surface projection (Figure
5.31).

When comparing the effects of argon and oxygen plasma treatment on hemp fibres, it
is evident that oxygen plasma produces eroded surface features [231] on the fibres. It
can be hypothesised that this is likely due to the presence of oxidising components
present in oxygen plasma [232], resulting in more aggressive chemical interactions
than in argon plasma. In contrast, argon plasma primarily roughens the surface
through an atomic-layer etching process [233], and herein, it can be said that present
surface components such as lignin, hemicellulose and pectin are removed one atomic
or molecular level at a time [19, 233], exposing textured features [173]. Similar
observations can be made referring to the section profile graphs (pages 163 to 166)
determined for a 10 nm section in the AFM scan. These graphs with their marked
sections on the AFM scans are illustrated in the supplementary information Figures
5.11,5.12, 5.13.

In the AFM images, lighter colours indicate raised surface features, while darker
colours represent recessed or engraved areas. By comparing AFM height images and
3D surface projections across Figures 5.1, 5.2 and 5.3, it can be hypothesised that
argon plasma treatment initially removes surface layers up to a certain threshold, after
which a smoother surface with reduced roughness is achieved. It can be said that the
action of physical sputtering due to the presence of Ar* in argon plasma continues only
until the reactive material (lignin, hemicellulose or pectin) is fully removed. This type
of threshold effect can be hypothesised and will be studied in future. This is evident in
Figure 5.2B, where the surface roughness measures ~170 nm, although the surface
roughness of argon plasma treated hemp fibre (Figure 5.1D) is approximately double
that value, suggesting that the treatment effectively levels out the surface after the
removal of the top layers. In contrast, oxygen plasma treated hemp fibres possess a
non-uniform, roughened surface topography with deep troughs (with a maximum depth
of ~1.2 ym) and peaks.

Plasma is known to be capable of both dry etching and nano-texturing polymer
surfaces [171], which is also observed in argon and oxygen plasma treated hemp
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fibres. In a recent study, lignin mapping was conducted on lignocellulosic nanofibres
using AFM, revealing that lignin covers thin cellulose fibres and presents a grain-like
structure [234]. Additionally, AFM analysis on kapok fibre demonstrated similar
bundle-like formations with surface roughness being modified by approximately 80%
after plasma treatment [235]. In the present study, AFM surface roughness data for
both untreated and plasma treated hemp fibres were analysed (Table 5.1). Each
roughness measurement is calculated as the average from three AFM scans of 10 um
x 10 uym scan. Referring to Table 5.1, untreated fibres were found to have a surface
roughness of around 70 nm, i.e. the surface height range between the highest and
lowest topographical points in the imaged area. This increased to ~300 nm following
argon plasma treatment at 40 Hz and 30 min duration.

Source Surface

Plasma treatment Gas Scan size roughness
Power(Hz) | Duration(min) Km nm
0 0 n/a 10 70.4
40 30 argon 10 299
80 30 argon 10 199
40 30 oxygen 10 101
80 30 oxygen 10 182
40 240 argon 10 105
80 240 argon 10 172
40 240 oxygen 10 111

Table 5.1 Surface roughness of untreated and plasma pre-treated hemp fibres
measured using root mean square (RMS) method

Figures 5.1, 5.2 & 5.3 suggest that plasma treatment introduces a nano-textured effect
on the fibre surface. The surface roughness values in Table 5.1 are root mean square
values (RMS). The fibre treated with oxygen gas at 80 Hz power for a treatment time
of 30 min produced a surface roughness of 182 nm for a 10 um x 10 um scan.
Interestingly, the fibre sample treated at 4 h at 40 Hz power using oxygen gas
measured a surface roughness of 111 nmina 10 um x 10 um scan. To gain detailed
insights into the surface topography, we also used “section analysis” to study the
surface. Figures 5.11, 5.12 and 5.13 in the supplementary information section
represent a section profile (denoted as a white line on the scan) and its surface profile
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graph. The most heightened point and the most depressed point are also marked.
Surface response analysis and principal component analysis (multivariate analysis) of
these three variables (power, treatment duration and gas) as contributors to surface
roughness were analysed and are illustrated in Figure 5.14 in the supplementary
information section. Therefore, the statistical analysis suggests that plasma treatment
operates as a synergistic process, where gas type, power, and treatment duration
collectively influence surface modification. While each factor holds individual
significance, it is the optimal combination of all three parameters that yields the most
effective surface roughness outcomes.

The ablation observed in the fibres due to the oxygen gas plasma may be attributed
to radical formation [236]. When oxygen gas (O2) plasma is generated, electrons
having a threshold energy of approximately 16.4 eV are produced along with additional
metastable states and the total energy of O2 plasma tends to increase [207]. This
causes an increase in the density of electronegative species, due to which the etching
on the surface can be observed [237]. Bes et. al. studied the mechanism of oxygen
plasma etching on hydrocarbons, concluding that the ablation of surfaces in the
presence of oxygen gas plasma is due to the adsorption and desorption of energy-rich
species present in the plasma [238] [239]. When oxygen (O2) gas contacts high-
voltage electrodes, the electrical discharges break the molecule into oxygen atoms or
ionise the molecule to form 20" ions. Additionally, oxygen atoms react with oxygen
molecules to form Os, ozone, which is highly reactive and can contribute to dry etching
[21, 240]. This complex interaction of plasma species (mixture of reactive components)
leads to the observed nano-textured surface modifications in oxygen plasma-treated
fibres, resulting in a surface having a roughness of 182 nm. Cao et al. studied plasma-
lignocellulose interaction wherein ball-milled wood was plasma treated under
atmospheric air. The study concludes that the degradation of plasma treated lignin is
mainly due to the cleavage of ether bonds present in lignin [241].

Structurally, hemp fibres have an outer coating of lignin, with the studied fibres
containing approximately 9% lignin, which is non-crystalline and amorphous, being
hydrophobic [242]. The etchant gas, either oxygen or argon, when in contact with high-
voltage electrodes, generates electrons due to ionisation. These electrons are
generated rapidly due to frequent collisions, and the electron density in the plasma
reactor increases exponentially [243]. These electrons possess high temperatures and
have an energy of up to 25 eV. Hence, it can be hypothesised that when these high-
energy electrons and other ionised species encounter a relatively weak-bonded
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amorphous structure such as lignin bundles, the surface layer of lignin can be readily
removed by such energetic impacting, leading to a distinctly etched surface [174]. For
fibres pre-treated using argon gas, the surface roughness increased significantly from
70 nm to 299 nm. Argon gas is an inert gas, but when used for plasma generation, it
results in the production of Ar* along with electrons. Ar* ion has a velocity of 800 m/s,
and when collides with the lignocellulosic fibre surface results in an etched surface
appearing as nano-textured [173]. Etching is a layer-by-layer process, and the
progressive etching can be observed as the treatment time increases from 30 min up
to 4 h. The etching behaviour of Ar and Oz plasmas on hemp fibres varies due to their
distinct energy distribution profiles. Argon (having a relative mass of ~40 u) delivers
high-momentum physical sputtering, increasing surface roughness, while O2 plasma
generates lighter atomic oxygen (with a relative mass of ~16 u), enabling frequent
collisions and chemical oxidation of lignin and hemicellulose. Thus, argon plasma can
favour mechanical ablation, whereas oxygen plasma may react with a combined
physical and chemical etching, and the detailed type of etching can be detected using
chemical analysis like ATR-FTIR.

An increase in surface roughness can result in enhanced wetting and an increase in
surface energy [244]. Surface morphology plays a significant role in determining
wetting characteristics, largely due to its influence on surface free energy, which is a
key factor in wetting behaviour. This relationship is traditionally explained by Young's
equation [245] [246], which assumes ideal smooth surfaces. However, after plasma
treatment, when a smooth surface (~ 70 nm surface roughness) becomes highly
roughened (~ 150 to 200 nm), the modified Cassie-Baxter theory [247] characterises
the wetting behaviour more accurately. By considering all three theoretical models,
Young’s model, Wenzel’s equation, and the Cassie-Baxter theory, it becomes evident
that surface roughness is a crucial factor in controlling wetting behaviour [248]. This is
because roughness affects the balance of free energies between the solid-vapour and
solid-liquid phases, thus altering the overall wetting properties of the material.
Consequently, the modification in the wettability of plasma treated hemp fibres was
studied.

5.3.2 Influence of plasma treatment on the surface wetting property of

hemp fibres

The wettability of hemp fibres having undergone oxygen and argon plasma treatment
for 30 min to 4 h at 40 Hz and 80 Hz power was determined by tensiometry [249].
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Advancing and receding contact angles were measured using distilled water and n-
hexane as probe liquids. When n-hexane was used as a solvent, all the plasma treated
samples, along with the untreated fibre sample, measured a water contact angle of 0°.
This is because n-hexane is a non-polar solvent with a surface tension of 18.4 mN/m.
In contrast, water, being a polar solvent, has a surface tension of 72 mN/m [250]. For
the untreated fibre samples, the measured water contact angle was 65.2°, indicating
that hemp fibre before plasma treatment is partly hydrophilic. After plasma treatment
(Ar, & O2) was carried out, the water contact angle reduced to 0°, [67-69]. This
modification from a partly hydrophobic surface to a fully wettable surface is arguably
due to occurring changes in the combined morphological-chemical alterations leading
to an increase in surface energy.

These results were confirmed through water contact angle measurements using a
Kruss goniometer. The water contact angle for the untreated fibre sample was
recorded at ~69°, and all the plasma treated fibre samples showed a reading of 0°.
The surface wetting of a fibre is influenced by factors such as surface roughness and
chemical composition [251]. For pure cellulose, the water contact angle typically
ranges from 20° to 30° [252]. Interestingly, the experimental data show that 100%
wetting was achieved after plasma treatment by both gases, which may suggest that
plasma treatment enhances the surface energy of the fibre [151]. Herein, the surface
roughness changed from 70 nm to 275 nm (Table 8). These experimental results align
with the Wenzel model [248], and a water contact angle of 0° suggests that the surface
energy of the fibre is enhanced due to both physical as well as chemical interaction of
argon and oxygen plasma with the hemp fibre [227].

This synergistic improvement in surface texture and wettability offers several
functional advantages. The roughened nanoscale topography enhances the total
surface area, promoting capillary-driven adsorption and absorption of dyes, textile
finishes, and functional coatings. Simultaneously, the elevated surface energy
resulting from plasma-induced chemical alterations facilitates stronger molecular
interactions and bonding with these agents. Such conditions are highly favourable for
applications requiring efficient wet finishing, dyeing, or bio-functionalization. To further
explore the chemical changes associated with plasma treatment, Fourier-transform
infrared spectroscopy (FTIR) and X-ray diffraction (XRD) analyses were conducted.
These techniques provide insight into alterations in chemical bonding and crystalline
structure, complementing the surface wetting observations and helping to elucidate
the underlying plasma-induced modifications.
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5.3.3 Influence of plasma treatment on the chemical structure of hemp

ATR-FTIR spectra of untreated and plasma treated hemp fibres are shown in Figure
5.4 (oxygen plasma) and Figure 5.5 (argon plasma), in which prominent peaks for -
OH, -CH and -C-O functional groups can be prominently observed in the frequency
range from 4000 cm™' to 800 cm-'. Referring to Figure 5.5, the untreated fibres show
characteristic peaks at ~3400 cm-1 (O-H stretching in cellulose and hemicellulose),
~2900 cm-1 (C-H stretching in cellulose), and ~1050 cm-1 (C-O stretching in cellulose).
After oxygen plasma treatment, the spectra in Figure 5.4 showed sharp -OH and C-O
stretching peaks at ~3400 cm™' and ~1050 cm™' wavenumbers. Similarly, ATR-FTIR
spectra of argon plasma treated fibres in Figure 5.5 indicates an increase in the
intensity of the -OH and C=0O functional groups. Although ATR-FTIR probes both
surface and near-surface regions, having a penetration depth of ~1- 5 um, the
observed spectral shifts in plasma treated fibres indicate an enhanced fibre polarity
[117].

In ATR-FTIR analysis, the peak height (intensity) of a vibrational band is proportional
to the concentration of the corresponding functional group as per Beer-Lambert’s law
[117]. Broad peaks suggest heterogeneity in the molecular environment, often due to
interactions like hydrogen bonding, van der Waals forces, or dipole-dipole interactions
between functional groups and sharp peaks indicate more uniform environments [117].
Following oxygen or argon plasma treatment, hemp fibres exhibit sharp peaks within
the frequency range of 3500 cm' to 3000 cm-’, indicating two possibilities. The first
possibility is surface activation, wherein the number of reactive functional groups (such
as -OH) on the cellulose monolayer may increase, leading to sharper peaks [230].
Another possibility is that plasma treatment may be linked to the surficial removal of
lignin, hemicellulose, or pectin, resulting in changes in ATR-FTIR spectra of plasma
treated fibres showing sharper -OH peaks compared with the untreated fibre [230]. In
a recent study undertaken by Kostryukov et. al. plant materials such as hemicellulose,
lignin and cellulose were analysed using ATR-FTIR spectroscopy. ATR-FTIR analysis
of extracted hemicellulose showed broader -OH peaks than the ATR-FTIR scan of
cellulose or lignin, which showed sharp peaks for the -OH group [253].

Regarding oxygen plasma treatment contributing to the functionalisation of the
substrate, these results do not show any alteration in the chemical fingerprint of
cellulose. The sharp peaks at 3500 cm™', 1300 cm™', and 1100 cm-"! are evident after
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an extended duration of plasma treatment (30 min), which may lead to the breaking of
weak surficial hydrogen bonds. A potential reason for the appearance of sharp peaks
is ring-opening of the glucopyranose units in the cellulose structure via a pyranosidic
ring (C-O-C bonds) splitting mechanism [176]. Although such a ring-opening reaction
may be possible in the case of pure cellulose, it is rare for lignocellulosic hemp fibres
[232].

