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Introduction 
The increasing growth of the world's population has resulted in a significant consumption 
of non-renewable resources like petroleum and renewable resources like water, posing 
severe economic and environmental challenges. Thus, materials derived from natural, 
renewable resources, such as annual-growth crops, have received much attention 
(Bourmaud et al., 2018). Policies such as the European Green Deal (EGD), approved in 
2020, including European Climate Law (ECL) have been implemented to encourage the 
efficient use of biodegradable and renewable resources to promote a healthy, circular, 
and sustainable environment that helps to realise climate neutrality, zero-pollution, and 
halts biodiversity loss. For instance, the energy consumption for the production of 
natural fibres is 60% less than that of glass fibre (Bhattacharyya, Subasinghe and Kim, 
2015). Consequently, construction, transportation, packaging, and cosmetic sectors are 
increasingly sorting the application of suitable biobased materials like plant fibres (flax, 
hemp, jute, and sisal). Interestingly, these plant materials have existed and applied for 
thousands of years. Hemp, for example, was first discovered in China about 8000 BCE. 

Hemp is a flexible and promising plant-based renewable resource that is now receiving 
attention in the scientific community. Hemp is an annual crop grown from hemp seed 
that produces strong and woody fibres. Hemp, like other plants, has low input energy to 
develop and have the potential to capture carbon dioxide (CO2) from the environment 
during growth and cleaning the air. Consequently, the environmental carbon footprint 
decreases. The fibres are harvested from the hemp plant by retting (Nilsson, Svennerstedt 
and Wretfors, 2005) and they provide an intriguing, specialized performance for the 
construction of polymer composites. Given that the primary goal of hemp crop grown in 
most areas of the globe, notably in Europe and Estonia, is to create cannabidiol, the fibre 
and shives by-products, which are typically dismissed as trash, can become unbelievably 
valuable if used successfully in composite applications. Though, understanding and 
defining the fibre characteristics, which determine the intrinsic capabilities and efficacy 
of the fibre to reinforce polymer composites, it is required to fulfil a variety of 
applications. Natural fibres offer a wide variety of cell wall composition and strength 
qualities (Marrot et al., 2013) that are determined primarily by growth, maturity, and 
retting conditions (Bourmaud et al., 2018). Hydrophilic qualities of natural fibres impair 
interfacial adhesion with polymer matrices, resulting in voids and inadequate stress 
transfer, compromising mechanical performance.  

 As a result, it is critical to comprehend the characteristics and applications of plant 
fibre. There is a lack of data on the qualities or application of frost-retted hemp fibres 
(Hungarian species Tisza) in the reinforcement of composites. Therefore, this study  
seeks to fill this gap. The aim of this research was to augment the contribution to a  
carbon-neutral environment by applying this underutilised frost-retted hemp fibre as 
reinforcements in enhancing the technological and physicomechanical properties of 
sustainable biocomposites. The novelty of current research is based on the 
characteristics of frost-retted hemp fibres grown in Estonia which is not reported in the 
literature. Their utilisation will lead to valorisation of local resources. Furthermore,  
this research applied a uniquely comprehensive approach with double scale  
analysis, involving the examination of the characteristics of the unmodified and 
chemically modified hemp fibres on a micro-scale and their influence on a macro-scale 
(the biocomposite’s physicomechanical performance). 
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For this purpose, the biochemical and strength properties of the hemp fibres were 
first examined and defined. Surface pre-treatment with water and alkali and combined 
modification with silane were introduced to fabricate composites with hemp fibre at 
various wt.%. The impact of the fibre surface modification and content was examined 
from the mechanical and functional properties of the composites and the most effective 
treatment for the robust performance of the biocomposite was established. The research 
provides valuable information on the characteristics of Estonian hemp fibres and their 
suitability as an alternative composite reinforcing material. 
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Abbreviations and Symbols 
Af Alkali pretreated hemp fibre 
AH Alkali pretreated hemp fibre reinforced PLA composites 
APTES 3 -Aminopropyl-triethoxysilane 
ASf Alkali and silane treated hemp fibre 

ASH Combined alkali and silane treated hemp fibre reinforced PLA 
composites 

BCE Before the Christian Era 
CO2 Carbon dioxide 
E Modulus of elasticity (Young´s modulus) in tension 
EMCd.b Equilibrium moisture content (dry bases) 
FAO Food and Agriculture Organization (of the United Nations) 
FTIR Fourier Transform Infrared 
HDPE High density polyethylene 
NFC Natural Fibre Reinforced Composite 
MD Equilibrium moisture content (EMC) 
MOE Flexural modulus 
MOR Flexural strength  
PCL Polycaprolactone  
pH Potential of hydrogen 
PHAs Polyhydroxyalkanoates 
PHB Polyhydroxybutyrate  
PLA Polylactic acid 
RH Relative humidity 
SEM Scanning Electron Microscopy 
T5 Temperature at 5% mass loss 
T10 Temperature at 10% mass loss 
TGA Thermogravimetric Analysis 
Uf Untreated hemp fibre 
UH Untreated hemp fibre reinforced PLA composites 
Wf Water pretreated hemp fibre 
WH Water pretreated hemp fibre reinforced PLA composites 
Wsf Water and silane treated hemp fibre 

WSH Combined water and silane treated hemp fibre reinforced PLA 
composites 

wt.% Weight percentage 
VIP Vacuum infusion process 
σ Tensile strength 
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1 Literature review 

1.1 Industrial hemp (Cannabis sativa)  
In the  past, Canada was the largest cultivator of hemp, however the hemp plant is 
originally native to India and Persia (Manaia, Manaia and Rodriges, 2019). According to 
2019 data obtained from (Statista, 2021) shown in Figure 1, approximately 56,196 ha of 
land area was dedicated to hemp cultivation in Europe. France accounted for 70% of the 
total land area used for the cultivation, while Lithuania and Estonia make up the second 
and third largest, respectively. But the recent European Commission report on the 
cultivation of hemp fibres in Europe puts the Netherlands (10%) and Austria (4%) as the 
2nd and 3rd largest producers, respectively, for the same period. 

 
Figure 1. Top 15 hemp cultivators in Europe as of 2019 (Statista 2021). 

The market demand for hemp is driven by the growth in the application of cannabidiol 
(CBD) obtained from the hemp stalk, flowers, and leaves and, the hemp seed used for 
food and beverages, personal care, and animal feeds. The many benefits of hemp 
highlighted as important by the member of the board of advisors for the Industrial Hemp 
Association (EIHA) in the European Commission, Catherine Wilson are listed below: 

1. Hemp has a negative carbon footprint. For instance, the cultivation of one 
hectare of hemp can absorb approximately 15 tonnes of CO2. 

2. Growing hemp minimises environmental pollution as it does not require 
herbicides, pesticides, or fungicides. 

3. Hemp has high growth and shading capacity that is suitable for breaking cycles 
of disease when used in crop rotation. 

4. After the cultivation of hemp, the soil is left in optimum condition which helps 
prevents soil erosion and can be used for the recovery of land. 
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5. Additionally, hemp has several good uses, e.g., providing refuge for birds, seeds 
for animal feed, and because of the differing pollination season (July and 
September) compared to other crops, it is biodiverse. 

 
Due to these merits, hemp cultivation in Europe is considered one of the means to 

reaching the European green deal targets. Besides, the land area dedicated to the growth 
of hemp in Europe has almost doubled. Varieties of industrial hemp include Anka, Uso, 
Zolotonosha (Canada), Felina, Fedora, Futura, etc (France), Carmagnola (Italy), FIN-314 
(Finland, Canada) and Tisza, Kompolti and Fibriko from Hungary. Hemp plants thrive in 
semi-humid environments with temperatures ranging from 14 to 27 °C. It requires a lot 
of rain or irrigation (particularly in the first six weeks), roughly 30–40 cm per growing 
season, and is drought-resistant after that, although the bulk is diminished, and a lack of 
proper hydration also hastens maturity. Seedlings can tolerate a -5 °C frost, while adult 
plants can also withstand a -5 °C cold (British Columbia Ministry of Agriculture and Food, 
1999).  

1.2 Hemp fibre 
There is conflicting information about the global production of hemp fibres. According to  
(Manaia, Manaia and Rodriges, 2019) Russia accounts for the largest global production 
of hemp fibre with about 33%, but reportedly, China has an output of 93,000 tons/year, 
which is considered the largest based on FAO data reported by (Dayo et al., 2018). 
Besides, as of 2020, industrial hemp, hemp products, and end-use items such as paper 
and textiles were all produced and exported mainly by China (Market Analysis Report, 
2021). In Estonia, hemp fibre is obtained as a by-product of cannabidiol (CBD) produced 
for medicinal purpose. “Estonia is a hidden gem for CBD production since it has a clean 
environment with good water, organic soil, and no local pests that would induce the use 
of chemicals for growing hemp” (Stephen J Wyatt, CEO of Hemp Futures).  

Hemp fibre is a plant biofibre derived from the bast of industrial hemp (Cannabis 
sativa L.). Ideally, hemp fibres fall in the classification of primary natural fibres like flax, 
cotton, Kenaf and jute, which are fibres grown for their fibre content (Bhattacharyya, 
Subasinghe and Kim, 2015). However, most often than not, these agricultural by-products 
are dumped in the open field or incinerated (Dayo et al., 2018). Hemp and flax are most 
widely accessible in Europe, and they might be an appealing alternative to glass fibre 
reinforcement in composites. But hemp fibres suffice as the most desirable of the two 
plants, owing to their specific mechanical characteristics and a price that has remained 
lower and more consistent throughout time than flax fibres. Hemp has received less 
attention by researchers than flax, and its morphology and mechanical behaviour are 
somewhat understood (Marrot et al., 2013). 