Figure 5.5 displays the ATR-FTIR spectra for both untreated and argon plasma treated
hemp fibres, revealing noticeably sharper peaks in the -OH fingerprint region (3500 to
3000 cm™). This suggests that exposure to argon plasma may lead to surface ablation,
resulting in sharper peaks. A recent study by Kolarova et al. observed cellulose fibres
extracted from cotton subjected to argon plasma for durations between 10 and 300
seconds, finding no evidence of dehydration, as indicated by the consistent -OH peak
height [254]. Similarly, Sawangrat et al. investigated chemical changes in bamboo
fibres following argon and oxygen plasma treatments and found no notable alterations
in functional groups, as the ATR-FTIR spectra for untreated and treated bamboo fibres
showed minimal changes [150]. In a recent study, argon plasma treated hemp fabric
produced similar findings, with the introduction of polar groups on cellulosic surface
evidenced by the appearance of sharper -OH [19].

Non-pre-treated hemp fibres display a yellowish hue due to the presence of lignin, with
polyphenolic components such as syringyl and guaiacil being detectable using ATR-
FTIR spectroscopy [255]. These lignin components display sharp peaks within the
frequency range of 1200 cm' to 1400 cm™', belonging to functional groups such as C-
C, C-H and C-O [256]. Hence, the use of ATR-FTIR as a primary method for the
identification of pretreatment of lignocellulosic fibres is challenging, although sharp
peaks associated with these functional groups indicate a physicochemical change in
the substrate. In a study by Kabir et. al. [83], the effects of alkalisation on hemp fibres
were examined. Higher concentrations of NaOH in the chemical treatment led to
increased cellulose content in the hemp fibres, thereby eliminating lignin and
hemicellulose [83] and resulting in sharp -OH, -C-H and -C-O peaks [257]. Similar
sharp peaks can be observed in the plasma treated hemp fibres illustrated in Figures
5.4 & 5.5, suggesting that the functional groups of cellulose remain unchanged despite
the physicochemical modifications. These changes result in more pronounced peaks,
particularly in the case of the -OH group, indicating that plasma treatment enhances
the visibility of these functional groups without altering their chemical structure [19].
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Figure 5.4 FTIR spectrum of hemp fibres before and after oxygen plasma
treatment for 30 minutes with 80Hz and 40 Hz power
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Figure 5.5 FTIR spectrum of hemp fibres before and after argon plasma
treatment

5.3.3.1 Principal component analysis of FTIR spectra

Table 5.2 presents the scores of different samples on the first two principal
components (PC1 and PC2) obtained from a Principal Component Analysis (PCA).
PC1 has a variance of 98.2%, while PC2 has a 1.5% variance. The "Outlier" column
indicates whether a sample is considered an outlier based on its position in the PCA
space. The PC1 scores show a wide range of values, from -313.04941 to 641.22846.
This suggests that PC1 captures a significant amount of variability between the
samples. The PC2 scores have a smaller range compared to PC1, indicating that PC2
captures less variability. Two samples, which are outliers, were both plasma treated
with argon gas with the same power value of 80 Hz, although differing in the treatment
duration, one for 30 min and the other for 4 hr. This suggests that these samples have
spectral characteristics that are distinct from the other samples. The wide range of
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PC1 scores indicates that the samples exhibit substantial differences in their spectral

profiles.

Spectral Names | PC1 (98.2%) | PC2 (1.5%) Outlier

Ar P40 t30 -188.54242 | -23.13473 -

Ar P80 t30 -313.04941 -46.9618 Ar P80 t30
Oxygen P40 t30 | -84.72997 31.09819 -

Ar P40 t4h -274.64974 | 13.21125 -

Ar P80 t4h 219.74307 69.59966 Ar P80 t4h
Untreated 641.22846 -43.81257 Untreated

Table 5.2 Percentage contribution of each treatment in PC1 and PC2
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Figure 5.6 Loading plot [A] and score plot [B] which were obtained using PCA
analysis of the FTIR spectroscopy data

Figure 5.6A shows a loading plot, which is a techniqgue commonly used in Principal
Component Analysis (PCA). It displays the loadings of different variables (in this case,
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frequencies) onto the principal components (PCs). Loadings represent the correlation
or weight of each variable in contributing to the variance explained by a particular PC.
The bottom plot shows the loading of each frequency on the original data (Ar P40 t30).
The middle plot displays the loadings of frequencies on the first principal component
(PC1). PC1 explains 98.2% of the total variance in the data. Higher loadings indicate
that a particular frequency contributes more to the variance captured by PC1. The top
plot shows the loadings of frequencies on the second principal component (PC2). PC2
accounts for 1.5% of the total variance. PC1 captures the majority of the variance,
representing the overall spectral profile. PC2 captures a smaller portion of the
variance, likely representing more subtle spectral variations or features. The score plot
(Figure 5.6B) illustrates the relationship between the fibres in this case, untreated,
argon plasma treated for 30 mins & 4 h at 80Hz and the principal components. Each
point represents a fibre, and its position on the plot reflects its scores on the PCs. The
samples appear to cluster together, suggesting that they have similar spectral
characteristics. This is supported by the fact that they fall within an ellipse, indicating
that they are within the 95% confidence interval. While there's some overlap, there
seems to be a slight separation between the untreated fibre sample and the two other
fibre samples, which are both argon plasma treated for 4 hr and 30 min at 80 Hz power.

5.3.4 Influence of plasma treatment on the crystallinity of cellulose

crystallites in hemp fibres

Cellulose is a semi-crystalline material, comprising both an ordered crystalline
structure and an amorphous region. The crystallinity index of untreated hemp fibres
and argon plasma-treated fibres was analysed using X-ray diffraction (XRD). Figure
5.7 presents the diffraction patterns for both untreated and plasma-treated hemp
fibres. Peak fitting was performed to distinguish between the amorphous and
crystalline regions. The cellulose molecule typically exhibits four characteristic peaks
in the XRD pattern at approximately 26 = 15°, 16°, 22°, and 23° [124]. Figure 5.7A
displays the XRD pattern of untreated hemp fibres with fitted peaks at these positions.
Similarly, Figures 5.7B and 5.7C illustrate the XRD patterns and fitted peaks for hemp
fibres treated with argon plasma at 40 Hz and 80 Hz for 30 minutes. Additionally,
Figures 5.7D and 5.7E show the diffraction patterns for samples subjected to argon
plasma treatment for 4 hours at 40 Hz and 80 Hz, respectively. Figure 5.7F, therefore,
represents the XRD pattern comparing argon plasma treated and untreated hemp
fibres. The crystallinity index was thus determined using the peak-fitting method
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Figure 5.7 X-ray diffraction patterns of untreated and argon plasma-treated
hemp fibres with peak fitting for determination of crystallinity

Sample Crystallinity index St.an.dard Standard
(%) Deviation (%) Error (%)
Untreated 75 2.6 0.3
Ar P40t 30 63 3.0 0.5
Ar P80t 30 86 25 0.2
Ar P80 t 4h 55 2 0.2
Ar P40 t 4h 50 2.5 0.3

Table 5.3 Crystallinity index of untreated and plasma treated hemp fibres
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Interestingly, hemp fibres treated with argon plasma at 80 Hz for 30 minutes exhibited
the highest crystallinity of 86%, whereas prolonged exposure (4 hours) led to a
significant reduction in crystallinity (~50%) compared to untreated fibres (75%). Jasti
et al. analysed the crystallinity of hemp fibres using the peak fitting method, reporting
a crystallinity range of 49% to 85% [258]. A higher degree of surface etching was
observed after 4 hours of argon plasma treatment, suggesting that the removal of
weakly bonded amorphous components such as lignin, pectin, or hemicellulose may
facilitate the ordering of cellulose crystallites. This reorganisation could contribute to
sharper diffraction peaks while simultaneously decreasing the overall crystallinity of
the fibre [124]. Additionally, argon plasma treatment may induce the realignment of
cellulose microfibrils along specific orientations, further enhancing peak sharpness
[124]. Fibres which underwent argon plasma treatment for 30 minutes at 40 Hz power
show a surface roughness of 300 nm, which can thus be attributed to the decrease in
overall crystallinity.
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Figure 5.8 Crystallite size of untreated and argon plasma treated fibres
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Crystallite size was calculated using the Debye-Scherrer equation to understand these
structural changes better. Figure 5.8 presents the four identified crystallites along with
their respective sizes in nanometres. The (002) plane, which is found at 20 = 22°, is
strongly related to cellulose crystallinity, representing the stacking of cellulose chains
along the fibre axis [68]. Referring to Figure 5.8, it can be observed that the crystallite
size has no significant change, indicating that argon plasma treatment is confined only
to surficial interaction.

Cellulose crystals at the (101) and (107) planes indicate the lateral packing of cellulose
chains, with a notable variation observed in fibres treated with argon plasma for 4-
hours at 80 Hz, suggesting localised reordering. In contrast, the (040) plane, which
appears at approximately 206 = 23° [68] corresponds to intermolecular hydrogen
bonding within cellulose sheets. Notably, no significant changes were observed in this
crystalline region, and crystallite size remains unchanged across all the plasma
treatments. This suggests that argon plasma treatment is mainly confined to the fibre
surface. As the degree of crystallinity is related to the mechanical properties of the
fibre, the tensile strength of untreated and plasma treated hemp fibres was
determined.

5.3.5 Influence of plasma pretreatment on the tensile strength of hemp

fibres

Figure 5.9 shows representative stress-strain results for untreated and plasma treated
hemp fibres. As shown, both argon and oxygen plasma treatment for 30 minutes do
not affect the tensile strength of the fibres. Notably, fibres subjected to argon plasma
treatment at 80 Hz for 30 minutes closely follow the stress-strain curve of the untreated
fibres, suggesting no adverse effect on the tensile properties. Additionally, these fibres
have 85% crystallinity, suggesting that the fundamental cellulose crystalline structure
remained largely intact, preserving strength loss.

In cellulose, the (002) crystal plane plays a crucial role in governing longitudinal stress
transfer. The (101) and (040) crystal planes are associated with intermolecular
hydrogen bonding, along with the (101) plane exhibiting the largest crystallite size
among all tested samples which may play a critical role in reinforcing fibre structure,
along with (101) and (101) planes contributing to fibre rigidity and tensile strength. The
crystallite size for the (002) plane (Figure 5.8) does not show a substantial difference
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from that of the untreated fibres, indicating that argon plasma treatment remains
confined to the surface. Fibres treated with argon plasma at 40 Hz for 30 minutes
exhibit a slightly reduced tensile strength (~0.09 GPa) than untreated fibres (Figure
5.9) and have a crystallinity of 63%. Such a slight reduction in the tensile strength may
be correlated with the reduced crystallite size for the (002) plane (Figure 5.8). These
findings indicate that argon plasma treatment could enhance the strength of
intermolecular hydrogen bonds, ultimately preserving the mechanical performance of
hemp fibres, although advanced research is needed for concrete evidence.

Hemp fibres plasma treated with oxygen gas for a duration of 30 minutes at 80 Hz
power show a tensile strength (~0.12 GPa) similar to the untreated fibres. This
indicates that oxygen plasma treatment remained confined to the surface without
penetrating the bulk structure of the fibre. Moreover, FTIR analysis of oxygen plasma
treated fibres confirms this as the chemical fingerprint of cellulose remains unchanged.
Similarly, in the case of argon plasma treated fibres, although a higher surface
roughness was observed at a micrometre scale, it does not alter the tensile properties.
Hence, to confirm the hypothesis of lignin removal, fluorescence microscopy was done
on untreated and argon plasma treated hemp fibres.
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Figure 5.9 Stress-strain results for hemp fibres along with surface response
analysis where Ar P80Hz t 30 min represents argon plasma treatment for 30
min at 80 Hz power and Oxy P80Hz t 30 min represents oxygen plasma
treatment for 30 min at 80 Hz power
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5.3.6 Influence of plasma treatment on fluorescence of lignin

Lignin naturally exhibits autofluorescence when excited at a wavelength of 488 nm
[217]. Therefore, autofluorescence microscopy was utilised as a confirmatory test to
assess lignin removal following plasma treatment [259]. This technique offers high
sensitivity and specificity, enabling precise identification and localisation of lignin within
plant tissues.

A z-stack is a series of images captured at different focal planes along the Z-axis
(depth) in a sample. The microscope captures multiple images at incremental depths
(z-positions). The resulting stack of images can be used to analyse fluorescence
intensity at different depths. Figure 5.10 presents both fluorescence and transmission
images of untreated and plasma-treated fibres (treated for 4 hours at 80 Hz power),
along with the corresponding fluorescence intensity profile along the depth (z-axis). A
comparison between the fluorescence image of the untreated fibre (Figure 5.10B) and
the plasma-treated fibre (Figure 5.10D) reveals that the plasma-treated fibres exhibit
lower fluorescence intensity than the untreated ones. A noticeable difference is
observed in the fluorescence intensity peaks, with the plasma-treated sample
exhibiting lower fluorescence intensity and a shallower peak. The z-stack imaging
method used in fluorescence microscopy thus confirms the hypothesis that plasma
treatment removes or modifies surface lignin.
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Figure 5.10 A] transmission image of untreated fibre, B] Auto fluorescence
image of untreated fibre, C] transmission image of plasma treated fibre and D]
auto fluorescence image of plasma treated fibre along with relative
autofluorescence intensity vs depth (z-axis)

5.4 Conclusion

In conclusion, this study highlights some physicochemical impacts of argon and
oxygen plasma treatment on hemp fibres, offering a valuable approach to surface fibre
modification. Results demonstrate that both the treatment duration and the type of
plasma gas significantly affect the degree of surface etching, with surface roughness
increasing from around 70 nm to approximately 299 nm, according to AFM
measurements. The texturing observed on the fibre surface is attributed to surface
degradation and fibrillation of cellulose, with etching probably proceeding in a layer-
by-layer manner. These results highlight the potential of plasma treatment as an
environmentally friendly method to enhance the functional performance of natural
fibres such as hemp. The induced surface morphological changes observed via SEM
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and AFM can significantly improve surface reactivity, thereby broadening the fibre’s
applicability across both apparel and technical textile domains.

Auto-fluorescence mapping also points towards lignin loss as a result of the plasma
treatment. The water contact angle of untreated hemp fibres, of about 69°, is reduced
to 0° following plasma treatment with both argon and oxygen, signifying a marked
increase in surface energy resulting from surface roughening. FTIR analysis of argon
plasma treated hemp fibres shows no major functional group changes, although
changes to peak envelope suggest physicochemical modifications consistent with
changes to the bound-cellulose water levels. Similarly, oxygen plasma treatment
indicates possible surface functionalisation without alteration in the bulk cellulose
structure. X-Ray diffraction analysis suggests a decrease in crystallinity after a 4-hour
argon plasma treatment. Analysis of crystallite suggests that plasma treatment
remained confined to the fibre surface without altering the crystallite size of the fibres,
with the tensile strength of the fibres being unchanged after 30 min plasma treatment.

Overall, plasma treatment may prove to be a viable, low-chemical-contact technique
for the manipulation of hemp fibre surface morphology, achieving surface modification
with minimal water and chemical consumption while preserving the bulk properties of
the fibre. These findings position plasma treatment as a sustainable and potentially
impactful method for advancing the utility of natural fibres like hemp in diverse
applications.
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Chapter 6

Alteration in the microstructure of hemp fibres via the aid of low-

pressure argon plasma treatment

6.1 Introduction

Enhancing the intrinsic strength of lignocellulosic fibres, particularly bast-type fibres
like hemp, remains challenging due to the strong bonding of lignin, hemicellulose, and
pectin with cellulose. The microstructure of dew-retted hemp fibres is such that the
individual fibres are held together by lignin and pectin. Moreover, the majority of the
cell wall is composed of lignin and hemicellulose. This preliminary study explores an
innovative surface modification technique for dew-retted nonwoven hemp fabric
through argon plasma treatment, followed by an immediate water shock process. The
water shock treatment involves immersing fabric samples in an ice-water bath
(approximately 4 °C) immediately after undergoing plasma treatment, which is applied
for durations ranging from 30 minutes to 3 hours at power settings of 40 Hz and 80 Hz.
Comparative analysis of untreated, plasma treated, and cold water shock treated
fabric samples was conducted using scanning electron microscopy, tensile strength
testing, Raman spectroscopy, and ATR-FTIR spectroscopy. Findings reveal no
statistically notable changes in tensile strength for plasma treated hemp fabric, with a
remarkable fourfold increase in samples subjected to the water shock (~0.49 MPa)
compared to untreated fabrics (~0.09 MPa). The tensile strength of individual fibres
remains largely unchanged after plasma treatment; however, a significant increase is
observed following the water shock treatment, with values rising from approximately
20 MPa to 80 MPa. The porosity of the fabric decreases as stress increases after
water shock treatment, indicating densification in the structure. Scanning electron
micrographs of hemp fibre microstructure indicate distinct structural alterations,
showing fibrillation in plasma treated fibres and a densified-compressed architecture
in samples after a water shock treatment. Raman spectroscopy of plasma treated
fabrics reveals a lower Raman shift than untreated samples; however, sharper peaks
with increased Raman shift are observed for water shock treated samples, particularly
in the crystal lattice region, indicating the formation of stronger intermolecular and
interfibrillar hydrogen bonds. Similarly, prominent —OH peaks are evident in the FTIR
spectra of water shock-treated samples, further supporting enhanced hydrogen
bonding. This approach demonstrates promising potential for enhancing the strength
of pure hemp fibres through surface modification using low-pressure argon plasma
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treatment, without relying on synthetic resins commonly used in composite
manufacturing. It presents a sustainable alternative to conventional fibre-reinforced
composites, with potential applications in the development of lightweight and
environmentally friendly materials.

Most research aimed at developing high-strength materials from cellulosic substrates
primarily focuses on wood [260]. This is because wood is abundant, possesses
outstanding mechanical and physical properties, and has a wide range of applications
across various industries such as architecture and construction, packaging, sports
equipment and transportation [261]. In comparison to wood-based high-strength
materials, bast fibres such as hemp, flax, and jute offer several advantages, including
lower density, higher flexibility, and faster renewability. Additionally, bast fibres require
fewer processing steps and lower energy input for extraction and refinement, making
them more sustainable alternatives. Their superior tensile properties, biodegradability,
and compatibility with polymer matrices further enhance their potential for applications
in textiles, biocomposites, and lightweight structural materials. Despite these
advantages, bast fibres remain underutilised in high-performance material
applications due to challenges such as variability in fibre quality, the presence of non-
cellulosic components like lignin and pectin, and limited research on their structural
optimisation.

Recent studies on lignocellulosic substrates, mainly involving wood, aim at developing
mechanically efficient products to help transition from a fossil-fuel-dependent linear
economy to a circular economy [262] [263]. Tian et. al developed a thermally insulating
wood-based material capable of transmitting sunlight [264]. A microbial fuel cell (MCA)
made of a wood-based anode was developed by Huang et. al for its application in
wastewater treatment [265]. Similar product development can be seen for wood-based
materials being applied in water distillation [266], energy conservation [267] and
numerous other applications [268]. Hence, wood remains a versatile substrate capable
of varied applications.

Innovative strengthening processes like structural densification by delignification,
crosslinking, and composite manufacturing have proven beneficial in developing high
strength wood-based materials [261]. In bast fibres such as hemp, these processes
are less explored due to a lower lignin (~9%) and high cellulose content (~75%) [2].
Additionally, it is unknown if such fibres would respond to such treatments in a similar
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way to wood. Hence, this preliminary study sought to explore the extent to which hemp
fibore assemblies, as well as the integral fibres, would respond to a structural
densification treatment. Structurally, wood contains microfibrils having crystalline and
amorphous regions of cellulose. In the crystalline region, cellulose molecules possess
strong intermolecular hydrogen bonding [269]. These intrinsic properties are
advantageous in developing mechanically strong wood-based materials. Horikava et
al employed alcoholysis and hydrogen peroxide bleaching on natural wood, resulting
in transparent wood without altering chemical functional groups present in cellulose
and preserving the 3D microfibrillar structure of wood [270]. In recent research by Tang
et al, the natural crystalline-amorphous structure of wood was utilised to produce W-
paper exhibiting exceptional mechanical properties. This was achieved by steaming
wood samples in sodium chlorite solution for 5 hours at 80°C, followed by deionisation
and air-drying, resulting in a self-densifying wood structure [271]. Song et al used this
concept to process bulk wood samples into a material having a specific strength higher
than most alloys and metals. This was achieved by boiling wood in a strong alkali
solution to partially remove lignin and hemicellulose, followed by hot pressing.

Xiao et al developed an innovative method to modify wood into a strong and flexible
material using a water shock treatment [63]. Wood samples were boiled in sodium
hydroxide and sodium sulfite solution for 48 hours, followed by washing and air drying
for 30 hours, forming a shrunken wood intermediate, which was then immersed in
water for 3 min, which is the “water shock treatment”. Being inspired by this
methodology and having studied the interesting results from Xiao et al’s work, in this
research, we have used a similar approach of using water shock treatment with the
objective to densify the hemp fibre microstructure, aiming to enhance tensile
properties.

The primary component in wood and hemp is cellulose, amounting to approximately
80% in both. Wood has a multi-layered cell wall structure composed of cellulose,
hemicellulose (35%) and lignin (20%), with a thick primary cell wall and thinner outer
cell wall giving wood its strength [53]. Hemp fibres are bast-type fibres with single-
layered thin cell walls composed of cellulose (~70%), lignin (~10%) and hemicellulose
(~20%) [272]. Thus, due to a lower lignin content compared to wood, hemp fibres are
flexible and fit for applications in fibre-reinforced composites, textiles and architecture
[273]. This study focuses on examining the morphological and mechanical
characteristics of nonwoven hemp fabric treated with argon plasma, with an emphasis
on maintaining the inherent structural integrity of the hemp fibres. Nonwoven fabrics
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produced through needle-punching techniques generally exhibit low tensile strength,
a limitation primarily attributed to the random arrangement of fibres and the inherent
mechanical properties of the fibres themselves. The research aims to enhance the
strength of these fabrics using argon plasma treatment and study their surface
morphology and microstructure along with their tensile performance, at both the fabric
and individual fibre levels.

The majority of research done on the strengthening of bast fibres such as hemp is
confined to fibre-reinforced composites [274], although there lies a tremendous gap in
modifying pure hemp fibres in high tensile strength materials without polymeric
reinforcement [106] [275]. A recent literature review by Gallos et al [276] mentions the
vast scale of work done on incorporating lignocellulosic fibres like hemp in fibre-
reinforced composites [276]. In a study by Raja et al, hemp fibres were immersed in
an alkali solution for 2 hours, following washing and drying, with the resulting tensile
strength being increased over untreated [277]. In a literature review by Siouta et al,
novel methods such as acetyl treatment, enzyme treatment and acetone treatments
are mentioned, which are useful in protecting the cellulosic structure and removing
impurities such as hemicellulose and lignin [278]. Additionally, nano-enhancement by
incorporating nanocellulose in natural fibre-reinforced composites proves to be a
helpful method for achieving high strength in composite materials [279]. In this study,
we give a novel approach to enhance the tensile properties of hemp fibres using a
microstructure densification mechanism.

Argon plasma treatment is proven to be useful in surface cleaning, surface
modification and surface functionalisation of polymer substrates [280]. One relevant
study investigated the effect of argon and air plasma treatments on flax fibres to
improve the mechanical properties of flax fibre-reinforced unsaturated polyester
composites. The research found that plasma treatment modified the fibre surface,
enhancing adhesion in composite materials. However, this study primarily focused on
composites rather than pure fibres [281]. Another study investigated the efficacy of
plasma treatment on the mechanical properties of natural fibre composites and their
interfacial interactions with the matrix in the composite. The findings indicated that
plasma treatments optimised the surface structures of the fibres without decreasing
tensile strength, suggesting potential benefits for fibre reinforcement in composites.
Nonetheless, this research also centred on composite applications [282]. Numerous
studies have concluded that employing argon plasma is beneficial in enhancing the
fibre-matrix interaction in a composite [283]. Currently, there is a limited amount of
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research focused on enhancing the tensile strength of pure hemp fibres and fabrics
through sustainable processing methods such as argon plasma treatment. While
argon plasma is recognised for its ability to induce surface etching and activation, its
specific impact on the internal microstructure of hemp fibres, particularly in terms of
fibril alignment, remains insufficiently explored. Additionally, non-cellulosic
components such as lignin, pectin, and hemicellulose play a crucial role in determining
the mechanical and chemical properties of hemp fibres. However, the extent to which
argon plasma treatment modifies these components and influences overall fibre/fabric
performance is not yet well understood. Therefore, the objective of this study is to
investigate the potential of argon plasma treatment, both independently and in
combination with the additional processing step of a water shock treatment, to
enhance the structural integrity and tensile strength of hemp fabrics.

6.2 Experimental

6.2.1 Materials

Dew-retted (also known as field-retted) hemp fibres were procured from East
Yorkshire Hemp Ltd [108] in the UK. Following a dew retting process lasting six weeks,
a series of mechanical processing was conducted by the supplier to yield fibre, prior
to baling. The mechanical processing involved shredders to break down hemp stalk
into smaller pieces, a decorticator to separate the hemp fibre from the hemp shiv, and
lastly, cleaning machinery to remove dust and other debris. Argon gas cylinder
(supplied by BOC Ltd.) was used for plasma treatment, and the gas was used without
further purification.

6.2.2 Method used to produce nonwoven hemp fabric

Dew-retted hemp fibres from a 1 kg bale were mechanically processed using a Tatham
mini PO30 fibre opener, which includes a nipped feed roller and a single-cylinder
opener roller, to separate the individual fibres and remove any remaining shiv. The
fibre was passed through the opener twice to ensure maximum separation. Following
this, the fibres were carded using a lab-scale single-cylinder worker-stripper sample
card (Haigh), facilitating thorough disentanglement before forming a web. This process
was repeated twice to ensure uniform fibre web formation. Following double cross-
lapping, the carded fibre web was processed through a sample needle loom (Bywater
Ltd.). This needle-punching loom is equipped with felting needles of 15GG gauge and
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lengths ranging from 9 to 16 inches, featuring a twisted (ROT) configuration. Weight
assessments were conducted at each processing stage to maintain a consistent GSM
of 500. Figure 6.1 illustrates the steps involved in the production of the nonwoven
hemp fabric.

Hemp bale

|

Fibre opening Carding Needle punching

Figure 6.1 Steps in the production of drylaid nonwoven hemp fabric samples

(basis weight = 500 g/m?)

No additional scouring or chemical pre-processing was performed on the nonwoven
hemp fabric to ensure that the effects of plasma treatment could be accurately
observed. Additionally, plasma treatment itself provides a surface-cleaning effect [24].

6.2.3 Method of surface modification of nonwoven hemp fabric

6.2.3.1 Argon plasm assisted surface modification

Research-grade pure argon gas was used as a plasma source for the treatment of
hemp fabric samples. A Diener Zepto plasma machine (Diener Electronic GmbH &
Co KG, Germany) was employed for the plasma treatment. The machine is equipped
with two needle valves for precise gas supply with gas flow controllers. Operating in
manual mode, the system is attached to a Pfeiffer Duo 3 rotary-vane vacuum pump to
create a low-pressure environment in the plasma chamber. Hemp fabric samples with
approximate dimensions of (35x25) cm were subjected to argon plasma treatment.
The argon plasma treatment was conducted at two power levels (intensity of plasma
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frequency) of 80 Hz and 40 Hz for treatment durations of t = 30, 60, 120, and 180 min.
The gas supply for argon gas was maintained at a constant flow rate of 8 standard
cubic centimetres per minute (sccm), with a stable pressure of 1.5 mbar within the
plasma chamber. After plasma treatment, the fabric samples were conditioned in a
standard textile testing environment (ISO 139), with a relative humidity of 65% and a
temperature of 20°C for a duration of 48 hours, before characterisation.