1.2.1 Fibre structure 
In general, the structure of hemp fibre is quite similar to that of wood. Hemp stems are 
typically 1.5–2.5 m tall with a diameter of 5–15 mm (Liu, Thygesen, et al., 2017).  
Figure 2 shows the hemp stem with the arrangement of fibres. Typically, it consists  
of a pith assembled in layers of xylem, cambium, cortex, epidermis, and cuticle, 
diameters/thicknesses of which are 1–5 mm, 10–50 μm, 100–300 μm, 20–100 μm,  
2–5 μm, respectively (Liu, Thygesen, et al., 2017). Hemp fibres have primary and secondary 
fibres. The primary fibres range in length from 5 to 100 mm, whereas the secondary 
fibres, which are missing in the flax fibre, are around 2 mm long (Marrot et al., 2013).  
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Figure 2. Organisation and morphology of a hemp stem, bundle of fibres and single fibre. 

1.2.2 Biochemical composition 
Like all plant materials, the hemp fibre features cellulose, hemicelluloses, lignin, pectin, 
wax, and water-soluble extractives as the cell wall contents. Nevertheless, cellulose,  
a long-chain polysaccharide formed by units of β-D glucose is the principal cell component 
of the hemp fibre. The structure of the hemp fibre cell (Figure 3) is categorised into the 
primary wall, the secondary wall, and the lumen, which is responsible for the 
transportation of moisture and middle lamella (pectin) that binds the fibre. The primary 
cell wall deposited in the early growth stage (Pereira et al., 2015) is 70–110 nm thick (Liu, 
Thygesen, et al., 2017). It consists of disorderly arranged cellulose microfibrils immersed 
in a matrix of hemicelluloses and lignin. Hemicelluloses are highly concentrated in the 
primary cell wall, while lignin is an extremely crosslinked amorphous molecular structure 
that binds the individual fibres. 

The secondary cell wall is thicker (3–13 μm) and comprises crystalline cellulose 
microfibril in three layers: the outer secondary cell wall (S1), the middle cell wall (S2) and 
the inner cell wall (S3) (Pereira et al., 2015). The composition and structural arrangement 
of the fibre is influenced by the plant growth conditions, the degree of retting and 
maturity (Bourmaud et al., 2018). Hence, to effectively apply the hemp fibres, the structural 
composition must be considered.  
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Figure 3. Schematic representation of hemp fibre cell layers (Henrique et al., 2015). 

1.2.3 Fibre properties 
Table 1 shows that hemp fibres represent one of the strongest and stiffest of the 
available natural fibres. The high strength of hemp fibre could be attributed to the  
high cellulosic content and their special function to provide support in the plant stem 
(Bourmaud et al., 2018). According to (Bhattacharyya, Subasinghe and Kim, 2015),  
the properties of the hemp fibre depend on the fibre structure, chemical composition, 
microfibrillar angle, cell dimension, and inherent fibre defects. In other words,  
the amount and order of cellulose microfibril (microfibril angle) in S2 determines the 
inherent fibre strength. Additionally, the lignin also determines the fibre rigidity and 
affects the impact and compression properties (Pereira et al., 2015) whereas fibre retting 
conditions could influence the morphological and tensile properties of the fibre  
(Mazian et al., 2018) and affect the adhesion mechanism between the fibre and the 
polymer (Pereira et al., 2015). 

 
Table 1. Comparison of the mechanical properties of natural and synthetic fibres (Pil et al., 2016). 

Properties E-glass Carbon 
(T300-T700) 

Flax Hemp Bamboo Jute 

Density, g/cm3 2.55 1.8 1.45 1.48 1.4 1.46 
Tensile strength, 
MPa 

2000–
2400  

3530–4900 800–
1500 

550–
900 

750–
950 

400–
800 

Stiffness, GPa 70–74 230 55–75 40–65 30–50 10–30 
Specific strength, 
MPa cm3/g 

780–
940 

1900–2700 550–
1030 

370–
600 

535–
680 

275–
550 

Specific stiffness, 
GPa cm3/g 

27–29 128 38–52 27–44 21–36 7–21 

Εlongation at 
break, % 

3 1.5–2.1 1.5–2 1.6 1.9 1.8 
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One of the main advantages of hemp fibres over the synthetic alternatives is the low 
density that results in high specific strength and stiffness (Ku et al., 2011; Manaia, Manaia 
and Rodriges, 2019). Other benefits include environmental friendliness, non-abrasiveness 
to processing equipment, cheap cost, renewability, and less processing energy, which 
results in reduced air pollutants. But, hemp fibres have natural hydrophilic qualities,  
a high anisotropic nature, limited resistance to microbes, low heat stability, uneven 
mechanical properties, and inferior mechanical performance, which serve as limitations 
compared to synthetic fibres (Manaia, Manaia and Rodriges, 2019). 

1.3 Retting  
Retting is a process that is used to loosen the bast fibres from the stem. This process 
involves the removal of non-fibrous tissues by the degradation of hemicellulose and 
pectins (Tavares et al., 2020). During retting, a combination of wet and moderate 
weather promotes the development of microorganisms (fungi, bacteria) that colonize 
the plant stem. These microorganisms secrete degrading (or hydrolases) enzymes such 
as polygalacturonases or xylanases that accelerate the breakdown of the plant’s 
polysaccharides. The enzymes gradually destroy the pectins of the cortical parenchyma’s 
middle lamellae, the epidermis, the xylem, and the bundles of fibres, which then facilitates 
the mechanical (scutching) or manual detachment of the bundles. There are 5 types of 
plant retting: (1) dew retting (2) water retting (3) mechanical retting (4) enzymatic retting 
and (5) chemical retting. 

In Europe, the plant stalks are commonly dew (field) retted. This type of fibre retting 
is subject to weather conditions like rainfall and temperature (Liu, Silva, et al., 2016). 
Considering the hemp fibre and seed maturity period (mid-August), field retting normally 
begins in autumn (mid-August or September) in places like Northern France, Belgium, 
and the Netherlands (Réquilé et al., 2021). However, the autumn period in the Nordic 
region is often associated with cold and high rainfall (Pasila, 2000), which is unfavourable 
because of the possibility for high moisture content in the stems, collection difficulty, 
rotting or in some cases, over-retting, due to the secretion of cellulase that depolymerizes 
cellulose (Réquilé et al., 2021). Pasila (2000) proposed collecting the hemp straws during 
spring, which is the driest time of the year, to prevent an increase in moisture content in 
the plant stem and improve the possibility for mechanical drying. Straws harvested 
during this period are referred to as frost retted. For frost retting, the fibre separation 
from the bundle is induced by the daily temperature variation above and below zero.  
The repeated fluctuation of the springtime temperature causes the freezing and melting 
of water in the plant stem, creating an enlarging movement which results in the loosening 
of the fibre from the stalk.  

1.4 Fibre modification 
The objective of the fibre modification is to treat the fibre surface to remove the wax in 
natural fats present in the hemp fibre  for easy handling or better performance as a 
reinforcing material (Alix et al., 2009; Väisänen et al., 2018). Chemical and physical 
methods are commonly used (Manaia, Manaia and Rodriges, 2019) to achieve this.  
The chemical treatments involve the modification of the fibre surface by any of the 
following methods: acetylation, peroxide treatment, benzoylation, isocyanate treatment, 
and using maleated coupling agents (Pereira et al., 2015; Sepe et al., 2018). The objective 
of chemical treatment is to modify the hydroxyl and carbonyl groups in the fibre and 



17 

introduce networking groups that enhance the interfacial bond with the polymeric 
matrix, because the hydroxyl groups in natural fibres increase hydrophilic properties that 
limit the interfacial adhesion with the polymer matrices, since these matrices are 
hydrophobic in nature (Liu, Thygesen, et al., 2017). The poor adhesion between the fibres 
and matrix causes ineffective stress transfer and induces voids that subsequently impede 
the  mechanical performance of the composites (Islam, Pickering and Foreman, 2010). 
Hence, the chemical treatment primarily removes non-amorphous fibre contents such as 
pectin, wax, hemicellulose, and lignin to obtain cellulose rich fibres (Sgriccia, Hawley and 
Misra, 2008; Liu, Meyer, et al., 2016; Liu, Thygesen, et al., 2017). The physical treatments 
involve corona, cold plasma, ultraviolet, heat treatment and, electron radiation 
(Sreekumar et al., 2009). But these treatments can often cause the deterioration of the 
flexural properties of composites (Sepe et al., 2018; Sood and Dwivedi, 2018). 

Nonetheless, of all the listed methods, alkaline treatment with sodium hydroxide 
(NaOH) has been found to be the utmost applied process (Manaia, Manaia and Rodriges, 
2019), because of its’ feasibility (Islam, Pickering and Foreman, 2010). The treatment of 
the fibres with NaOH modifies the fibre surface by removing a certain amount of lignin, 
hemicelluloses, wax, and oils covering the external surface of natural fibre, revealing 
more hydroxyl bonding sites and making the fibre surface rough (Demir et al., 2006; 
Pickering, Efendy and Le, 2016; Dayo et al., 2018; Sepe et al., 2018), thereby causing 
better interfacial bonding (Islam, Pickering and Foreman, 2010). As a result, alkaline 
treatment enhances the mechanical behaviour of the natural fibre, particularly fibre 
strength, and thus the mechanical characteristics of the composite (Fiore, Di Bella and 
Valenza, 2015). The procedure of the alkali treatment (Kabir et al., 2013a; Sepe et al., 
2018) is shown below:  

 
Fibre–OH + NaOH → Fibre–O–Na+ + H2O 

 
Silane treatment has also been used to further improve the composite performance 

by enhancing the interfacial relationship between the fibre and the polymer matrix.  
The impregnation process where the hemp fibres are treated with prehydrolyzed silane 
solution ensures modification of the fibre surface and cell walls (Xie et al., 2010).  
The silane coupling agents are hydrophilic compounds with a silicon atom attached to 
separate functional groups, allowing one end to engage with the matrix and the other 
end to react with the hydrophilic fibre, which acts as a bridge between both (Sepe et al., 
2018). However, silane treatment works more efficiently with the presence of more free 
OH groups. Therefore, it is often combined with alkali treatment. There are four phases 
to the interaction of silane with the natural fibre: hydrolysis phase where the silane 
monomers are hydrolysed, condensation phase that is slowed down using an acidic 
environment (usually acetic acid) to ensure availability of free silanols that are then 
adsorbed to form siloxane bonds (– Si– O–Si –); consequently, grafting on the fibre 
surface via covalent bonds – Si– O–C – of the silanols. As a result, the hemp fibre becomes 
less hydrophilic (Cyras et al., 2004), which decreases the water affinity of the reinforced 
composites. Silanes commonly used for modification of natural fibres/polymer matrices 
consists of organic functionalities, such as amine, methacrylic, vinylic, azide, alkylic etc. 
But amino silane such as (3-Aminopropyl) triethoxysilane (C9H23NO3Si) known as APTES 
is one of the most versatile because of its ability to treat majority of the commonly used 
polymer matrices. The processes involved in the siloxane bridges that occur after thermal 
stimulation (Brochier Salon et al., 2005) are shown:  
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Thermal stimulation occurs when the fibres are oven dried at elevated temperature 

usually about 120 °C for 1 hour.  

1.5 Composite matrices 
Thermoplastic and thermosetting matrices are the two types of polymer matrices used 
in composite production. The parameters of the most widely studied polymer matrices 
used for hemp fibres are listed in Table 2. The nature of polymers can be thermoset or 
thermoplastic, depending on the structural and chemical linkages. Thermoplastic polymers 
contain one- or two-dimensional molecular structures that are flexible under heat or 
force and may reshape when pressure and heat are reapplied. On the other hand, 
thermosetting polymers consist of cross-links and form an irreversible chemical connection 
when pressure and heat are applied. Thermoset polymers cannot be melted or reformed, 
and they only degrade when heated to a high enough temperature, which is a disadvantage 
for recyclability. Thus, when chemical and thermal stability are required, thermoset 
matrices are preferable. Thermoplastic polymers are resistant to damage and can be 
recycled since they can be heated and reformed. Polymer materials have a low density 
and a low melting temperature in general. The polymer matrices protect the fibres from 
environmental degradation, preserve fibre arrangement, transfer stress to the fibres, 
and influence the form and appearance of the composite. Overall, the polymer matrices 
govern the composite’s optimum service temperature, moisture resistance, chemical 
resistance, and thermal stability (Manaia, Manaia and Rodriges, 2019). The application, 
needs, and desired qualities of the composite material being developed, and accessibility 
in the location where manufacturing is being considered are the factors that influence 
the matrix selection. 
 
Table 2. Properties of polymer matrices used for hemp fibres (Manaia, Manaia and Rodriges, 2019). 

Polymer Density, 
g/cm3 

Failure 
Strain, 
% 

Tensile 
Strength, 
MPa 

Young’s 
Modulus, 
GPa 

Glass 
Transition 
Temperature, 
°C 

Melting 
Temperature, 
°C 

Synthetic Thermoplastics 

Polypropylene  0.89–
0.92 

20–
400 30–40 1.1–1.6 - 10 to - 23 161–170 

Polyethylene - 
HDPE 

0.94–
0.96 2–130 14.5–38 0.4–1.5 - 100 to - 60 120–140 

Polystyrene  1.04–
1.06 1–2.5 25–69 4–5 100 110–135 

Polylactic acid 
(PLA) 

1.21–
1.25 2.5–6 21–60 0.35–3.5 45–60 150–162 

Thermosetting 
Epoxy 1.1–1.4 1–6 35–100 3–6 60 to 170 – 
Polyester 1.2–1.5 4–7 40–90 2–4.5 -47 to 120 – 
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Because of environmental concerns, biopolymers such as polylactic acid (PLA), 
modified cellulose, soya oil-based epoxy, polycaprolactone (PCL), polyhydroxybutyrate 
(PHB), lignin, and starch have become more desirable and are studied for many industrial 
applications. Table 3 presents the properties of some of the known biopolymers. Despite 
the increased desire for adoptability of these biopolymers, low toughness/commercial 
availability, processability, prohibitive cost, limited moisture resistance, and low thermal 
stability are the key drawbacks (Pappu, Pickering and Thakur, 2019). Regardless, PLA is 
at the fore with regards to utilisation, thanks to a recently developed cost-effective 
polymerisation process (Sawpan, Pickering and Fernyhough, 2011b; Pappu, Pickering and 
Thakur, 2019) and good mechanical performance. 

Table 3. Bio-based polymers, properties, application (Douglas D. Stokke, Qinglin Wu, Guangping 
Han, 2013). 

Polymer type Properties Application 

Natural Starch-based 
polymers 

Short shelf-life, 
biodegradable and 
compostable 

Films, 
moulding, 
extrusion 

 Cellulose 
derivatives 

Biodegradable, limited, 
compostable, good 
mechanical properties 

Films, injection 
moulding 

Derived by bacterial 
fermentation of 
sugars or lipids 

PHAs 
Long shelf-life, varying 
biodegradability, limited, 
compostable 

Moulding, films 

Derived from 
biobased materials  PLA Weatherproof, high 

strength, high modulus 

Films, 
moulding, 
extrusion, 
fibres 

 

1.5.1 Polylactic acid (PLA) 
PLA polymers are lactic acid polyesters that have lately been used in applications where 
biodegradability is essential (Oksman, Skrifvars and Selin, 2003). PLA is a bio-based 
thermoplastic polymer with excellent mechanical characteristics (Hu and Lim, 2007).  
The polymer fibre is made from the monomer of yearly renewable crops including maize, 
potato, and cane sugar; it is 100% biodegradable (Oksman, Skrifvars and Selin, 2003;  
Hu and Lim, 2007), and its life cycle can help to reduce carbon dioxide levels on the 
planet. It seems to be an obvious alternative to conventional polymers for a product that 
is both environmentally benign and mechanically sound (Baghaei et al., 2014). Hydrolysis 
to lactic acid, which is then metabolised by bacteria to water and carbon monoxide,  
is required for deterioration, which is reported to happen in two weeks, with total 
absence taking three to four weeks after breakdown. However, according to Hu and Lim, 
(2007) the degradation process may take several months to two years. 

The two polymerisation processes currently employed to make PLA are direct  
poly-condensation of lactic acid and cyclic intermediate dimer (lactide), which includes a 
ring-opening process; the latter is favoured owing to its capacity to yield high molecular 
weight PLA. The polymer is obtained from the monomer of lactic acid (2-hydroxy 
propionic acid) by the fermentation of dextrose, produced from the enzymatic hydrolysis 
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of plant starch (Douglas D. Stokke, Qinglin Wu, Guangping Han, 2013). The commercial 
use of PLA is expected to grow significantly in the future and is already used to make 
plastic bags for home biowaste, sanitary products and diaper wrappings, planting cups, 
disposable cups, and plates (Oksman, Skrifvars and Selin, 2003). However, PLA’s intrinsic 
brittleness and poor toughness, as well as its low melt viscosity and excessive cost, may 
limit its usage as a polymer matrix in composite production (Manaia, Manaia and 
Rodriges, 2019). Though more research is currently being geared towards improving 
some of these issues. 

1.6 Biocomposites 
Composites are the product of a stiff material (the fibre) that reinforces a polymer matrix 
(thermoplastic or thermosetting). The composite is a biocomposite when at least one of 
its components is from a natural material (Tavares et al., 2020); hence, composites 
reinforced with biobased (lignocellulosic) fibres are biocomposites and otherwise known 
as natural fibre reinforced composites (NFCs). According to Manaia, Manaia and Rodriges 
(2019), NFCs have a lower environmental impact, reduce the weight and volume of 
polymeric matrices due to the ability to use higher fibre content for specific performance, 
and reduce emissions and fuel consumption throughout the life cycle. Because 
lignocellulosic fibres are employed, NFCs have low health risks and are less expensive 
than today’s most popular synthetic fibre reinforced composites (Merkel et al., 2014). 
However, in selecting the natural fibre for precise application, it is essential to consider 
the fibre strength, dimension, structure and the biocomposition (Pereira et al., 2015). 
According to Liu et al. (2017), the fibre and matrix properties, fibre orientation, porosity, 
fibre length, fibre packing ability, fibre/matrix interface properties and fibre content are 
the range of parameters influencing the performance of natural fibre reinforced 
composites. 

The application of hemp fibre with the most potential is as reinforcement material in 
polymeric composites (Pickering, Efendy and Le, 2016; Pappu, Pickering and Thakur, 
2019). Considering that hemp growth, in most parts of the world is predominantly for 
nutritional application i.e., extraction of CBD, the fibre and shives by-products often 
considered as waste can thus become immensely valuable if effectively utilised for 
composite application. Some properties of hemp fibre composites published are presented 
in Table 4. Overall, 30 wt.%. fibrous reinforcement was considered because the fibre 
reinforcement range of 25 wt.% to 35 wt.% is reported as the most suitable to achieve 
optimum performance and economic benefit (Pappu, Pickering and Thakur, 2019). 
Although Islam, Pickering and Foreman (2010) attained a remarkably high mechanical 
outcome with fibre contents of 65 wt.%, no other study has reported such high values at 
such fibre content. Additionally, Table 4 shows that the hemp fibre surface was often 
treated with NaOH solution or by combined a modification using NaOH solution and a 
coupling agent (silane).  
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Table 4. An overview of some results previously published for hemp fibre reinforced composites. 