6.2.3.2 Method for immediate water shock treatment of hemp fabric

Additional swatches from the produced nonwoven fabric were subjected to plasma
treatment under the same parameters, with power levels of 40 Hz and 80 Hz, and
treatment durations of 30, 60, 120, and 180 minutes. Immediately after the argon
plasma treatment, the samples were immersed in an ice bath (T = 4°C) containing
65% ice and 35% water for exactly 5 minutes. After immersion, the samples were dried
in a hot air oven at 40°C until completely dry. The dried samples were then conditioned
in a standard textile testing environment (ISO 139), with 65% relative humidity and a
temperature of 20°C for a duration of 48 hours, before characterisation.

6.2.4 Method for the evaluation of tensile strength of hemp fabrics

The tensile strength of the hemp fabrics was evaluated following the standard test ISO
9073-3:2023 [131]. Specimens were prepared according to the test, ensuring uniform
dimensions and consistent handling to minimise variability. The weight and thickness
of each fabric sample were measured before tensile testing. For the tensile strength
testing, an Instron material testing system 3366 was used. The gauge length and
crosshead speed were set according to the standard, with the gauge length typically
at 200 mm and the crosshead speed at 100 mm/min, having 45% break detection. The
jaw scheme used for all the tests was J25, with a jaw pressure of 100 psi. For each
test, 25 specimens were measured to ensure statistical reliability of the results. The
maximum force and elongation at break were recorded, and the stress and strain were
determined by the Instron in-built software. All tests were conducted in a controlled
environment, adhering to ISO 139 conditions (20°C and 65% relative humidity). The
results were analysed using Origin Pro software, and statistical analysis of the data
was done using Minitab.

6.2.5 Method to determine the tensile strength of individual fibres
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For a deeper insight into the fibre mechanics, the individual hemp fibres were
separated from the nonwoven fabric and subjected to fibre tensile strength analysis.
The tensile strength of hemp fibres was measured twice, first with a gauge length of
20mm and then with a gauge length of 10 mm. An Instron 5544 universal tensile tester
in accordance with the BS EN ISO 5079-2020 standard [130] was used for fibre
testing. The test was conducted with a crosshead speed of 20 mm/min. For each
treatment variation, n=25 replicates were tested, and the results averaged. Statistical
analysis of the tensile strength data was performed using Minitab software. Associated
fibre diameters were measured using images captured with a Leica optical microscope
and analysed with ImageJ software. All fibre testing was conducted in a standard
textile testing environment, maintained at 65% relative humidity and 20°C.

6.2.6 Method to identify alteration in fibre microstructure

The cross-section of fibre samples was analysed under a scanning electron
microscope. The sample preparation to capture the internal cross-section of fabric
morphology under the SEM involved curing of the fibre bundle in a resin, followed by
precision cutting with a microtome. Three different types of resins, Araldite, SPURR
resin, and LR White resin, were used. To ensure thorough impregnation, the fibres
were immersed in the respective resin solutions and left to soak overnight. This
extended immersion period allowed the resin to fully penetrate the fibre structure,
ensuring a uniform distribution throughout the material. Following the curing process,
the resin-embedded fabric blocks were carefully sectioned using a microtome
equipped with a sharp glass blade. This precision cutting technique provided thin,
consistent 0.5 pm slices of the resin-fibre composite, suitable for scanning electron
microscopy. These samples were then sputter-coated with iridium with a thickness of
20 nm. A Bruker Nova Nano Scanning Electron Microscope was used in a SE mode
covering a range of magnifications from 25x to 4000%, with a scan size varying from
1 mm to 3 um, following the method referred to by Juhasz et al. [163].

6.2.7 Method to identify chemical alterations in nonwoven hemp fabric

Raman spectroscopy was conducted on the untreated and treated hemp fabrics using
a Horiba Raman spectrometer with a microscope. A 785 nm laser source was used to
eliminate autofluorescence effects due to components such as lignin, which emit light
at wavelengths lower than 600 nm. Each spectrum was obtained by accumulating 32
scans, with a resolution of 4 cm-1, following the standard method outlined by Rygula
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et al [166]. To ensure data reproducibility, three spectra were collected for each fabric
sample. Additionally, the chemical structure was explored using a Perkin-Elmer FT-IR
Spectrum-3 equipped with a single-bounce diamond attenuated total reflection (ATR)
accessory. Spectroscopic data were collected at 4 cm' resolution over 100 scans for
untreated, plasma treated and water shock treated samples. The acquired spectra
were processed using OriginPro software, which facilitated the editing, analysis, and
representation of the spectroscopic data.

6.3 Results and discussion

6.3.1 Fabric tensile strength

The tensile strength of untreated and plasma treated nonwoven hemp fabrics was
evaluated and is illustrated in Figure 6.2. Argon plasma treatment appeared to
increase the tensile strength of the nonwoven hemp fabric, but the difference was not
statistically significant (P>0.05). Hemp fibres, especially those which were only dew-
retted, exhibited inherent variabilities, most notably in fibre length. Fibre bridging
effects may occur during fabric tensile strength testing, potentially resulting in
artificially elevated tensile strength values. To maintain consistency, such outliers were
excluded during data analysis.

Argon plasma treatment is known to roughen the fibre surface [19], thereby potentially
enhancing inter-fibre cohesion and friction. However, this effect could also introduce
variability in the results, as surface roughness is influenced by both the duration and
intensity of plasma exposure. Argon plasma treatment effectively removes surface
impurities such as lignin, hemicellulose, and pectin from dew-retted hemp fibres [19].
It can be hypothesised that the elimination of these non-cellulosic components
facilitates stronger inter-fibre friction, leading to improved fibre entanglement and
mechanical interlocking. Since tensile strength in nonwoven structures is largely
governed by frictional resistance between fibres, variations in plasma treatment
parameters can significantly affect the outcome. In a recent study by Sadeghi et al.,
the tensile strength of dew-retted hemp fibres was evaluated, revealing that a
decrease in fibre diameter corresponds to an increase in specific strength per unit area
[284]. The strength of a nonwoven fabric is significantly influenced by the properties
of its constituent fibres, particularly when those fibres exhibit a high density of
imperfections like hemp.
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Finer fibres, which are found in nonwoven fabrics made from synthetic materials such
as Nylon or PET, possess a higher surface area-to-volume ratio than hemp [285],
which reduces the likelihood of large surface flaws or cracks [286]. As fibre diameter
decreases, the probability of critical defects diminishes, thereby enhancing the
mechanical performance of the fabric. Since the critical stress a material can withstand
before failure is directly related to the size of its largest imperfection, fibres with smaller
flaws are capable of sustaining higher tensile stresses before rupture [287].

Tensile testing is conducted under controlled environmental conditions, maintaining a
relative humidity of 65% and a temperature of 20°C. Prior to testing, the fabrics
undergo a 24-hour conditioning period within the testing environment to ensure
equilibrium. The argon plasma treatment alters the fibre surface from partially
hydrophilic to fully hydrophilic, enhancing moisture absorption [19]. This increased
moisture uptake may, in turn, strengthen cohesive forces within the fabric structure,
contributing to improved mechanical performance [288].
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Figure 6.2 Tensile strength of argon plasma treated hemp fabrics, where
ArP40t120 resembles argon plasma treatment at 40Hz power at 120 minutes
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Table 6.1 presents the key fabric properties, including thickness, GSM, fabric density,
porosity, and tensile strength of plasma treated hemp fabrics. Notably, the tensile
strength of untreated hemp fabric, averaging approximately 0.08 MPa, demonstrates
a promising increase to 0.21 MPa following argon plasma treatment at 40 Hz power
for 30 minutes. Despite the comparable standard deviations (0.03 MPa in untreated
vs. 0.04 MPa for ArP40t30), this substantial rise highlights that specific treatment
parameters could improve the mechanical performance of the nonwoven hemp fabric.
This suggests that a 30-minute plasma treatment at 40 Hz power establishes an
optimal balance between fibre surface activation and structural integrity, resulting in
increased tensile properties.

Argon Standard
Argon Plasma Fabric Fabric Fabric Fabric Fabric Deviation
Plasma Treatment Thickness Basis Densit Porosit Stress at for Fabric
Power . Weight y y Break Stress at
time
Break
Hz min mm g/m?2 kg/m3 % Mpa Mpa
0 0 5.6 552 99 90 0.08 0.03
40 30 5.5 514 110.8 90 0.21 0.04
40 60 5.5 514 92.5 92 0.18 0.09
40 120 6.15 583.3 95.0 92 0.14 0.09
40 180 4.07 447 109.8 90 0.18 0.06
80 60 5.6 601 105.4 91 0.17 0.06
80 120 5.6 619 109.6 90 0.18 0.06
80 180 4 556 139.3 88 0.2 0.08

Table 6.1 Physical properties of argon plasma treated hemp fabrics

Referring to Table 6.1, a 30-minute argon plasma at 40 Hz power maintains the
porosity while improving the strength. As porosity increases, the tensile strength
decreases due to a reduction in inter-fibre contact [289]. Argon plasma treatment for
a duration of 180 minutes at 80 Hz power results in a fabric having high density with
low porosity. This indicates excessive etching or increased compaction in the fabric
structure. In a recent study of synthetic fabrics, the release of fibrils from polyester
fabric was investigated. The results concluded that fabrics treated with oxygen plasma
exhibited lower fibrillation compared to untreated fabrics [290].
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Figure 6.3 represents the relationship between fabric tensile stress at break and
porosity. Comparing the data in Figure 6.2, Figure 6.3 and Table 6.1 collectively, it can
be concluded that the tensile strength of nonwoven hemp fabrics is heavily influenced
by fibre-to-fibre interactions [291] as this influences frictional resistance. As the fabric
density increases, for example, in the case of fabric plasma treated for 180 minutes at
80 Hz power, the tensile strength shows a notable improvement (~ 0.2 MPa), having
a lowest porosity of 88%. This can be due to a higher frictional resistance between the
fibres. Lower porosity increases the number of fibre contact points, enhancing the
load distribution across the fabric, and increasing the tensile strength [292].
Additionally, this inverse relationship can also be supported by the negative slope of
the linear fit in Figure 6.3. The linear regression plot yielded a y-intercept of 0.871 and
a slope of -0.0078, indicating a linear decrease in stress with increasing porosity. The
extrapolated x-intercept was ~112%, which, while not physically attainable (as porosity
cannot exceed 100%), suggests that stress approaches zero at complete porosity.
This supports the interpretation that plasma treatment progressively weakens the
internal fibre structure [292].
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Figure 6.3 Relationship between stress and porosity of argon plasma treated
fabrics

In a study done on polypropylene nonwoven fabrics, atmospheric air plasma treatment
increased porosity, thereby lowering the tensile strength of the fabric [293]. In a recent
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study performed on silicon carbide composites, it was found that pores create stress
concentrations leading to failure in the axial direction [294]. The effects of argon
plasma treatment on bamboo plant fibres and sisal fibres were investigated by
Mosquera et al [295], revealing that a treatment duration of 20 minutes resulted in the
highest Young's modulus for the fibres.

A further enhancement in tensile strength is observed when an immediate water shock
treatment is applied immediately after argon plasma treatment. Figure 6.4 represents
the corresponding tensile strength results for these ‘water-shocked’ fabrics. The
tensile strength of these fabrics in Figure 6.4 shows a large increase for one sample
compared to the results of argon plasma-only treated fabrics in Figure 6.2.
Additionally, the increase in tensile strength is evident from the low standard deviation
observed in water shock treated fabrics. However, the fabric that was plasma treated
for 180 minutes at 40 Hz power and subsequently immersed in ice-cold water shows
a standard deviation of 0.11 MPa, compared to 0.02 MPa for the untreated fabric,
which was also immersed in ice-cold water. This suggests that prolonged plasma
treatment alters the fibre structure, leading to increased variability. This conclusion is
supported by the cumulative variation of 64% observed for this sample. Comparing
Figure 6.4 and Figure 6.2, it can be said that the tensile strength increases by
approximately fourfold following the additional water shock treatment, suggesting a
bulk property change in fibre/fabric structure.
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Figure 6.4 Tensile strength of fabrics following water shock treatment where
ArP40t30 represents the fabric plasma treated for 30 mins at 40Hz power and
then immediately immersed in ice-cold water

Figure 6.5 shows the relationship between fabric porosity and fabric tensile strength
for nonwoven hemp fabrics subjected to additional water shock treatment. A steeper
slope compared to Figure 6.3 indicates a stronger porosity dependence. Such a slope
of -0.027 and a higher stress range (0.5 MPa at 85 % porosity down to 0.1 MPa at
95% porosity) suggests that the additional water shock treatment preserves the
modified fibre structure and contributes to densification of the fabric structure. While
it is reasonable to expect the fabric to densify when immersed in water, it is unclear if
there is any corresponding change in the hemp fibre morphology that contributes to
the increased fabric tensile strength. Certainly, the large differences in fabric strength
that were observed in fabrics with similar porosities (Figure 6.6), suggest that some
other factor contributes to the effect
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Figure 6.5 Relationship between stress and porosity of water shock treated
fabrics

In a study on epoxy, polyurethane, and polypropylene-based composites, the effect of
water immersion was investigated. Polypropylene-based composites retained their
tensile strength after being immersed in distilled water for 30 days, which was
attributed to the strengthening of molecular chains that enabled more efficient load
distribution [296]. Another study investigated the water absorption and mechanical
properties of epoxy reinforced with bamboo fibres. After immersion in water at various
temperatures, the composite exhibited a decrease in tensile strength, indicating that
fibre—matrix interactions and water-induced swelling can significantly alter the bulk
properties [297]. The study also suggests that the reduction in mechanical
performance with increased liquid uptake may result from the formation of hydrogen
bonds between cellulose fibres and water molecules [297]. However, since plasma
treatment alters the water contact angle from 60° to 0° [19], plasma-treated samples
are likely to absorb a greater amount of water compared to untreated ones. The
presence of water molecules (-H-OH-) within the fabric structure increases the mobility
of macromolecular chains in the amorphous phase, as liquid uptake may act as a
plasticiser. This plasticisation leads to significant changes in mechanical behaviour,
as evidenced by the increased tensile properties [298]. When water sorption and water
solubility tests were performed on resin-based composites for use in dentistry, it was
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observed that water helps in filling the voids, however, a prolonged water immersion
lowers the tensile properties [299].