Composite description Mechanical strength 

Fibre content 
(reference) 

Polymer 
type 

Treatment 
type 

Fabrication 
method 

Tensile 
strength 
(σ), MPa  

Flexural 
strength 
(MoR), 
MPa 

30 wt.% 
Hybrid (15 
wt.% hemp + 
15 wt.% sisal) 
(Pappu, 
Pickering and 
Thakur, 
2019) 

PLA 
none 

Injection 
moulding 46 ± 7  95 ± 11 

Woven hemp 
fibres (42 ± 1 
wt.%) (Sepe 
et al., 2018) 

Epoxy 
Epoxy 

VIP 

81 ± 3 118 ± 5 
1 wt.% NaOH 
solution 69 ± 4 114 ± 5 

5% silane 72 ± 1 123 ± 6 

65 wt.% 
(Islam, 
Pickering and 
Foreman, 
2011) 

untreated 

Compression 
moulding 

165 180 

2 wt.% 
Na2SO3 + 5 
wt.% NaOH 

130 ~ 170 ~ 

30 (2) wt.% 
(Väisänen et 
al., 2018) 

none 64 ± 14 91 ± 20 

10 wt.% 
NaOH soln. 41 ± 5 74 ± 9 

25 wt.% 
(Dayo et al., 
2018) 

Poly 
benzoxazine 

Cyclohexane/ 
ethanol 
washing + 
silane 

45 ± 2 114 ± 3 

30 wt.% 
(Baghaei et 
al., 2014) 

PLA 4 wt.% NaOH 77 ± 3 101 

45 wt.% (250 
wraps/m) 
(Baghaei, 
Skrifvars and 
Berglin, 
2013) 
 

PLA yarns 
 

None 
 

59.3 
 

124.2 
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Composite description Mechanical strength 

Fibre content 
(reference) 

Polymer 
type 

Treatment 
type 

Fabrication 
method 

Tensile 
strength 
(σ), MPa  

Flexural 
strength 
(MoR), 
MPa 

40 wt.% (Lu, 
Swan and 
Ferguson, 
2012a) 

HDPE 5 wt.% NaOH 
soln. 

Compression 
moulding 

60 44 

40 wt.% (Hu 
and Lim, 
2007) 

PLA 

6 wt.% NaOH 55 113 

30 wt.% 
(Islam, 
Pickering and 
Foreman, 
2010) 

2 wt.% 
Na2SO3 + 5 
wt.% NaOH 

Film stacking 83 143 

 
Although using natural fibres as a reinforcement in composites has several 

advantages, the intrinsic features of the natural fibres cause certain undesirable traits in 
the composites. Limited mechanical performance, excessive water absorption, poor fire 
resistance, and concerns linked to manufacturing irregularities and inhomogeneity are 
the four key challenges that restrict the use of natural fibres in composites (Väisänen et al., 
2018). Therefore, it is essential to assess the multifunctional performance of biocomposites 
to meet a variety of applications (Mohd Ishak and Mat Taib, 2015). As a result, studies 
have examined the resistance to water in addition to the mechanical performance of 
biobased composites (Pejic et al., 2008; Sreekumar et al., 2009; Dayo et al., 2018; 
Thiagamani et al., 2019).  

The fire reaction of these composites has also been studied (Naughton, Fan and 
Bregulla, 2014; Mohd Ishak and Mat Taib, 2015) though in a limited number of 
publications. Most importantly, a fire resistance test is essential for any construction 
material to fulfil building standard regulations (Naughton, Fan and Bregulla, 2014). 
Hence, to classify NFCs as construction materials, there is a need to provide data or 
improve fire resistance of the biocomposite, which has been achieved through using 
higher fibre content, an additive such as magnesium hydroxide, or fire retardant 
treatment (Hapuarachchi et al., 2007). 

1.7 Application or potential use of hemp fibres and their biocomposite 
The most researched and growing application for hemp and natural fibres, in general,  
is reinforcement in polymeric composites in automotive applications (Lu, Swan and 
Ferguson, 2012b; Dayo et al., 2018; Sepe et al., 2018; Alao et al., 2019; Islam and Bhat, 
2019) because the automobile sector is continually seeking ecologically friendly materials 
in its products (Zegaoui et al., 2018). NFCs have been used to make vehicle components 
such as door panels, glove boxes, hat racks, dashboards, and other components, by the 
car manufacturers Audi, BMW, Mercedes-Benz, Fiat and Volvo (Manaia, Manaia and 
Rodriges, 2019). NFCs show prospects for use in the production of parts of musical 
instrument (Pickering, Efendy and Le, 2016), in sports goods and consumer electronics 
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(Zegaoui et al., 2018). In particular, hemp fibres have a better vibration dampening ability 
than synthetic fibres that make them a more suitable alternative. Other applications of 
NFCs include aircraft interior panelling, toys, packaging, casings for electronic devices like 
laptops and phones, surfboards, heat insulation materials, fibre reinforced concretes in 
building construction, and brake pads, which are commonly made of geopolymers 
reinforced with hemp fibres (Hussain et al., 2019; Manaia, Manaia and Rodriges, 2019; 
Pappu, Pickering and Thakur, 2019). 

Biocomposites made of natural fibres have a wide range of physical and mechanical 
characteristics, making them difficult to use in structural applications where reliability is 
critical (Marrot et al., 2013). However, more structural components, such as seat backs 
and outside underfloor panelling in the automobile, are increasingly being manufactured 
(Manaia, Manaia and Rodriges, 2019). 

1.8 Summary of the literature review and aim of the study 
Hemp is regarded as one of the natural resources that can be used to meet environmental 
sustainability, reduce carbon emissions, and improve population health. Hemp 
cultivation is mostly for the manufacture of cannabidiol (CBD); the shives and fibres as 
by-products, acquired after harvesting the plant have received little attention. As demand 
for CBD oil rises, especially in Estonia, so will the amount of hemp stem waste generated, 
sparking a need to value this locally created product. An environmentally sound method 
for retting is required to effectively separate the fibres from the stem. The frost-retting 
process recommended by (Pasila, 2000) is the most suitable in the Estonian climate to 
avoid physical fibre damage by moisture and save drying energy.  

Amongst natural fibres, hemp fibres show promising mechanical properties for 
reinforcing biocomposites. However, the performance of the hemp fibre is impacted by 
the fibres’ structural composition of the fibre that is dependent on growth, retting 
conditions, and further processing. Therefore, it is important to examine the properties of 
the fibre to determine the most effective processing parameters for durable performance. 

Although hemp fibres may be used to reinforce a variety of polymers, the use of PLA 
matrix creates better environmental impact, because it is a biopolymer obtained from 
renewable resources that shows comparable strength to the synthetic polymers and is 
readily available. Due to low surface activity and inherent hydrophilic properties hemp 
fibres often require surface treatments with chemicals such as NaOH and silane to 
improve the interfacial bonding for good composite performance with polymer matrices. 

Hemp fibre composites can be applied in a broad range of applications but for durable 
and tailored application, it is essential to understand the compositional and mechanical 
features of the hemp fibre. 

Thus, this research aims to augment the contribution to a carbon-neutral 
environment by applying underutilised frost-retted hemp fibre as reinforcements in 
enhancing the technological and physicomechanical properties of sustainable 
biocomposites. The following objectives were focused on to achieve this aim: 

1. To study the fibre properties for determining the biochemical composition and 
strength features and fabrication of biocomposites from hemp fibres and PLA 
using various compositions of the fibrous reinforcement to ascertain the 
strengthening capabilities of the hemp fibre. 

2. To obtain the most effective hemp fibre surface treatments (water, alkali, or 
combined modification with silane) for enhanced mechanical performance of 
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the biocomposite fabricated from the hemp fibre and PLA composites at various 
wt.%. 

3. To study the influence of the fibre surface treatments and content on the 
functional qualities of the biocomposites, such as moisture adsorption, water 
resistance and fire behaviour. 

4. To examine the most cost effective and efficient surface treatment for a robust 
biocomposite performance. 

 
For these objectives, the following activities were carried out: 

• Harvested and frost retted hemp stems were manually cleaned to obtain fibres 
and carded. 

• The fibre cell wall composition was determined by using a biochemical 
composition analysis. 

• The strength of the hemp fibre was determined from tensile properties of 
individual and bundle of fibres. 

• The hemp fibre was subjected to a variety of surface pretreatment and 
treatment procedures. 

• The effectiveness of the pretreatment and treatment methods was studied 
from the structural and morphological properties of the fibres. 

• The strength properties of the hemp fibres were subsequently investigated. 
• Biocomposites were manufactured with various amounts of fibre contents 

and PLA.  
• Mechanical (tensile and flexural performance), water resistance, and fire 

reaction capabilities were studied to characterise the biocomposite properties. 
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2 Experimental 
This chapter presents the material parameters, analytical methodologies, composite 
production process, and testing procedures employed in this study to characterise the 
frost-retted hemp fibre, treat the fibres, develop the biocomposite and study the 
properties. Table 5 gives an overview of the materials and methods used in this PhD 
thesis. 
 
Table 5. Overview of materials and methods. 

Materials Methods Aim of the study Paper 
Decorticated 
hemp stem; PLA  

SEM observation; 
Fabrication of 
biocomposite; 
Tensile properties 

Identify and provide 
information on Estonian hemp 
fibre (Tisza variety) and its 
suitability for biocomposite 
fabrication using PLA as a 
matrix. 

Paper I 

Hemp fibre, PLA, 
distilled water; 
chemicals: NaOH, 
APTES 

Fibre surface 
treatment; 
Biocomposite 
fabrication; 
SEM observation; 
FTIR analysis; TGA 
analysis; 
Mechanical 
properties: 
tensile and 
flexural strength 
and modulus 

Investigate the effects observed 
at the fibre micro properties, 
especially the influence of the 
treatments on the tensile 
qualities of the fibres, their 
overall impact at the 
macroscale (composite 
properties), and to 
demonstrate applicability of 
Estonian hemp fibres in 
composite reinforcement. 

Paper II 

Untreated and 
treated hemp 
(water, alkali, and 
combined silane 
treatment) fibres, 
PLA 
 

Biocomposite 
fabrication; 
SEM observation; 
Water 
absorption; 
Moisture 
adsorption; 
Reaction to fire 
properties 

Examine the input of the fibre 
surface pre-treatment (water; 
alkali pre-treatment) and silane 
modification on the moisture 
adsorption, water absorption 
and reaction to fire of the 
biocomposite 

Paper III 
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2.1 Materials 
The hemp (Cannabis sativa: Tisza) was grown on the Saaremaa Island in Estonia from 
10 June 2016 to October 2016. The stems were harvested in May 2017 after standing in 
the field (shown in Figure 4) for about 6 months. The branches harvested around this 
period in the Baltic region are referred to as frost retted. Table 6 shows the average 
monthly temperature and sunlight during growth (June, July, August, September, and 
October 2016) and the temperature during frost-retting. The biochemical composition of 
the hemp fibre was examined in Paper I (see Table 1 in Paper I). 

Figure 4. Hemp stems a) at the seed maturity stage in October 2016; b) during the frost retting 
period in January 2017. 

Table 6. Average monthly temperature and sunlight during growth and temperature during  
frost-retting. 

Parameters during growth Retting period 
Months Temperature °C Sunlight Months Temperature °C 
June 15 13 November 3 
July 18 11.5 December 3 
August 17 8.9 January 0 
September 15 8.6 February 0 
October 7 4.0 March 2 
– – – April 4 
– – – May 9 

In Paper I, TREVIRA® 400 PLA fibre was used. In Paper II and III, biobased polymer 
(IngeoTM 4043D PLA fibre) from NatureWorks (Minnetonka, MN, USA) was used. 
The polymer fibre was 60 mm long, with a round cross-section, a finesse of 6.7 dtex (linear 
density) and a density of 1.24 g/cm3. 

In Paper II and III, Na granules from Sigma-Aldrich were used to make NaOH solutions 
for pre-treatment of the hemp fibres. The silane treatment was done using APTES: 
3-Aminopropyl-triethoxysilane (98% concentration) produced by Alfa Aesar, ethanol
with a concentration of 97%, distilled water and acetic acid produced by Lach-ner s.r.o.
(99.8% concentration).
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2.2 Methods 

2.2.1 Hemp fibre preparation 
The decorticated hemp stems (Figure 5a) were hand cleaned to separate the shives and 
carded (in two runs) using a classic drum carder (300 mm batt width and 72 teeth per 
inch) shown in Figure 5b. The carded hemp fibres (Figure 5c) were subsequently dried in 
the oven at 80 °C until uniform weight. By amount of the decorticated hemp stem, 
approximately 29% and 19% of hemp fibres were obtained after hand cleaning and 
2nd carding, respectively. The obtained amount of hemp fibre is similar to the reported 
total for the fibre content of dry stem matter (approximately 25–35%, depending on 
variety) (British Columbia Ministry of Agriculture and Food, 1999). 

Figure 5. a) Bail of decorticated stem, b) Carding of hemp fibres with a 300 mm batt width; c) hemp 
fibres.  

2.2.2 Fibre surface treatment 
First, the hemp fibres were treated using four methods as shown in Figure 6. Water 
pre-treatment was applied separately to remove water soluble fibre content and to clean 
the fibre surface while alkali (NaOH) pre-treatment was used to remove pectins, 
hemicelluloses and lignin content. For both the water and silane pre-treatment, the fibre 
to water ratio was 1/10. After 4 hours of soaking in the 5 wt.% NaOH solution, the fibres 
were washed in tap water to remove residual alkali. For the silane treatment, the two 
variants of pre-treated immersed solutions of 3 wt.% APTES were stirred in ethanol, 
and water. The ethanol/water volume ratio was 80/20. The solution pH was controlled 
to 5 with acetic acid and pre-hydrolysed by stirring for 2 h at 23 °C. 

Figure 6. Hemp fibre surface modification with water, NaOH solution and silane presented in Paper II & III. 
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2.2.3 Determination of fibre mass loss 
In Paper III, the reduction in fibre weight (Wloss) after the surface modification was 
estimated from the equation (1). 
 

𝑊𝑊𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑤𝑤0−𝑤𝑤1
𝑤𝑤0

 , (1) 

where W0 is the weight of the fibre before any treatment, and W1 is the weight of the 
fibre after pre-treatment/treatment. 

2.2.4 Biocomposite fabrication 
The biocomposites were fabricated by thermocompression using a hot press at a 
temperature of 180 °C and pressure of 3 MPa for 10 minutes. The blend of hemp and PLA 
fibres was dried for 4 hours at 80 °C before hot pressing. Figure 7(a) shows a blend of  
50 wt.% hemp and PLA fibres while Figure 7(b) shows the biocomposites reinforced with 
the hemp fibres. The biocomposite density was measured using a Mettler Toledo AX 
balance by EN ISO 1183-1. The samples were conditioned following ISO 291.  

 
 

 
(a) 

 
(b) 

Figure 7. (a) Hemp (50 wt.%) and PLA fibre blend; (b) fabricated biocomposite. 
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In Paper I, composites were fabricated from untreated hemp and PLA fibres at two 
hemp/PLA ratios (30 and 50 wt.% based on hemp fibre weight) with a metal frame of  
300 x 300 x 4 mm. The mixtures were weighed using a Mettler Toledo PL202-s and 
combined with a drum carder (15 mm batt width). The test samples were machine cut 
using a saw blade. 

In Papers II and III, a metal frame of 450 x 450 x 2 mm was used to produce the four 
variants: untreated, water pre-treated, alkali pre-treated, water with silane treated and 
alkali with silane treated) of the biocomposites using hemp fibre reinforcements of 30 
and 50 wt.%. The blends were combined using a classic drum carder (300 mm batt width, 
72 teeth per inch (tpi) and 100 g capacity). The composites of the resulting fibre variants 
were labelled UH, WH, AH, WSH and ASH.  

2.2.5 Compositional and structural characterisation of the hemp fibre and composite 
1 Scanning Electron Microscopy (SEM). The hemp fibre surface and composite cross 

sections were examined using a Zeiss Ultra 55 scanning Electron Microscope to a 
depth of 100 nm at energy between 4 to 20 kV and resolution of 50000. All the 
examined specimens (fibre and composites) were carbon glued to the stud and 
vacuum coated with Au/Pt before observation. 

In Paper I, the SEM observation was only carried out on the frost retted, 
untreated hemp fibres to examine the fibre separation and nature of the composition. 
In Paper II, the morphology of the fibres and the composite cross section were 
examined. In Paper III, the composite cross sections were thoroughly observed. 

2 Fourier Transform Infrared (FTIR). The FTIR spectroscopy was done to qualitatively 
identify the constituents of the fibre before and after surface/FR treatments. Before 
the sample scanning processes, a background scan of a clean Zn–Se diamond crystal 
was performed. All spectra were taken at a spectrum resolution of 4 cm−1.  
In Paper II, the analysis was performed on twisted bundles of hemp fibres using a 
Nicolet™ iS50 FTIR spectrometer after conditioning in the spectrometer room for 
two weeks. 22 scans were collected on each specimen and from 10 replicas per 
batch.  

3 Thermogravimetric Analysis (TGA). The TGA was performed in a nitrogen 
atmosphere (20 mL/min) on the untreated and modified hemp fibres using a 
NETZSCH STA 449F3. Three (3) replicates of 6 mg of the granulated fibre were 
measured from 40 to 600 °C at the rate of 2 °C/min, after an isothermal segment at 
40 °C for 1 min. The specimens were conditioned in the testing room with relative 
humidity of (43 ± 10)% and temperature of 22 ± 1 °C for at least one week before 
the test. All samples were held in an aluminium pan (Al2O3) during the test. TGA 
analysis was applied in Paper II. 

2.2.6 Determination of the mechanical properties of the fibre 
In Paper I tensile tests were carried out on single hemp fibres on a Zwick Roell Z010 
universal test machine equipped with a 20 N load cell (Class 0.5, ISO 7500-1) at a speed 
of 1 mm/min and gauge length of 10 mm. At least 50 samples were tested. The mean 
diameter of each fibre was measured before testing (average of 3 points). In Paper II,  
the test was carried out on the treated batches and compared to the untreated hemp 
fibre. 
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2.2.7 Determination of the mechanical properties of the biocomposite 
1. Tensile and Flexural test. The tensile and flexural properties of the composite

specimens were examined by EN ISO 527 (type 2) and EN ISO 14125 (Class II),
respectively. All tests were carried out at a test speed of 2 mm/min. The specimens
were conditioned at room conditions for seven days prior to the test.

In Paper I only the tensile properties of the biocomposite were examined. Five
replicas were used, and all specimens were machine cut with a circular saw.
The test was performed on an Instron 5688 universal test machine. In Paper II, both 
tensile and flexural properties were characterised. Test specimens were cut with a
circular saw. The test was conducted on 5 replicates per batch using an Instron 8516 
universal test machine with a load cell of 10 kN (Figure 8).

Figure 8. Rectangular tensile test specimen being tested with extensometer. 

2.2.8 Determination of moisture behaviour of the biocomposite 
1. Water adsorption (hygroscopic properties). In Paper III, the water adsorption test

was performed on the ten batches (five variants at 30 and 50 wt.%) of biocomposites
by EN ISO 12571:2013 at relative humidity (RH) levels of 30, 50, 75 and 95%
and constant temperature (23 ± 0.5 °C) using an Ecocell conditioning chamber.
The dimension of the specimens was 100 mm x 100 mm. Four (4) replicates were
tested per batch. The samples were dried in the oven according to EN ISO
12570:2000 until constant weight to ≤ 0.1% before the test. The EMCd.b was
determined using the following equation (2).

𝐸𝐸𝐸𝐸𝐸𝐸𝑑𝑑.𝑏𝑏(%) = 𝑚𝑚 −𝑚𝑚0
𝑚𝑚0

 × 100, (2) 

where m0 is the mass of the oven dried samples; m is the mass of the specimens at 
any given RH. 
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The moisture adsorption curve was also fitted using the modified Oswin model 
shown in equation (2). 