Argon Standard
Argon g . Fabric . . Fabric Deviation
Plasma Fabric . Fabric Fabric .
Plasma Treatment | Thickness Basis Densit Porosit Stress at for Fabric
Power . Weight y y Break Stress at
time
Break
Hz min mm g/m?2 kg/m3 % Mpa Mpa
0 0 5.6 552 98.2 91 0.09 0.02
40 30 5.05 500 161.4 86 0.49 0.10
40 60 1.4 569 406.7 66 0.81 0.16
40 120 5.2 492.64 94.5 92 0.13 0.05
40 180 2.8 351 126.1 89 0.17 0.11
80 60 4.7 440 93.8 92 0.19 0.05
80 120 4.6 453 98.06 91 0.15 0.04
80 180 3.5 439.5 130.5 89 0.22 0.09

Table 6.2 Physical properties of water-shock treated hemp fabrics

The post-plasma water shock treatment can resemble a cold quenching reaction
followed by controlled drying. Such a treatment may increase fibre bonding and
structural integrity. Table 6.2 shows the fabric properties of nonwoven hemp fabric
after the water shock treatment. A significant increase in strength is seen from 0.09
MPa for the untreated fabric to 0.81 MPa after the water shock treatment. The
maximum tensile strength was recorded for hemp fabrics which underwent a water
shock following a 60-minute argon plasma treatment at 40 Hz power. In this sample,
the fabric density increased, and porosity decreased to 66% along with a drastic
reduction in the thickness. This is suggestive of a densification of the fibre structure
due to extreme fibre compaction. For the fabrics with an increased plasma treatment
time (>120 min), an increase in porosity is seen with a reduction in strength, indicating
that fibres may have lost structural integrity. Interestingly, argon plasma treatment for
180 minutes at 80 Hz power showed a moderate tensile strength of 0.22 MPa due to
an increase in fabric density, suggesting a compaction in the structure, which can be
evidenced by the low thickness of 3.5 mm.
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Figure 6.6 Tensile strength of untreated, plasma treated and water shock-
treated fabric samples

Figure 6.6 compares the tensile strength of fabric samples across treatments, and all
had similar porosities. The plasma treated fibres correspond to those subjected to
argon plasma treatment for 30 minutes at 40 Hz power. Similarly, the water shock-
treated fabric refers to samples that underwent plasma treatment under the same
conditions (30 minutes at 40 Hz power) but were immediately exposed to a water
shock post-treatment. These samples were further analysed to determine their
chemical and morphological properties.

Argon plasma treatment activates the surface, introducing thermal and chemical stress
in the hemp fabric. The immediate immersion of argon plasma treated fabric in cold
water may result in rapid stress relief, helping the fibres align and reorganise into a
more stabilised structure. This can improve load distribution across fibres, increasing
overall strength. In a study performed on hydrated nanocellulose, it was observed that
water molecules (H-OH) can replace some of the internal hydrogen bonds within the
cellulose chains, initially leading to mechanical weakness. However, as the hydration
time increases, the presence of moisture facilitates more uniform stress distribution
across the nanocellulosic structure, ultimately increasing tensile strength [300]. Thus,
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it can be assumed that residual water molecules may act as a temporary plasticising
agent, promoting flexibility and enhancing load transfer within the hemp fabric.

Argon plasma treatment modifies the hemp fabric into a hydrophilic fabric, increasing
the ability to absorb water [19]. It can be assumed that water molecules may plasticise
the fibre, resulting in a more compact and dense structure having an increased
concentration of hydrogen bonds. As the fabric gradually dries at 40°C, these
hydrogen bonds formed between adjacent fibres are reinforced, resulting in a strong
fabric with a dense architecture. Sinko et. al concluded that cellulose nanocrystals
having a high density of intramolecular hydrogen bonds have greater tensile properties
[301]. Argon plasma treatment is known to enhance the adhesion properties of a
substrate [96]. Additionally, cellulose possesses the inherent ability to form hydrogen
bonds [67], which can further contribute to improved interfacial interactions. In a recent
research, molecular dynamics simulations were used to investigate the wood
structure. The findings revealed that cellulose microfibrils play a dominant role in the
longitudinal mechanical properties of wood, particularly in its strength. Additionally,
hemicellulose and lignin are susceptible to moisture-induced weakening because of
their swelling behaviour [302]. Hence, it can be concluded that argon plasma treatment
for 30 minutes etches and activates the lignin—hemicellulose rich surface layer,
thereby increasing the specific surface area. This modification also facilitates swelling
of the constituent fibres when the fabric is immersed in water immediately after plasma
treatment. Subsequent gradual drying at 40°C promotes the formation of hydrogen
bonds within the predominantly cellulosic fibre structure. As a result, elevated tensile
strength is observed following the water shock treatment.

Hence, to validate these hypotheses, tensile strength tests on individual fibres and
microstructural analysis using SEM were done. The samples treated with argon
plasma for 30 minutes at 40 Hz power were selected for further analysis as they
demonstrated an optimal balance between fibre surface activation and structural
integrity, as indicated by the significant improvement in tensile strength. Similarly, for
the water shock-treated samples, the same plasma treatment parameters (argon
plasma for 30 minutes at 40 Hz power) were maintained to ensure consistency in
processing conditions. This allowed for a direct comparison of the additional effects
introduced by the immediate water shock treatment, providing a clearer understanding
of how this combined approach influences the mechanical and structural properties of
the fabric.
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6.3.2 Fibre tensile strength

Fibre tensile properties highly influence the tensile strength of the bulk nonwoven
fabric. Strong individual fibres can bear more load, which enhances the overall
strength of the fabric [303]. In needle-punched fabrics, the mechanical bonding
(physical fibre entanglement) between corresponding fibres may be weak, or if the
fibres are not well-aligned in the direction of loading, the fabric may not fully utilise the
collective strength of the individual fibres [304]. Thus, to understand the extent to
which the treatments had influenced fibre tensile properties, individual fibre tensile
strength tests were performed with gauge lengths of 20 mm and 10 mm were
performed on the fibres. Figure 6.6 reports the stress-strain curves for individual hemp
fibres obtained at a gauge length of 20 mm.
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Figure 6.7 Tensile strength of untreated, as well as argon plasma treated hemp
fibres before and after cold water shock treatment (gauge length = 20mm)

Referring to Figure 6.7, it can be inferred that the tensile strength of untreated and
plasma treated fibres both have a similar tensile strength of ~20 MPa. Interestingly,
water shock treated fibres have a tensile strength of ~80 MPa, suggesting a four-fold
increase. In Figure 6.7, “E” represents the Young’'s modulus. The modulus remains
relatively unchanged after plasma treatment, at approximately 2 GPa. However, it
increases markedly to around 18 GPa following the water shock treatment. In a study
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done on alkali-treated hemp fibres, it was observed that alkali treatment increases the
Young’s modulus due to the removal of lignin and hemicellulose in the fibre structure
[305].
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Figure 6.8 Tensile strength of untreated, as well as argon plasma treated hemp
fibres before and after cold water shock treatment (gauge length = 10mm)

Figure 6.8 shows the stress-strain curves for tensile strength testing of individual hemp
fibres with a shorter gauge length of 10 mm. Testing with shorter gauge lengths
reduces the effect of weak places along the fibre length from affecting the results and
ensures that the load is more evenly distributed across the fibre, leading to a more
precise determination of its strength [306]. As observed at the longer 20 mm gauge
length (Figure 6.7), the tensile strength of untreated and plasma treated fibres remains
relatively unchanged. However, in 10 mm gauge length test (Figure 6.8), a sevenfold
increase in fibre tensile strength is observed in fibres subjected to the water shock
treatment, reaching approximately 140 MPa. Moreover, a decrease in Young’'s
modulus to around 12 GPa is observed when compared to the value obtained from
the 20 mm gauge length test. This reduction may be attributed to variability in fibre
diameter, as supported by Placet et al. [307], or to gauge length sensitivity.
Nevertheless, this does not alter the conclusion that individual fibres are indeed
strengthened as a result of the water shock treatment.

131



Prominent stick-slip effects (a change of frictional resistance without a decrease to
zero) are observed in plasma-treated samples, and these effects are also evident in
water shock treated samples in Figure 6.8, compared to the fibre tensile strength
results at a 20 mm gauge length shown in Figure 6.7 [308]. At shorter gauge lengths,
such as 10 mm, the testing apparatus is more likely to detect localised variations in
surface topography, resulting in intermittent contact and slippage. In contrast, longer
gauge lengths like 20 mm provide an averaging effect over a greater length of fibre,
which helps smooth out these local irregularities and reduces the prominence of stick-
slip behaviour. Zhang et al. studied the stick-slip behaviour in cellulose nanocrystals
and found that it primarily arises from the presence of dense hydrogen bonds within
the structure. During mechanical testing, these hydrogen bonds act like shock
absorbers, initially resisting the applied force and resulting in a "stick" phase. When
the applied force exceeds a certain threshold, the hydrogen bonds undergo rotation
around their axes and eventually break, leading to a "slip". This cyclical stick-slip
mechanism is a key contributor to the observed mechanical response in cellulose-
based materials [309]. Hence, referring to Figure 6.8, it can be inferred that the
hydrogen bonds in plasma treated fibres may be relatively weak compared to those
formed in water shock treated fibres. The stronger hydrogen bonding in water shock
treated fibres helps resist stick-slip behaviour more effectively. This enhanced
resistance likely contributes to the observed increase in Young’s modulus for these
fibres.

These fibre tensile strength results suggest that plasma treatment remains confined
to the surface without modifying the internal structure of dew-retted hemp fibres [19].
In contrast, the water shock treatment greatly strengthens the fabric as well as the
fibre, suggesting a modification in the internal structure of the fibre and also the fabric.
For all fibres, a shorter gauge length test like the 10mm test (Figure 6.8) shows a
higher tensile strength than the 20mm test. However, in the case of water shock
treated fibres, an increase from 80 MPa to 140 MPa suggests that there can be
densification of the fibre structure resulting in such an increase. To gain a deeper
understanding of the structural modifications, scanning electron microscopy (SEM)
was performed on both the cross-section and surface morphology of the fibres.
Additionally, a diameter analysis was conducted to assess any changes in fibre
dimensions resulting from the treatments.
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6.3.3 Analysis of fibre diameter

Figure 6.9 presents the diameters of untreated, plasma-treated, and water shock
treated hemp fibres. Although hemp fibres naturally exhibit considerable variation in
diameter, the data in Figure 6.9 clearly show a significant reduction in diameter
following water shock treatment. Untreated fibres have an average diameter of
approximately 220 um, which decreases to around 180 um after plasma treatment.
This reduction indicates that plasma treatment induces surface-level modifications
without significantly affecting the internal structure of the fibre. Given the inherent
variability in hemp fibre diameter, such a difference is considered negligible, as also
noted by Placet et al. [307]. Therefore, it can be concluded that plasma treatment
primarily roughens the fibre surface by forming ‘nanopores’, rather than altering its
internal microstructure.

A reduction in fibre diameter is observed in the case of water shock treated fibres,
measuring approximately 100 um. This suggests that hemp fibres undergo swelling
when immersed in water immediately after surface activation and etching by argon
plasma, followed by shrinkage during drying at 40°C. In a recent study on
microfibrillated cellulosic paper, it was observed that cellulose fibres, when in a swollen
state, tend to rearrange into a more aligned configuration, resulting in a mechanically
stronger and more resistant structure [310]. A similar mechanism may be occurring in
this case, as plasma treatment creates additional surface voids [311], potentially
allowing more water molecules to penetrate the cellulosic structure. This enhanced
water uptake could lead to greater swelling than usual, promoting the realignment of
cellulose fibrils. Gradual drying at 40°C may then facilitate the formation of new
hydrogen bonds in this reorganised structure, contributing to the improved mechanical
properties observed after water shock treatment.

Theoretically, the strength of the fibre is influenced by the microscopic defects,
particularly the diameter in this case. As the diameter of the fibre increases, the
possibility of such defects increases, failing to resist stress. A study using Weibull
analysis on sisal fibres demonstrated an inverse relationship between tensile strength
and fibre diameter. Sisal fibres with diameters less than 50 um exhibited the highest
tensile strength. Such an inverse relationship suggests that fibres with smaller
diameters possess greater strength [312], which can be concluded from the results in
Figures 6.7, 6.8 and 6.9. Similarly, another study on hemp fibres found that fibre
diameter significantly influences tensile properties, particularly the Young’s modulus.
This dependency is primarily attributed to microstructural deficiencies. Lower tensile

133



strength may also indicate a higher microfibril angle, which is the angle at which
cellulose microfibrils are oriented within the fibre wall, and is often associated with
reduced crystallinity and, consequently, weaker mechanical performance [307].

» 183 microns
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Figure 6.9 Comparison of hemp fibre diameter before and after argon plasma
treatment for 30 mins at 40 Hz power and cold water shock treatment

Following an immediate water shock treatment, the diameter reduces to an average
of 100 ym. This suggests an extreme contraction, i.e. internal densification of the
structure, which could also be consistent with the greater alignment and proximity of
adjacent cellulose fibrils. It can be hypothesised that the rapid cold water shock may
shrink the cellulose fibrils, resulting in a densified structure. In biological materials such
as hemp, which is a plant-based fibre, there is an inherent ability to change shape
through the absorption or release of water. This phenomenon is known as hydro-
actuated deformation [313]. Structurally, hemp fibres consist of a cell wall made up of
lignin and bundles of cellulose microfibrils. The cellulose microfibrils, which are aligned
axially, are stiffer compared to the surrounding lignin matrix. When hemp absorbs
water, the cellulose microfibrils swell, and as the water is gradually released, the
structure undergoes shrinkage [314].
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6.3.4 Internal morphology of hemp fibres

Figure 6.10 presents SEM micrographs depicting the internal morphology of the hemp
fibres. Hemp fibres possess a multi-layered fibrillar structure, which is evident in the
micrographs of untreated samples. Referring to Figure 6.10, these fibrils are bound
together by an outer cell wall primarily composed of lignin, with the core structural
component of the fibres being cellulose [315]. The cross-sectional view in Figure 6.10
distinctly reveals the arrangement of internal fibrils, providing insight into the
hierarchical organisation of the fibre structure. In plasma-treated fibres, the SEM
micrographs reveal the presence of multi-layered fibrils with noticeable fibrillation,
indicating surface etching and structural modification. However, this fibrillation is
absent in water shock-treated samples. Instead, the water shock-treated fibres exhibit
a densified structure with fused fibrils, suggesting that the immediate water shock
promotes compaction and structural reinforcement rather than fibrillation.