𝐸𝐸𝐷𝐷 = (𝐴𝐴+𝐵𝐵𝐵𝐵)

(𝐻𝐻𝑅𝑅−1)
1
𝐶𝐶
 , (3) 

where MD is equilibrium moisture content, d.b %; HR is the relative humidity in 
decimal; T is the temperature, °C; A, B and C are the modified Oswin model 
constants. 

Nonlinear regression analysis was used to find the parameters of the equation. 
Constants A, B, and C were assumed values in this case, and the model (MD) was 
then calculated at the observed temperature and specified RH. For each RH,  
the sum of squares was calculated using the differences between the observed 
equilibrium moisture contents (EMCd.b) and the predicted equilibrium moisture 
contents (MD). The sum of squares was then used in a non-linear regression to  
re-obtain the values of the constants A, B, and C, which were then employed in 
model fitting. 

 
2. Long-term water behaviour. In Paper III, the long-term (28-day) immersion of the 

composite in water was used to determine the composite water absorption (WA) 
and thickness swelling (TS) by EN ISO 16535 and EN 325, respectively. WA was 
obtained by measuring the mass change of the specimen following the 28 days 
immersion in water, using five replicas that were initially conditioned at 23 ± 2 °C 
and 50% RH for 24 hours. For the TS, the specimens' original thickness was measured 
with an accuracy of 0.01 mm using a digital micrometre screw gauge (Hans Schmidt). 
Before the test, all specimens were conditioned in the climatic chamber at a 
temperature of (20 ± 2) °C and a RH of (65 ± 5) %.  

2.2.9 Fire reaction test 
The reaction to fire was determined by the cone calorimeter method, according to EN 
5660-1:2015. The dimension of the specimens was 100 x 100 mm. The test was 
administered with a heat flux of 50 kW/m2. The specimens were conditioned for at least 
seven (7) days prior to the test at a temperature of 23 °C and RH of 50%. To record the 
temperature during the test, a 0.25 mm diameter type K thermocouple (Pentronic AB, 
Sweden) was connected to the midpoint (50 mm) of the surface directly exposed to the 
cone heater and to the surface of the composite placed on the timber block. Figure 9(a) 
shows the prepared samples with the attached thermocouple, while Figure 9(b) shows 
the testing in progress.  
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                                                    (a)                             (b) 

Figure 9. (a) PLA samples with thermocouples; (b) fire testing with a cone calorimeter. 

Thermocouples 
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3 Results and discussion 

3.1 Characterisation of the fibre properties following surface treatment 

3.1.1 SEM analysis 
In Paper I, the limited data on the Tisza variety of hemp fibres that have undergone  
frost-retting inspired the authors to investigate morphological (see Figure 1A and 1B in 
Paper I) and biochemical features (see Table 1 in Paper I). The SEM observation of the 
frost retted hemp fibres presented a morphology consisting of unitary and large amount 
of unindividualized fibres (with diameters up 300 μm). This substantial presence of 
bundles of fibres is attributed to the high amount of soluble content (approximately 13%) 
identified by the biochemical analysis. The high pectin content and the agglomeration of 
the hemp fibre led the author to further study by applying fibre surface treatment (with 
water, alkali, and silane) to clean the hemp fibre and enhance the fibre separation in 
Paper II.  

Figure 10 (same as Figure 6 in Paper II) shows that there was no major removal of  
a large quantity of cortical residues by the water pre-treatment (Wf) as the fibre 
morphology is similar to the untreated fibres (Uf). However, combining the  
pre-treatment with silane modification led to a slightly cleaner surface (WSf) implying 
that silane treatment may have caused an additional removal of the fibre constituents. 
When the surface pre-treatment was done for 4 hours with 5 wt.% NaOH solution,  
a much cleaner, clearer fibre surface was observed (Af) compared to Uf, Wf and WSf. 
which is reportedly due to the extraction of substantial amounts of hemicelluloses,  
lignin, and soluble contents (Sawpan, Pickering and Fernyhough, 2011a; Kabir et al., 
2013a; Liu, Thygesen, et al., 2017; Väisänen et al., 2018). With subsequent silane 
treatment of the alkali pretreated hemp fibres (ASf), a slightly smoother surface was 
observed, which is due to the formation of a siloxane layer (Sepe et al., 2018).  

These observations are further supported by the mass loss result published in  
Paper III (see Table 2 in Paper III). The fibre surface pre-treatment with water for  
72 hours led to 4 % fibre mass loss, which was meaningfully lower than the total  
non-cellulosic fibre contents. On the other hand, the 4-hour pre-treatment with 5 wt.% 
NaOH solution caused the substantial removal of the non-cellulosic fibre content  
(14%). Besides, the mass loss result of the combined water and silane treatment showed 
that an additional 3% mass loss had occurred. Conversely, the fibre weight remained 
almost unchanged for the combined alkali and silane modification. This was explained  
as the ability of silane treatment to extract non-cellulosic contents in the event  
where there is still a substantial amount; in this regard, at 14% majority of the water 
solubles contents together with other amorphous components were reduced to the 
extent that the silane treatment of alkali pre-treated hemp fibres showed no further 
weight loss. 
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Figure 10. SEM images of (Uf) untreated, (Wf) water-treated, (Wsf) water + 3% silane-treated,  
(Af) 5% alkali-treated, and (Asf) 5% alkali + 3% silane-treated hemp fibre surfaces (Paper II). 

3.1.2 FTIR analysis 
The FTIR spectra of the hemp fibres are shown in Figure 11a and b (See Figures 3a and 
3b in Paper II). The untreated (Uf) and waterpre-treated (Wf) hemp fibre spectra look 
similar, but a slightly higher absorbance is observed at the wavelengths between  
3000–3600 cm−1 for Wf compared to Uf which indicates that the water pre-treatment may 
have caused an increase in the OH functional groups. According to Dayo et al. (2018),  
this increase in functional groups leads to a decrease in hydrophilic properties and is due 
to the removal of non-cellulosic polysaccharides from the fibre surface (Bourmaud, 
Morvan and Baley, 2010). However, the alkali pre-treated hemp fibre spectrum was 
much different compared to that of Uf with peak absence or attenuation at 1735 cm−1, 
1235 cm−1 1635 cm−1 and 2850 cm−1, 2918 cm−1. These peaks are associated with 
carboxylic ester groups of hemicellulose or wax (1735 cm−1), non-aromatic compounds 
of cellulose and hemicelluloses contents (2850 cm−1) and acetyl groups (1235 cm−1), 
conjugated carbonyl (1635 cm−1), aromatic hydrocarbon, methoxyl, and methylene 
groups of lignin (2918 cm−1) (Dayo et al., 2018; Panaitescu et al., 2020; Viscusi et al., 
2020). The alterations in these peaks following alkali pre-treatment are evidence of the 
significant reduction in the amount of the non-cellulosic components of the fibre. 

Minor changes were observed in the spectra of the silane modified samples Wsf and 
Asf compared to Wf and Asf (see Figure 4a and 4b in Paper II). A peak shift (1635 cm−1 to 
1624 cm−1) was observed and reduction at about 1539 cm−1, 1369 cm−1, and 1248 cm−1 

are seen in the spectra of Wsf compared to Wf. Kabir et al. (2013); Panaitescu et al. (2015); 
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Dayo et al. (2018), who attributed such a peak shift to the extraction of some hemicellulose, 
wax, and lignin fibre contents, which supports the estimated decrease in the fibre weight. 
Compared to Af, the spectra of Asf revealed new peaks between 1500–1680 cm−1 that 
could be due NH2 bending vibrations in amino silane (see Figure 4b in Paper II). Overall, 
the FTIR result agrees with the findings of the SEM observation and fibre mass loss and 
presents the level of effectiveness of the types of fibre modification processes examined. 

 

 

 
Figure 11. Vertically shifted FTIR spectra for (a) untreated (Uf), distilled water (Wf), and alkali 
treated (Af) hemp fibres; (b) Uf, water + silane (Wsf) and alkali + silane (Asf) treated hemp fibres 
with the wavenumbers for differences observed (Paper II). 
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3.1.3 TGA analysis 
To support the SEM and FTIR results, the author also conducted a TGA analysis in  
Paper II, because the extraction of amorphous contents from hemp fibres should  
slightly increase thermal stability due to the lower start of decomposition temperature 
of hemicelluloses (180–280 °C) and lignin (150–450 °C) (Kabir et al., 2013a) compared to 
cellulose (325–400 °C). 

The TGA curves showed two mass loss levels (see Figures 5a in Paper II). The first  
mass loss/degradation, at 39–160 °C is mainly due to the evaporation of moisture  
(Dayo et al., 2018; Viscusi et al., 2020). At this stage, the untreated hemp fibre showed 
the most mass loss (1.4%), which is indicative of the hydrophilic properties due to the 
presence of non-cellulosic polysaccharides. The second mass loss occurred from  
160–600 °C with a peak of 346 °C, which indicates that the fibre degradation at this  
level begins with the decomposition of hemicellulose and lignin and peaked with 
cellulose degradation. To analyse this mass loss, the temperatures T5 and T10 
corresponding to a mass loss of 5 and 10% were used (see Table 2 in Paper II). It was 
found that the untreated hemp fibre presented the lowest T5 (254 °C) and T10 (289 °C), 
which was increased by about 7 and 4%, respectively following water pretreatment, 
while the hemp fibres pretreated with alkali recorded the highest values, 292 °C (T5)  
and 313 °C (T10). The introduction of silane to water pretreated hemp fibres further 
increased both T5 and T10 by 2%. The obtained results indicate that for the main 
degradation temperature 240–350 °C the fibres pretreated with alkali had the lowest 
mass loss, because of the removal of parts of the hemicelluloses and lignin  
(Kabir et al., 2013a). Also, the differential thermogravimetric (DTGA) curves in Figure 12a 
and b show that there is hardly any difference between the temperature peaks at points 
240–290 °C for Uf and Wf; however, dTG curve for Af highlights lower temperature peaks 
at the same range, which is due to the low presence of decomposable hemicellulosic 
matter.  