The diameter of the untreated fibre is about 220 ym, having a multilayered fibrillar
internal structure with a tensile strength of approximately 20 MPa. This indicates that
the fibre has numerous weak points where fibrils can slip or break. Argon plasma-
treated fibres exhibit an average diameter of 180 um, with noticeable fibrillation
observed in cross-sectional micrographs. Despite this fibrillation, the tensile strength
remains comparable to that of untreated fibres, suggesting that argon plasma primarily
etches the fibre surface, increasing surface area and fibrillation without significantly
altering the internal structure. In contrast, water shock treated fibres display a
reduction in diameter, with fibrils appearing fused in the cross-sectional micrographs.
This structural densification indicates that water shock treatment promotes fibre
compaction, likely due to an increase in inter-fibre hydrogen bonding during the
gradual drying phase following the sudden cold water immersion. Argon plasma
treatment plays a crucial role in this process by activating the fibre surface and
inducing fibrillation. When immediately subjected to ice-cold water, newly formed
hydrogen bonds contribute to fibril fusion. The significant enhancement in both fibre
and fabric tensile strength can be attributed to rapid fibre shrinkage and compaction,
reinforcing the overall structural integrity. These structural and mechanical
modifications were observed in wood and are discussed in the review by Singh et al.
[316]
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To gain a deeper understanding of the surface morphology of untreated, argon
plasma-treated, and water shock-treated fibres, SEM micrographs were captured and
analysed.

6.3.5 Surface morphology of untreated, argon plasma treated and cold

water shock treated hemp fibres

Figure 6.11 presents SEM micrographs illustrating the surface morphology of
untreated, argon plasma-treated, and water shock-treated hemp fibres. The untreated
fibres (Figure 6.11A) exhibit a relatively smooth surface, characteristic of dew-retted
hemp fibres, which is further confirmed at higher magnification in Figure 6.11B.
Following a 30-minute argon plasma treatment, SEM images (Figure 6.11C) reveal
noticeable fibrillation with etching at low magnification, while a highly porous and
etched pattern becomes evident at higher magnification (Figure 6.11D). Argon plasma
is known to etch fibre surfaces, creating a nanoporous structure. This observation
aligns with the porosity measurements in Table 6.1, which show a slight increase in
porosity compared to untreated fabric, suggesting the formation of nanopores due to
plasma treatment. Similar fibrillation and etching effects were reported in a prior study
where a 10-minute argon plasma treatment induced nanopore formation on woven
hemp fibres [19]. The water shock-treated fibres exhibit a distinctly different
morphology. At low magnification, a densified and fused fibre structure is observed,
indicating compaction. However, at higher magnification, while nanopores remain
visible, distinct layered structures appear on these pores, suggesting a structural
transformation induced by the rapid immersion in water (Figure 6.11F).

SEM micrographs of both the lateral section (Figure 6.10) and longitudinal section
(Figure 6.11) provide insight into the structural transformations occurring in water
shock treated fibres. Similar structural changes were observed in the water shock
treatment study done on wood [63]. Kumar et al., in a literature review [317], points
out the positive influence on the delignification of wood mechanically and structurally
[317]. The SEM images of untreated, plasma treated, and water shock treated fibres
show a modification, and the analysis supports the assumption of structural
densification. To gain insight into the chemical structure of the fibres, Raman and FTIR
spectroscopy were performed.
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6.3.6 Raman spectroscopy of fibres

Figure 6.12A presents the Raman spectra of untreated, argon plasma treated (for a
duration of 30 minutes at 40 Hz power), and cold water shock treated hemp fabrics.
To provide a more detailed analysis, Figure 6.12B highlights an enlarged view of the
spectra within the wavelength range of 0 to 400 cm-, capturing subtle structural
variations. Similarly, Figure 6.12C focuses on the wavelength range of 500 to 900 cm-
1, allowing for a closer examination of characteristic vibrational modes associated with
molecular changes induced by plasma and water shock treatments. Notable broad
peaks can be seen for water shock treated fabric. Untreated and plasma treated
fabrics exhibit similar peak heights.
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Hemp fibres primarily consist of cellulose, and the vibrational frequencies associated
with cellulose predominantly fall below the 1500 cm-1 range [121]. Consequently, the
Raman spectra presented in Figure 6.12 can be attributed primarily to cellulose-related
molecular vibrations [121]. In the fingerprint region (0 - 400 cm-1), bond vibrations
correspond to lattice movements, -C-O-C bending modes, and C-C stretching modes
[318]. As shown in Figure 6.12B, distinct peaks appear at 139 cm-1, 173 cm-1, 218 cm-
1,353 cm1, and 408 cm-1. These peaks can be assigned to COH bending, CCC, COC,
OCC, and OCO skeletal bending modes, respectively. Additionally, the characteristic
glucopyranose ring breathing mode is evident within this spectral region [121] [318]
[319]. Spectral bond vibrations in the fingerprint region of 400 to 650 cm-1, as shown
in Figure 6.11C, are primarily associated with -C-C and -C-H bonds. Prominent peaks
are observed at 523 cm-1, 596 cm1, 722 cm1, 794 cm1, and 867 cml. These peaks
correspond to CH2 rocking, COC skeletal stretching, which is characteristic of lignin
and C-C ring breathing vibrations [121, 318]. The spectral region between 1000 and
1400 cm? is indicative of C-O stretching, C-C stretching, and CH2z asymmetric
bending, all of which are associated with the cellulose polymeric chain. Peaks
corresponding to these vibrational modes are observed in Figure 6.12A at 1000 cm-1,
1228 cm-1, 1337 cm-1, and 1446 cm-1. Additionally, lignin and hemicellulose contribute
to this region, as CHz wagging and CH bending signals appear within the 1250 to 1450
cm-! frequency range. Similar peaks in Raman spectra were seen in densified wood
after water shock treatment [63].

A noticeable variation in bond vibration intensity is observed between argon plasma
treated and untreated fabrics, with argon plasma treated (30 minutes at 40 Hz power)
samples exhibiting slightly lower Raman intensity. This suggests that argon plasma
treatment may enhance surface energy, potentially leading to a reduction in Raman
signal intensity [19]. Additionally, as illustrated in Figure 6.11, argon plasma induces
etching on the fibre surface, which could result in increased diffusion of the scattering
signal, further contributing to the observed decrease in Raman intensity. Conversely,
a significant increase in peak heights is evident in water shock treated fabrics. This
can be attributed to a higher concentration of molecular bonds within the densified
fibre structure. A recent study investigated the densification of SiO2 glass using Raman
spectroscopy. The findings revealed that with increasing densification, the Raman shift
also increased, accompanied by higher peak intensities, particularly in the glass
samples subjected to the highest pressure [320]. Hence, when a high-intensity laser
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interacts with the compacted structure of water shock treated hemp fabric, the densely
packed bonds within a confined area produce stronger bond vibrations, resulting in a
pronounced Raman intensity.

The Raman spectra reveal a notable increase in intensity across multiple peaks for
water shock treated fibres compared to both plasma treated and untreated fibres. This
suggests significant structural modifications at the molecular level, potentially
indicating enhanced intermolecular interactions, such as stronger hydrogen bonding
[321]. In contrast, argon plasma treated fibres exhibit only slight intensity variations
relative to untreated fibres, reinforcing the observation that plasma treatment primarily
affects the fibre surface without substantially altering the internal molecular structure.
The observed decrease in Raman shift can be attributed to the interaction of argon
plasma with the lignocellulosic surface, leading to the formation of reactive species
such as OH’ radicals or OH™ ions. In a recent study, glucose was treated with
atmospheric gas plasma composed of Ar, O,, and N,, and the results showed that
glucose underwent oxidation following the plasma treatment [322]. However, similar
oxidation may not occur in the case of hemp fibres due to their highly complex and
heterogeneous structure, which differs significantly from the simpler molecular
structure of glucose. Additionally, when correlated with the SEM images, the presence
of nano-pores formed due to argon plasma does not indicate drastic changes in
molecular bonding. Although the pronounced intensity variations in water shock
treated fibres imply a distinct molecular reorganisation, likely driven by fibril
densification observed in SEM micrographs [63]. This structural transformation
correlates with the enhanced tensile properties observed in mechanical testing, where
the tensile strength increased significantly, reaching up to 140 MPa in tests conducted
with a 10 mm gauge length. This improvement can be attributed to the reinforcement
of intermolecular interactions and the fusion of fibrils, ultimately contributing to a more
compact and robust fibre structure.

Figure 6.12D presents the Raman spectra of water shock-treated fabrics (argon
plasma-treated followed by immediate ice water immersion) and untreated water
shock-treated fabrics (untreated fabric subjected to ice water immersion). The
presence of identical peaks in both spectra confirms that water acts as a driving force
for the observed high-intensity peaks [323]. However, as indicated by the tensile
strength results, the strength of untreated water shock treated fabric remains
comparable to that of untreated fabric. This suggests that while water alone influences
the molecular structure, it does not enhance mechanical strength. Instead, argon
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plasma treatment plays a crucial role by activating the fibre surface, facilitating the
formation of strong intermolecular bonds upon ice-water immersion. These strong
bonds thus transform the fibre and the fabric into a strenuous material.

6.3.7 ATR-FTIR spectroscopy
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Figure 6.13 ATR-FTIR spectra of untreated, argon plasma treated and cold
water shock treated hemp fibres

Figure 6.13 presents the ATR-FTIR spectra of untreated, argon plasma treated, and
cold water shock treated fibres. The results indicate clear chemical modifications
following both treatments, with notable changes observed in the -OH functional group
region. In hemp fibres, -OH stretching vibrations typically appear between 3200 and
3600 cm! [177]. The sharpness and intensity of this peak reflect the density of -OH
groups. Plasma treatment appears to polarise the surface -OH groups, making them
more detectable by ATR-FTIR. Water shock treated fibres exhibit an -OH peak of the
same intensity, suggesting a slight alteration in the density of hydroxyl groups, likely
due to structural rearrangements and increased hydrogen bonding facilitated by the
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treatment. Moreover, intermolecular hydrogen bonding in cellulose chains can also be
detected in this region [324]. The -CH stretching peak at approximately 2900 cm-! also
shows increased intensity following plasma treatment, which becomes even more
pronounced after water shock treatment. This enhancement is attributed to the
structural densification observed in Figure 6.10, and the ATR-FTIR spectra further
support the trends noted in the Raman analysis. The intensification of this peak is likely
due to the surface etching effect of plasma treatment, which forms nanopores on the
fibre surface (as shown in Figure 6.11), leading to the removal of amorphous impurities
and resulting in sharper, more defined spectral features. A recent study on oxygen
plasma-treated sisal fibres reported similar findings, where plasma etching enhanced
the surface structure and ATR-FTIR spectra exhibited sharper peaks around the 2900
cm-1 region [223].

The peak observed at 1637 cm-1 corresponds to the bending vibration of water-bound
—OH [325]. This peak shows a significant increase in intensity for water shock treated
fibres compared to untreated fibres. Such a change is likely due to an increase in
intermolecular hydrogen bonding within the cellulose structure following water shock
treatment, indicating enhanced chemical and structural reorganisation at the
molecular level. The peaks observed in the frequency range of 1400 to 1200 cm-!
correspond to CH2 wagging, COH in-plane bending which is a type of asymmetric
stretching, and tertiary CH vibrations that are typically associated with crystalline
cellulose. Such bond vibrations related to crystalline cellulose were also observed in
the Raman spectra (Figure 6.12) of the fibres. Lastly, the prominent peak at 1020 cm-
'is attributed to -CO stretching, which is inherent to cellulose because of its glycosidic
bonds [326]. The increase in peak height for water shock treated fibres indicates the
combined effect of plasma treatment and water shock treatment. In case of plasma
treated fibres, the increase in peak height compared to untreated fibres can be a result
of surface etching [223]. These results align with the notable increase in tensile
strength and Young’s modulus, further supporting the hypothesis that enhanced
surface functionalisation induced by 30-minute argon plasma treatment and increased
density of hydrogen bonds following cold water shock treatment contribute to improved
fibre cohesion and more efficient load transfer. The densified architecture observed in
SEM images, along with the reduced porosity (66%), likely intensifies these functional
group interactions. Additionally, the thermogravimetric analysis and crystallinity
analysis illustrated in the supplementary information support this conclusion.

6.3.8 Effects of prolonged plasma treatment on hemp fabric
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Recent research on wood-based materials has suggested that partial lignin removal
can contribute to structural strengthening [63] [62] [327]. In the present study, an
increase in tensile strength is observed following an immediate water shock treatment
after a 30-minute argon plasma treatment. However, the data so far does not provide
concrete evidence of lignin removal. To gain deeper insight into the potential of argon
plasma to remove lignin from the fibre structure, fibres treated with plasma for 3 hours
were examined using SEM and ATR-FTIR analysis.