The TGA results support the findings of the SEM and FTIR analyses, which shows that 
alkali pre-treatment was more effective than water pre-treatment in removing 
amorphous contents, and that water pre-treatment still slightly altered the hemp fibre 
structure, regardless of the small amount of fibre constituents removed. 
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(a) 

 

(b) 

Figure 12: DTGA curves of a) untreated (Uf) and water pretreated (Wf); (b) Uf and alkali pretreated 
hemp fibres (Af) (see Figure 5b in Paper II). 

3.1.4 Tensile properties of the hemp fibres 
To evaluate the impact of the fibre surface pre-treatments on the mechanical properties, 
the tensile performance of the fibres was studied from 50 replicas per batch in Paper I 
and II. 

Table 7 presents the mean maximum tensile strength (σ), modulus (E), and strain of 
the hemp fibres. The σ (500 ± 239 MPa) of the untreated hemp fibre (see Table 2 in Paper 
I) was found to be in the middle range (285–969 MPa) of published data (Bourmaud  
et al., 2018) and the E (16.6 ± 8.5 GPa) is at the lower range (14.4–51 GPa) (Bourmaud  
et al., 2018; Gregoire et al., 2019). This low strength performance by the hemp fibres is 
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suggested to be due to the low lignification (Liu, Baum, et al., 2017) compared to the 
level reported for Western European Tisza variety (2–6%). When the strength of the fibre 
is compared after modification, statistical analysis (see Table 4 in Paper II) showed that 
the water and alkali pre-treatments both significantly caused a reduction in the σ and 
elongation at break but did not affect the E. Although, there was no meaningful 
difference in the tensile properties when water and alkali pre-treatments are considered. 

The decrease in σ following the water pre-treatment is suggested to be due to the 
high-water retention ability of the fibre and component rearrangement in the S2 layer 
because of the partial removal of pectins and hemicelluloses from the fibre surface,  
cell wall and middle lamella. According to Pejic et al. (2008) high water retention of hemp 
fibre can be influenced by low lignin content, which was identified by the chemical 
analysis of Estonia grown hemp fibre while studies by Le Duigou et al. (2012) noted 
alteration of the structural cohesion (cell-wall peeling process) of a flax fibre after water 
treatment. However, the decrease in the fibre mechanical properties experienced after 
alkali pre-treatments can be due to a reduction of lignin and hemicellulose amounts  
(Le Duigou et al., 2012; Garat et al., 2020), transformation of cellulose II to cellulose I 
(Sair et al., 2017) and an increase of the cellulose crystallinity (Islam, Pickering and 
Foreman, 2010). 

Furthermore, Table 7 also shows that the silane treatment increased the tensile 
properties of the hemp fibres pre-treated with water and silane, though no meaningful 
change in the MOE was observed for that with alkali pre-treatment (see Table 4 in  
Paper II). The reason for the increase in the performance due to silane treatment is 
reported to be the additional shear resistance brought by the layer of chemicals that are 
attached to the microfibrils (Kabir et al., 2013a). 

Table 7. Means of tensile strength, modulus, and elongation at break (Table 3, Paper II). 

Treatment σ, MPa E, GPa Strain, % 
Untreated 500 ± 239 16.6 ± 8.5 2.93 ± 1.02 
Water 376 ± 220 14.3 ± 7.9 2.43 ± 0.78 
Alkali 381 ± 189 15.0 ± 5.2 2.42 ± 0.91 
Water & silane 490 ± 210 17.2 ± 8.3 2.71 ± 1.16 
Alkali & silane 466 ± 287 15.6 ± 9.0 2.81 ± 0.89 

3.2 Mechanical performance of the hemp fibre reinforced PLA composite 
The mechanical performance of the aligned hemp fibre reinforced PLA composites was 
studied in Paper I and II. 

3.2.1 Tensile properties of the untreated hemp fibre reinforced PLA composite 
In Paper I, further to the determination of the fibre properties, the tensile properties of 
the composites reinforced with 30 and 50 wt.% untreated hemp fibres were evaluated 
to investigate the applicability of the hemp fibre for composite production. It should be 
recalled that the blend mix of hemp fibres with PLA fibres in this study was done using a 
15 mm width drum carder and fabricated by hot pressing with a 300 x 300 x 4 mm metal 
form. As seen in Table 8 (same as Table 3 in Paper I) the 30 wt.% reinforcement produced 
a σ of (51 ± 9 MPa) and E of (4.8 ± 0.3 GPa) that represent an 11% and 79% increase, 
respectively can be compared to the neat PLA (46 MPa and 2.7 GPa, respectively). 
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However, with 50 wt.% reinforcement, σ decreased by roughly 41% while the E increased 
by 149%. The decrease in the σ at 50 wt.% fibrous reinforcement is attributed to the 
insufficient wetting of the hemp fibres by the matrix that inhibit the load transfer 
between the fibres and the matrix (Pickering, Efendy and Le, 2016).  

Additionally, since the fibres were found to consist of high number of cortical residues 
and bundled fibres, it was impossible to attain a good adhesion between the fibres and 
the PLA at the higher fibre content. The examination of the void/porosity contents also 
supports this explanation, because the 50 wt.% hemp fibre presented 17% void content 
that was 10% higher than that at 30 wt.%. According to (Madsen, Hoffmeyer and Lilholt 
(2007), the higher fibre fraction causes an increase in composite porosity that leads to a 
decrease in mechanical performance. Although the outcome, especially at 30 wt.% 
shows the possibility to use the hemps fibres as a composite reinforcement, a high 
deviation in the σ occurred which may have been due to the inhomogeneous distribution 
of the hemp fibres due to the presence of high amount of fibre bundles.  

Table 8. Average physicomechanical and tensile properties of hemp/PLA composites with 30 and 
50 wt.% fibre reinforcement (Paper I). 

Fibre content, 
% 

Volume fraction, 
% 

Density, 
g/cm3 

Porosity,  
% 

σ,  
MPa 

E,  
GPa 

30 28 1.26 7 51 ± 9 4.8 ± 0.3 
50 48 1.04 17 27 ± 3 6.7 ± 0.6 

 
Following the results of the biocomposite mechanical performance obtained this 

study, it was found that to improve the composite properties through the following is 
essential: 
• Increasing the fibre individualisation 
• Limiting the composite void content through improved manufacturing process, and 
• Improving the fibre/matrix adhesion by removing the non-cellulosic/soluble contents.  

3.2.2 Effect of the fibre surface modification on the tensile and flexural properties 
of the reinforced composite 
In Paper II, to improve the composite mechanical performance based on the 
recommendations in Paper I, the author fabricated the composites from pre-treated 
hemp fibres (Wf, Af, WSf and ASf) and compared the performance to Uf reinforced 
composites at 30 and 50 wt.%. The tensile results are presented in Figure 13a and b  
(see Figure 11 in Paper II). The σ of the composites reinforced with the untreated hemp 
fibre (UH) at 30 and 50 wt.% was similar to the results in Paper I. Regardless, the results 
showed that the fibre surface pre-treatments improved the composite mechanical 
performance, especially at 30 wt.% and significantly for composites reinforced with Af 
(AH) and ASf (ASH), compared to those with Wf (WH) and WSf (WSH). The E shows similar 
trend as the σ and mirrors the result of the fibre E. Other studies have also obtained 
similar improvements in the properties of the composite following fibre treatments 
especially with alkali (Hu and Lim, 2007; Kabir et al., 2013b; Väisänen et al., 2018; Pappu, 
Pickering and Thakur, 2019), but Sepe et al. (2018) obtained some depreciation in the 
composite performance after treating the hemp fibres with 1 and 5wt.% NaOH solution 
that was ascribed to the ease of fibril pull out due to the substantial removal of 
hemicellulose and lignin. 
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(a) 

(b) 

Figure 13. Average maximum (a) tensile strength;(b) modulus (UH) and treated (water (WH), water 
and silane (WSH), alkali (AH); alkali with silane (ASH) composites at 30 and 50 wt.% hemp fibre 
content compared to neat PLA. 

Figure 14a shows that compared to the neat PLA, flexural strength (MOR) decreased 
when Uf was used as reinforcement. Although no meaningful change was seen between 
UH and WH composites, the overall result indicates that the fibre pre-treatments gave 
some level of improvement in the composite MOR. The most notable improvement in 
MOR was by AH and ASH. There was a similar reduction in MOR with an increase in the 
composite fibre content from 30 to 50 wt.%.; at 50 wt.% no notable change was revealed 
in the MOE when the UH, WH, WSH and AH composites are compared, though at 30 wt.% 
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the MOE of AH was significantly better (see Figure 14b). The composite flexural 
performance from this study is consistent with previous studies by (Sawpan, Pickering 
and Fernyhough, 2011b; Sair et al., 2017; Dayo et al., 2018). 

(a) 

(b) 

Figure 14. Average maximum (a) MOR; (b) MOE of untreated (UH) and treated (water (WH), water 
and silane (WSH), alkali (AH); alkali with silane (ASH) composites at 30 and 50 wt.% hemp fibre 
content compared to neat PLA. 
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The results revealed that a deterioration in the fibre tensile performance was obtained 
after the water and alkali pre-treatments. The improvement in the composite mechanical 
performance showed that the hemp fibres are more individualized and that there is a 
better interfacial bonding between the fibre and the matrix, which is mainly due to the 
availability of more cellulose interlocking sites with removal of water-soluble 
polysaccharides during water pre-treatment (Bourmaud, Morvan and Baley, 2010) and 
pectin, wax and intercellular contents during alkali pre-treatment. Furthermore, the 
improved mechanical performance after silane treatment can be related to the higher 
properties of the fibres themselves and the better adhesion with the PLA matrix brought 
on by the silane couplings. 