Figure 6.14 presents the ATR-FTIR spectra of untreated fibres, fibres argon plasma
treated for 3 hours at 40 Hz, and fibres subjected to cold water shock treatment
following the same plasma conditions. The water shock treated fibres show an
approximate 20% decrease in transmittance, suggesting increased light absorption,
which may indicate partial degradation of the fibre structure [147]. Despite this, the
primary chemical functional groups characteristic of cellulose present in hemp fibres
remain unchanged. Notably, more pronounced peaks are observed for -OH, -CH, and
-C-O groups, indicating possible structural reorganisation or pronounced polarisation
of these groups [19]. For fibres subjected to a 3-hour plasma treatment, the ATR-FTIR
spectra show a sharp -OH peak around 3200 cm-1, which becomes more pronounced
after the water shock treatment. However, since lignin and cellulose share similar
functional groups, it is difficult to definitively conclude lignin removal based on ATR-
FTIR alone. Referring to Figure 6.15, which presents the tensile strength data for
fabrics plasma treated for 3 hours and subsequently water shock treated, it can be
statistically inferred that extended plasma exposure weakens the fabric structure. The
high cumulative variation of 64% supports this conclusion, indicating significant
structural degradation. In contrast, an immediate water shock treatment following the
3-hour plasma exposure appears to mitigate this effect, potentially through the
reorganisation and reformation of disrupted bonds. This is supported by the reduced
cumulative variation of 30%, which matches that of the untreated fabric. SEM images
in Figure 6.16 reveal the longitudinal section of the hemp fibres, showing a severely
etched surface after 3-hour plasma treatment. Additionally, fibres subjected to the
subsequent water shock treatment appear highly wrinkled and shrunken, which
indicates that the immersion of water helps preserve the fibre structure from further
degradation.
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Figure 6.14 FTIR spectra of untreated, 3-hour argon plasma treated and cold water
shock treated (immediately after 3-hour argon plasma treatment) hemp fabric
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Figure 6.16 SEM images of prolonged plasma treated fibres

6.4 Conclusion

This study investigated the effects of argon plasma treatment and cold water shock
treatment on the mechanical and structural properties of needle-punched nonwoven
hemp fabrics and their integral fibres. The results reveal significant modifications in
fibre morphology, fabric porosity, and both fibre and fabric tensile strength, providing
valuable insights for enhancing the performance of hemp fibres in sustainable textile
applications.
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The tensile strength of untreated nonwoven hemp fabric was measured at
approximately 0.09 MPa. Argon plasma treatment resulted in fibre surface
modification, as evidenced by SEM analysis, where surface nano-pores were
observed. However, while plasma treatment induced slight fibrillation and reduced
fibre diameter (from 220 pym to 180 um), the fibre’s tensile strength remained
unchanged (~20 MPa) for individual fibres. This suggests that plasma primarily affects
the surface characteristics rather than fundamentally altering the fibre’s internal
structure without altering the Young’s modulus of the fibre (~2 GPa). In contrast, water
shock treatment led to remarkable changes in fibre tensile strength with a Young’s
Modulus of ~18 GPa. SEM analysis of fibre longitudinal sections showed a denser
structure with fibrils being fused, resulting in a more cohesive internal fibre structure.
This was accompanied by a substantial reduction in fibre diameter (to 100 ym).

Raman and FTIR spectroscopy showed no change in the constituent functional groups
in hemp, although enhanced peak heights were seen for water-bound -OH, indicating
an increase in intermolecular hydrogen bonding. Especially in the case of Raman
spectra, wherein pronounced peaks were observed in the crystal lattice region. These
results are reflected in porosity and density measurements. Argon plasma treated
samples exhibited higher porosity due to surface etching, whereas cold water shock
treatment induced fibrillar fusion, decreasing porosity and increasing fibre density.

A prolonged plasma treatment of 3 hours weakens the hemp fabric due to excessive
surface etching of the fibres, leading to fibre degradation. Therefore, it can be
concluded that an optimal treatment duration of 30 minutes is more suitable for
enhancing the fabric's mechanical strength.

Overall, this research highlights the potential of combined argon plasma treatment and
water shock treatment as a novel and eco-friendly method to enhance the mechanical
properties of hemp fibres.
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Chapter 7

Conclusions and Future Outlook

This research systematically investigated the effects of low-pressure, long duration
(=230 min) argon plasma treatment for enhancing the surface, structural, and
mechanical properties of both hemp fibres, and the effects on bulk properties of hemp
fabrics.

The experiment sections detailed in Chapters4, 5 and 6 consider the underlying
mechanisms, and their evidence to support the proposition that argon plasma-assisted
surface modification can provide an efficient strategy to improve the performance of
hemp-based textiles in terms of both colouration and tensile properties. This aligns
with industry trends towards sustainable development of textile manufacturing by
reducing dependency on water-intensive methods and aqueous chemical treatments.

This research addressed three specific objectives, each contributing to a scientific
foundation for plasma treated hemp fibres:

e Analysis of the impact of plasma treatment on fibre surface properties
and the dyeability of woven hemp fabrics.

Chapter 4 demonstrated that low-pressure argon plasma pretreatment
significantly improved colour strength in reactive and vat dyeing. Argon plasma
treatment effectively transformed the partially hydrophobic hemp fibre into a
fully hydrophilic material, thereby enhancing dye penetration into the fibre
structure. Additionally, the nano-scale morphological modifications, such as
surface etching and increased porosity, led to a greater specific surface area,
which promoted the formation of stronger dye-fibre interactions due to
enhanced dye bath penetration.

Scanning electron micrographs revealed that argon plasma-induced etching is
a time-dependent process. With increasing treatment duration, progressive
surface etching was observed. Notably, samples treated for 10 minutes
exhibited a distinct nano-porous morphology, with pores averaging
approximately 12 nm in diameter. Spectroscopic analyses using FTIR and
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Raman spectroscopy confirmed significant physicochemical modifications on
the fibre surface, including an increased density of polar functional groups.
Despite these changes, the intrinsic chemical structure of cellulose remained
largely intact following a 10-minute argon plasma treatment. FTIR spectra
revealed enhanced intensity of characteristic peaks such as -OH, C=0, and -
C-0O-, indicating successful surface functionalisation. Additionally, a noticeable
reduction in Raman shift for the plasma treated hemp fibres suggested
alterations in surface energy and the occurrence of nano-scale surface etching.
This increase in surface energy was confirmed by water contact angle
measurements, which suggested that argon plasma treatment modified a partly
hydrophobic (8 = 60°) surface into a fully hydrophobic (6 = 0°) surface.

Hemp fabrics treated with argon plasma exhibited significantly higher colour
strength (K/S) values following reactive dyeing. Furthermore, when subjected
to dye-stripping, the colour strength remained largely unaffected, indicating that
plasma treatment promotes the formation of highly stable covalent bonds
between the reactive dye molecules and the fibre. Statistical analysis using
surface response methodology revealed that both the weave type and the
duration of plasma treatment are critical factors influencing colour strength.
Additionally, the model showed a low standard deviation, suggesting that the
experimental data are statistically robust and the results are reliable. Hemp
fabrics treated with argon plasma and subsequently dyed with vat dyes
exhibited a notable increase in colour strength, rising from 6.4 in untreated
samples to 22 in treated ones. This significant enhancement suggests that
argon plasma treatment not only facilitates stable dye-fibre covalent bonding
(in case of reactive dyes) but also increases the surface activity through
physical interactions such as van der Waal’s forces, allowing vat dye molecules
to more effectively adhere to cellulose surface. The improved surface
characteristics, including enhanced roughness and porosity, likely contribute to
better retention of the relatively bulky vat dye molecules, enabling more
effective dye adhesion to the fabric surface. Statistical analysis using surface
response methodology for vat dyed fabrics revealed that “power” is the most
significant factor influencing the increase in colour strength. Furthermore, the
low standard deviation associated with the experimental data indicates that the
process is consistent, and the results are statistically reliable.
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These results position argon plasma as a clean and efficient alternative to
conventional wet pretreatments, achieving uniform and intensified colouration
without auxiliary chemicals or high temperatures.

Future outlook:

The present study has primarily focused on identifying the morphological and
chemical modifications induced by argon plasma treatment and their impact on
the colouration of hemp. While the findings highlight significant improvements
in dye uptake and stability, further research is required to gain a deeper
mechanistic understanding of plasma-assisted dyeing. For instance, systematic
studies using dyes with well-defined chemical structures would allow precise
elucidation of dye—fibre bonding mechanisms. Advanced analytical methods
such as UV-Vis spectroscopy could be employed to quantitatively assess dye
wash-off, thereby providing greater insight into the fixation efficiency and
fastness properties of plasma-treated hemp.

Moreover, investigation of dyeing kinetics on plasma-treated fabrics would help
clarify how plasma-induced surface modifications influence dye diffusion,
adsorption, and fixation rates. Such studies could contribute to the optimisation
of plasma parameters for specific dye classes and weave structures. Expanding
this work to include different dye types, particularly natural dyes and low-impact
synthetic alternatives, would strengthen the relevance of plasma technology in
sustainable textile processing.

Assessing structural and chemical changes in hemp fibres post-plasma
treatment

Chapter 5 examined the effects of argon and oxygen plasma treatments on
dew-retted hemp fibres. This novel investigation into prolonged plasma
exposure revealed that both argon and oxygen plasma treatments induced
notable physicochemical modifications, primarily characterised by surface
roughening. Moreover, following both argon and oxygen plasma treatment, the
intrinsic chemical structure of cellulose and the bulk properties of hemp fibre,
such as tensile strength and crystallinity, remained unaltered.

SEM micrographs of untreated and plasma-treated fibres revealed
morphological changes, with surface roughness increasing progressively with
longer treatment durations. In the case of argon plasma treatment, a 30-minute
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exposure resulted in noticeable surface roughening and the initiation of
fibrillation. After a prolonged 4-hour argon plasma treatment, significant surface
etching was observed, along with the presence of residual surficial impurities
such as lignin and hemicellulose clinging to the fibre surface. Additionally, SEM
micrographs of fibres treated with oxygen plasma revealed significant surface
roughening after a 30-minute plasma treatment. Following a 4-hour exposure
to oxygen plasma, the fibre surfaces exhibited a distinct network-like structure.
Surface topography analysis using AFM revealed a substantial increase in
surface roughness for dew-retted hemp fibres following plasma treatment. For
fibores treated with argon plasma, roughness values increased from
approximately 70 nm in untreated samples to around 300 nm, while oxygen
plasma treatment resulted in a maximum roughness of 182 nm. This difference
can be attributed to the greater mass and physical impact of argon gas.
Furthermore, AFM scans of argon plasma-treated fibres (30-minute duration)
displayed distinct textured features, corresponding to lignin bundles. These
features were absent in the 4-hour treated samples, suggesting that prolonged
plasma exposure may have contributed to the removal of lignin from the fibre
surface. Section analysis of the AFM scans indicated that oxygen plasma
treatment had a more localised and pronounced impact on surface topography,
characterised by the formation of deeper valleys. In contrast, argon plasma
treatment resulted in a more uniform roughening across the entire fibre surface.
This distinction highlights the differing surface modification mechanisms of the
two gases, with oxygen plasma inducing more targeted surface erosion and
argon plasma promoting widespread nano-texturing. Hence, the type of gas,
treatment duration and power all influence the surface roughness, which can
be confirmed using principal component analysis.

Water contact angle analysis suggested that both argon and oxygen gas
plasma treatments help transform the partially hydrophobic fibre surface (~69°)
to fully hydrophilic (0°), which is mainly due to a roughened surface morphology
and increased surface energy. ATR-FTIR spectroscopy highlighted distinct
physicochemical changes, particularly in argon plasma treated samples.
Compared with the untreated fibres, plasma treated fibres with both argon and
oxygen gas showed sharp peaks due to surface functionalisation and surface
removal effect due to lignin removal. Although the intrinsic structure of cellulose
remained unaltered following plasma treatment. Moreover, fibres treated with
oxygen gas plasma fell in PC2 as observed in PCA analysis, suggesting that
oxygen plasma treatment etched the fibre surface without extreme oxidation.
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Following a plasma treatment of 30 minutes with both gases, the tensile
strength remained unchanged, mainly because of the action of plasma being
confined to the fibre surface, which was confirmed using crystallite size analysis
and crystallinity index. Fluorescence microscopy revealed effective surface
lignin removal for 4-hour argon plasma treated fibres, suggesting that plasma
treatment is capable of lignin removal.

Hence, this study not only contributes to a deeper understanding of plasma-
induced surface modifications in hemp fibres but also demonstrates the value
of employing novel characterisation tools such as fluorescence microscopy to
visualise surficial modifications. Furthermore, the findings suggest that both
argon and oxygen plasma treatments may serve as effective strategies for
improving the processability of hemp as well as for other lignin-rich natural
fibres. This work thus reinforces the potential of plasma technology as a
sustainable, non-chemical alternative for enhancing fibre functionality in textile
processing.

Future outlook:

While this chapter has demonstrated the influence of argon and oxygen plasma
on surface roughness, wettability, and lignin removal in dew-retted hemp fibres,
further investigations are required to refine our understanding of plasma-fibre
interactions. One immediate avenue for exploration is the introduction of finer
experimental intervals between 30 minutes and 4 hours. By incorporating
intermediate treatment durations (e.g., 45, 60, 90, and 120 minutes), a more
complete profile of surface roughening, wettability alterations, and lignin
removal can be developed. Such an approach would allow a more precise
correlation between plasma exposure time and the onset of key morphological
and chemical transformations. Furthermore, evaluating surface energy in
relation to surface roughness could support the use of plasma-treated hemp
fibres in high-performance applications, such as aerospace and automotive
components, where strong adhesion with advanced or complex coatings is
required.

To gain mechanistic insights into the plasma-fibre interface, advanced surface-
sensitive techniques such as secondary ion mass spectrometry (SIMS) and X-
ray photoelectron spectroscopy (XPS) could be employed. The use of
fluorescence microscopy in this study has proven highly effective in visualising
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surficial lignin removal. Expanding this technique to include fluorescence
spectroscopy could enable quantitative assessment of lignin content across
different treatment conditions. In the longer term, integrating these advanced
analytical approaches with process optimisation studies will contribute to a
more comprehensive understanding of plasma treatment mechanisms

Evaluating the combined effects of argon plasma treatment and cold
water shock treatment on nonwoven hemp fabrics

As a preliminary study into strengthening nonwoven hemp fabrics, Chapter 6
explored the sequential application of argon plasma and cold water shock
treatment on needle-punched nonwoven hemp fabrics. The results indicate that
a cold water shock treatment immediately after argon plasma treatment helps
enhance the fabric as well as the fibre tensile strength.

The tensile strength of argon plasma treated hemp fabrics remained statistically
unaffected across varying plasma treatment parameters, likely due to inherent
structural inconsistencies within the hemp fibres. However, with increasing
argon plasma treatment duration, a gradual increase in fabric density was
observed, contributing to an enhancement in fabric tensile strength. The
reduction in fabric porosity associated with plasma treatment also led to a
higher stress at break. Notably, the application of a cold water shock treatment
immediately after argon plasma treatment resulted in a fourfold increase in
tensile strength, accompanied by a lower standard deviation across all
treatment groups. Specifically, the untreated hemp fabric exhibited a tensile
strength of 0.08 MPa, which increased to 0.21 MPa after argon plasma
treatment and further to 0.49 MPa after the combined cold water shock
treatment.

Individual fibre tensile strength of hemp fibres remained unchanged following
argon plasma treatment, having a constant Young's modulus of 2 GPa.
However, cold water shock treated hemp fibres showed a sevenfold increase
in their tensile strength and Young’s modulus measured up to 18 GPa.
Individual fibre tensile strength with a lower gauge length of 10 mm showed a
stick-slip effect in water shock treated fibres, indicating an increased number of
hydrogen bonds in the fibre structure.
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Scanning electron micrographs of cold water shock-treated hemp fibres
revealed a markedly densified microstructure, with fibre bundles appearing
fused together compared to the untreated fibres in which these fibre bundles
were distinctly visible. Argon plasma treated fibres exhibited increased
fibrillation, and surface etching was also observed, indicating progressive
surface modification. A significant reduction in fibre diameter from
approximately 200 um in untreated fibres to 100 um in cold water shock treated
hemp fibres was observed, suggesting substantial structural compaction
induced by the immediate thermal shock. SEM micrographs of the longitudinal
sections of fibres further supported these findings, wherein untreated fibres
displayed relatively smooth surfaces, compared to argon plasma treatment,
which resulted in a nano-porous surface. In the case of cold water shock treated
fibres, a highly wrinkled and shrunken surface morphology was observed,
providing strong visual evidence for the densification model proposed in this
study.

Spectroscopic analysis using Raman and FTIR showed sharp peaks following
cold water shock treatment, confirming structural densification without altering
the intrinsic cellulose structure. Raman spectra for argon plasma treated fibres
showed a lower Raman shift than untreated fibres, suggesting a surface
degradation effect and an enhanced surface energy. Moreover, sharp peaks in
the crystal lattice region were observed in the case of water shock treated fibres
thus indicating densification of the structure.

Hemp fibres treated with argon plasma for 3 hours exhibited a highly etched
and degraded surface morphology, as observed in SEM analysis.
Corresponding FTIR spectra showed reduced transmittance, indicating surface
removal, though the intrinsic cellulose structure remained intact. In contrast,
fibres subjected to cold water shock after 3-hour plasma treatment displayed
less pronounced etching, with a distinctly wrinkled surface. FTIR spectra of
these samples revealed sharp -OH peaks, confirming the introduction of polar
functional groups. These findings suggest that prolonged argon plasma
treatment primarily affects the surface layer, while water shock treatment
moderates the extent of degradation.

Hence, this novel preliminary study demonstrates that the immediate
application of cold water shock following argon plasma treatment significantly

enhances the tensile properties of both fibre and fabric. Plasma introduces
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polar groups and nano-pores, while rapid water absorption followed by drying
induces structural compaction, resulting in a densified, high-strength
microstructure. These findings open new possibilities for sustainable
enhancement of natural fibres in technical and performance-based textile
applications.

Future outlook

Further experimentation could focus on investigating the high standard
deviation observed specifically in plasma-treated nonwoven hemp fabrics. A
detailed study of the structural inconsistencies within hemp fibres could help
optimise plasma treatment parameters to achieve more consistent tensile
strength improvements.

A comprehensive investigation into end-use applications is essential to
translate these findings into practical solutions. The sharp peaks observed in
Raman spectra suggest potential for advanced material characterisation using
a 554 nm fluorescence laser. If water shock-treated fibres exhibit high
fluorescence, they could be developed into lightweight, reflective materials for
applications such as safety textiles or optical sensors. Additionally, the
significant increase in tensile strength and Young’s modulus of treated fibres
makes them ideal candidates for integration into polymer matrices to create
high-strength, lightweight composites. These composites could find
applications in industries such as automotive, aerospace, or construction,
where sustainable, high-performance materials are in demand. Moreover,
research specifically aimed at using these fibres in the geotextile and filter
fabrics sector can be beneficial, thus positioning hemp as a suitable material in
every textile sector, from garment to technical textile.

Collectively, the findings demonstrate that low-pressure and long duration (=30 min)
plasma treatment, particularly with argon gas, is a versatile tool for enhancing hemp
fibore performance. The increased surface energy, surface nano-texturing, and
improved wettability achieved through plasma treatment enhanced dye uptake and
aspects of fibre functionality.
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The novel use of cold water shock treatment was found to further improve mechanical
properties such as fibre and fabric tensile strength, potentially widening the
applications for treated hemp fabrics in technical textile applications. The research
establishes plasma treatment as a transformative approach for sustainable fibre
engineering. The ability to selectively modify surface characteristics without
compromising the bulk structure of hemp fibres highlights the precision and efficacy of
this technology. Moreover, the successful combination of plasma and water shock
treatments opens new possibilities for developing structurally robust, high-
performance nonwoven hemp textiles, with potential applications in composites,
technical fabrics, and eco-conscious apparel.

Future Outlook

While this work provides a strong foundation for understanding argon plasma and
hemp fibre interactions, several avenues for future research are recommended to
further advance the field, which are as follows:

e Advanced Surface Characterisation: Employing techniques such as X-ray
Photoelectron Spectroscopy (XPS) or Time of Flight Secondary lon Mass
Spectrometry (ToF-SIMS) could provide deeper insights into the chemical
states and elemental composition of plasma-treated surfaces, elucidating
transient states and modification kinetics.

e Industrial Scalability: Pilot-scale and industrial trials are essential to adapt
laboratory-scale plasma processes to commercial textile production, ensuring
scalability and cost-effectiveness.

e Fibre Blends and Fabric Constructions: Exploring the effects of plasma

treatment on hemp-based blends (e.g., hemp-cotton, hemp-polyester) and
diverse fabric constructions could broaden the applicability of this technology
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Supplementary Information

For Chapter 5

Study of hemp fibre properties modified via long duration low-pressure argon and
oxygen plasma treatments

Section analysis of AFM scans
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Figure 5.11 AFM section analysis of untreated and argon plasma treated hemp
fibres for 30 min at 40 and 80 Hz power
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Figure 5.12 AFM section analysis of argon plasma treated hemp fibres for 4 hr
at 40 and 80 Hz power

160



O, P40 Hz t 30 min
RMS of Section: 118.5 nm

O, P 80 Hz t 30 min
RMS of Section: 129.8 nm

O,P40Hzt4hr
RMS of Section: 50.1 nm

Figure 5.13 AFM section analysis of oxygen plasma treated hemp fibres for 30
min at 40 and 80 Hz power along with 4 h oxygen plasma treated fibres at 40
Hz power
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Statistical analysis of fibre-surface roughness

rm 4.303 u -1.0 -0.5 0.0 0.5
Factor Name i ; ’ .
A Power (Hz) ! "1535 Power (Hz)
B B duration (/vrw)i 14
C Gas E -1 0.5
H )
< i S 299
E & *101
I % ¢ 172 0:0
AB 172
O
a
. 70.4
A 4 -0.5
—1 -
! 11 duration (min)
1 2 3 4 105
Standardized Effect T T T
Pareto Chart of the Standardized Effects -2 -1 0 o 1 2
(response is Surface roughness (nm). a = 0.05) PC 1 (58.10%)
Power (Hz) | duration (min) | Gas E 02
200 “

Mean of Surface roughness (nm) ﬂ

s ¢

Second Component
o
&

v
o

Surface roughness (nm)

powtr (Hz)

4
o

X
o duration (min)

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

40 80 0 100 200 Argon n/a Oxygen
First Component

Loading Plot of Power (Hz), duration (min) and Surface roughness (nm)

......

Figure 5.14 Surface roughness (RMS) of hemp fibres along with surface
response analysis

Figure 5.14 presents the statistical analysis for the surface roughness (RMS) data
derived from AFM scans of untreated and plasma-treated fibres, incorporating surface
response analysis and multivariate analysis to evaluate the influence of various
treatment parameters. Figure 5.14A shows a Pareto chart of standardised effects,
where factors influencing surface roughness (nm) are analysed. The factors include
Power (Hz) [A], Duration (min) [B], and Gas type [C]. The chart reveals that Power
(Hz) has the strongest influence on surface roughness, aligning with the principal
component, PC 1, which accounts for 58.10% of the variance, as confirmed in Figure
5.14B. The PCA analysis suggests that higher power settings may result in greater
surface roughness. Additionally, duration of plasma treatment is the second most
significant factor, associated with PC 2, accounting for 41.90% of the variance.
Interestingly, plasma treatment for shorter durations of about 30 min corresponds to
higher roughness, while longer durations of 240 min may lead to smoother surfaces,
indicating an inverse relationship. Among gases, plasma generated using argon gas
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consistently leads to higher surface roughness compared to oxygen gas under similar
conditions. For instance, hemp fibres plasma treated at 40 Hz power for 30 min with
argon gas result in a surface roughness of 299 nm, while fibres treated with the same
conditions but using oxygen gas result in a fibre having 101 nm of surface roughness.
Notably, high power (80 Hz) combined with short duration (30 min) plasma treatment
results in high surface roughness ~199 nm for argon gas plasma and ~182 nm for
oxygen gas plasma. In contrast, low power (40 Hz) with extended duration (240 min)
yields lower roughness, ~111 nm for oxygen gas plasma, ~105 nm for argon gas
plasma. This highlights that extended treatment duration can mitigate the roughness
induced by higher power levels. Thus, referring to Figure 5.14B, it can be concluded
that Power (Hz) and surface roughness are closely aligned along PC 1, demonstrating
a positive correlation. Duration (min) aligns oppositely along PC 2, showing a negative
correlation with surface roughness, which aligns well with the previous interpretation.
Figure 5.14C shows the main effects plot, where the influence of individual factors on
surface roughness is shown. The Duration panel illustrates a declining trend, which
suggests that longer treatment leads to smoother surfaces. The Gas panel
emphasises significant differences in roughness depending on gas type, with argon
gas plasma leading to the roughest textures and oxygen gas plasma resulting in
moderately rougher surfaces compared to untreated fibre. The Power panel shows an
upward slope, indicating that higher power increases surface roughness, albeit to a
lesser extent compared to gas and duration. Figure 5.14D shows the PCA loading plot,
where the vector for surface roughness closely aligns with Power (Hz), indicating a
strong positive relationship. In contrast, the vector for duration points in the opposite
direction, suggesting a strong negative correlation with surface roughness. The angle
between the power and duration vectors suggests a weak correlation between these
two parameters. These relationships reinforce earlier findings that surface roughness
increases with power but decreases with treatment duration. Therefore, the statistical
analysis suggests that plasma treatment operates as a synergistic process, where gas
type, power, and treatment duration collectively influence surface modification. While
each factor holds individual significance, it is the optimal combination of all three
parameters that yields the most effective surface roughness outcomes.
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Supplementary Information

For Chapter 6

Alteration in the microstructure of hemp fibres via the aid of low-pressure argon

plasma treatment

X-ray diffraction analysis of treated and untreated hemp fibres
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Figure 6.17 Deconvoluted X-ray diffraction peaks of untreated, argon plasma
treated (for a duration of 30 minutes at 40 Hz power) and cold water shock

treated hemp fibres
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Sample Crystallinity (%) SD
Untreated 68 0.001
Untreated Water shock 71 0.002
Plasma treated 65 0.004
Water shock treatment 58 0.001

Table 6.3 Crystallinity index of untreated, argon plasma treated (for a duration
of 30 minutes at 40 Hz power) and cold water shock treated hemp fibres
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Figure 6.18 Crystallite size of untreated, argon plasma treated (for a duration of

30 minutes at 40 Hz power) and cold water shock treated hemp fibres
determined using the Debye-Scherrer equation
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Thermogravimetric analysis of untreated and treated hemp fibres
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Figure 6.19 Thermal decomposition profile of untreated, argon plasma treated
(for a duration of 30 minutes at 40 Hz power) and cold water shock treated
hemp fibres

Figure 6.17 shows the x-ray diffraction pattern for hemp fibre without any treatment,
non-plasma treated but water shock treated fibre, argon plasma treated and water
shock treated fibres. Table 6.3 gives an overview of the crystallinity index in these
samples. It is observed, that in the case of untreated fibres, the crystallinity remains
unchanged, indicating that water shock treatment does not alter any changes in the
crystal lattice structure shown in Figure 6.18. Although, the Raman spectra for
untreated water shocked fibres showed sharp peaks, a low tensile strength proves the
fact that the crystal structure remains unaffected. Similarly, fibres subjected to a 30-
minute argon plasma treatment showed no significant change in crystallinity,
suggesting that plasma-induced modifications are confined to the fibre surface without
affecting the bulk structure. However, a 10% decrease in crystallinity was observed in
fibres that underwent plasma treatment followed by immediate cold water immersion,
resulting in a final crystallinity of 58%. This reduction is likely due to structural
reorganisation triggered by thermal shock.
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Upon plasma treatment, the fibre surface undergoes functionalisation and nano-scale
etching, leading to increased surface stress. The immediate application of a cold water
shock is believed to induce fibre shrinkage, as evidenced by the reduced fibre
diameter shown in Figures 6.9 and 6.10. The consistent crystallite size across all
samples (Figure 6.18) suggests that while the structural changes are subtle, they
contribute meaningfully to the observed enhancement in tensile strength.
Furthermore, the unchanged thermal behaviour observed in Figure 6.19 across all
samples confirms that no significant compositional modification occurred.
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