The cross-sectional SEM images presented in Figure 7 of Paper II as well as Figure 5 in 
Paper III showed evidence of the fibre individualisation and distribution within the matrix 
after pre-treatments. The AH and ASH composites were found to have smaller fibres that 
are more dispersed within the PLA matrix and, compared to UH and WH, fewer fibre 
bundles were present in WSH composites. 

3.3 Effect of the hemp fibre modification on the water behaviour of the 
composite 
The hygroscopic moisture adsorption and water absorption of the hemp fibre reinforced 
PLA composites were analysed in Paper III. 

3.3.1 Hygroscopic Moisture Adsorption 
Figure 15a and b show that the composites’ hygroscopic adsorption decreases with  
fibre surface modification and increases with the fibre content. The highest EMC 
(11.76%) was by UH (50 wt.%) at 95% RH, which lowered significantly by 18% following 
alkali pre-treatment and 16% with combined alkali and silane treatments. WSH also 
produced notably less EMC at both fibre contents than UH and WH composites (see Table 
4 in Paper III). The higher adsorption at 50 wt.% compared to 30 wt.% is ascribed to the 
presence of a higher fibrous ratio with more hydrophilic groups than the PLA matrix  
and the higher volume of porosities for the composites with 50 wt.% fibres (see Table 3 
in Paper III). The reduction in EMC for the composites reinforced with the pre-treated 
hemp fibre is caused by (i) less free OH groups in the case of combined water and  
silane treatment, (ii) a change in the fibre microstructure in the case of water and  
alkali pre-treatments and (iii) the enhanced bonding between the fibre and PLA. These 
findings very much agree with the results published in Paper II. 
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(a) 

(b) 

Figure 15. Adsorption isotherms (predicted MD (- -) and measured (—) for (a) the neat PLA, the 30 wt.% 
composites; (b) the 50 wt.% composites of untreated (UH ж), water pre-treated (WH ▲), alkali  
pre-treated (AH ●) and combined treatment with silane (water (WSH ♦); alkali (ASH+) (Paper III). 

3.3.2 Water Absorption (WA) and Thickness Swelling (TS) 
The water absorption and thickness swelling of the composites were mostly dependent 
on the fibre content, illustrated in Figure 16. This is due to the less porosity (see Table 3 
in Paper III) and lower hydrophilic character of the composite at 30 wt.%. Comparison of 
the water absorption and thickness swelling values of UH, WH, WSH, AH, and ASH 
showed that all the composites with treated hemp fibres had lower water absorption 
and thickness swelling than UH, which is consistent with result of the hygroscopic 
sorption as well as, the composite mechanical performance studied in Paper II. The water 
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pre-treatment slightly increased the composite (WH) water resistance, but composites 
with alkali pre-treated fibres (AH) produced the most significant resistance. The combined 
fibre surface modification further decreased the composite affinity for water, though 
hardly any difference was observed, especially in the thickness swelling of AH compared 
to ASH. The neat PLA showed no apparent changes in mass or thickness (0%) after 
28 days of immersion, so no values are reported.  

The changes in the porosity nature of hemp fibres are one cause of the low water 
reactivity of AH and ASH. After partly eliminating non-cellulosic constituents, alkali 
pre-treatment of hemp fibres modifies the surface topology, resulting in a more fibre 
surface roughness (also mentioned in Paper II) that improves mechanical interlocking 
between the fibre and the matrix. The enhanced bonding between the fibre and the 
matrix causes adequate packing of the fibres in the composite, lowering the composite 
porosity (see Table 3 in Paper III) and reducing the water behaviour of the composites 
(Sreekumar et al., 2009). Another explanation is that alkali pre-treatment enhances 
matrix accessibility to cellulose and diminishes hydrophilic characteristics due to less 
amorphous OH available for water molecule interactions. 

Figure 16. Water absorption and thickness swelling of the hemp reinforced PLA composites (Paper III). 

Overall, water pre-treatment showed negligible effect on the studied characteristics 
of the composite; however, further silane modification produced significantly higher 
moisture resistance, which may be attributed to the extra removal of the amorphous cell 
wall content and silane coupling at the hemp fibre surface. 

3.4 Effect of the hemp fibre modification on the fire behaviour of the 
composite 
Table 9 shows that the ignition time and temperature of the composites at 30 wt.% was 
slightly lower and mass loss was higher because of the high PLA content, since the neat 
PLA showed a fast rate of degradation (180 s) (see Figure 8 in Paper III). However, 
the hemp fibre surface treatment appears to sustain the composite thermal stability, 
which is in correlation with the fibre TGA analysis in Paper II. 
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Table 9. The mass loss, ignition time and temperature of the composites compared to neat PLA 
(Table 6 in Paper III). 

Fibre 
content, % Samples Ignition time, 

s 
Ignition 
temperature, °C Mass loss, % 

30 

UH 29 ± 10 112 ± 23 93 ± 2.0 
WH 31 ± 10 117 ± 18 95 ± 0.1 
WSH 30 ± 04 131 ± 28 94 ± 0.4 
AH 44 ± 02 118 ± 08 94 ± 1.0 
ASH 33 ± 03 159 ± 18 94 ± 2.0 

50 

UH 32 ± 07 129 ± 15 90 ± 1.0 
WH 49 ± 06 134 ± 17 91 ± 2.0 
WSH 46 ± 10 179 ± 29 90 ± 1.0 
AH 51 ± 10 178 ± 18 90 ± 4.0 
ASH 47 ± 09 181 ± 18 89 ± 1.0 

0 Neat PLA 37 ± 02 104 ± 04 100 ± 0.0 

3.5 Cost analysis of the fibre surface pretreatment & treatment 
The results of Papers II and III demonstrated that alkali pre-treatment of hemp fibres  
and modification with silane had the highest impact on the composite qualities  
studied. The substances required for the fibre pre-treatment/treatment were previously 
mentioned in Section 2.2.2 of Chapter 2. Table 10 shows the current price of these 
materials. Because of the excessive cost of silane treatment (Table 11) the author 
concluded in Paper III that treatment of the hemp fibres with alkali should be  
sufficient, as only minor gains were observed in most cases when the properties of  
AH composites were compared to ASH. Furthermore, Paper II highlighted that the  
pre-treatment of the hemp fibre with NaOH solution caused a decrease in the fibre 
tensile properties. Therefore, it can be assumed that despite the improvement  
achieved in the composite mechanical performance, there might have been some 
performance limitations due to the lower fibre strength. Hence, regardless of the 
presence of a more effective surface area for matrix bonding, the reduction of the hemp 
fibre strength provides some limitation in the mechanical performance of the 
biocomposite. 

 
 
 
 
 
 
 
 
 
 
 
 
 



46 

Table 10. The cost of material required for cleaning and modifying the hemp fibre surface. 

Materials Distilled 
water 

NaOH 
(sigma-
Aldrich) 

APTES, 98% 
conc. (Alfa 
Aesar) 

Acetic acid 
99.8% G.R 
(Lach-ner) 

Ethanol, 
97% 
conc. 

Cost €/Quantity 0.55/1000 
ml 

5.5/1000 
g 

128/500 
g 

7.19/1000 
ml 

5.8/1000 
ml 

Water pre-
treatment ✓ - - - - 
Alkali pre-
treatment 
(NaOH) 

✓ ✓ - - - 

Silane 
treatment 
(water) 

✓ - ✓ ✓ ✓ 

Silane 
treatment 
(alkali) 

✓ ✓ ✓ ✓ ✓ 

 
Table 11. The cost of pre-treatment/modification required to fabricate a 30 wt.% hemp fibre 
reinforced composites from a 450 x 450 x 2 mm mould. 

Pre-treatment/modification type Cost, € 
Water pre-treatment 0.87 
Alkali pre-treatment 1.30 
Combined water + silane 9.71 
Combined alkali + silane  11.71 

It can be concluded from these results that the frost retted hemp fibres from Estonia 
showed comparably satisfactory results in comparison to the results reported in the 
literature (Table 4) and thus indicate a derivable potential. 



47 

Conclusions 
This thesis examined frost-retted Estonian hemp fibre (Cannabis sativa, dioecious 
Hungarian (Tisza) variety) for potential use in biocomposite materials. The main benefit 
of using these fibres is that they are a by-product of cannabidiol manufacturing in Estonia 
and have no practical application today. The application of these fibres in biocomposites 
might pave the way for the increased adoption of renewable materials in the 
transportation and construction industries, which will enhance a more circular and 
sustainable economy. To that end, the hemp fibres were manually detached from the 
shives and carded, the chemical and mechanical properties were analysed, and various 
surface modifications (water pre-treatment, alkali pre-treatment, and combined 
treatments with silane) were applied to improve the properties of the fibre to produce a 
robust biocomposite that was characterised by the mechanical performance (tensile and 
flexural), hygroscopic moisture adsorption and water absorption, and fire resistance 
behaviour. The following conclusions may be drawn from the research results: 

1. Chemical analysis showed that the frost-retted Estonian hemp fibre has a high 
soluble (pectin) content (12.6 ± 0.4%) as well as a low lignin level (1.4%) 
compared to the values reported in Western European hemp varieties (2–6%). 
The high soluble content is attributed to the limited activity of microbes and 
enzymes during the low-temperature retting period in Estonia, whereas the low 
lignin concentration is due to the short daylight duration during the hemp’s later 
development stage. Although the fibre contained a high cellulose content  
(77.4 ± 0.3), the tensile strength of the unitary fibre (500 ± 239 MPa) and modulus 
(16.6 ± 8.5 GPa) were respectively found to be in the middle (285–969 MPa) and 
lower (14.4–51 GPa) range of data from past studies. These low mechanical 
properties were attributed to the measured low lignin content of the hemp fibre. 

2. The high concentration of solubles impacted fibre separation, resulting in many 
bundled fibres in the stem, both of which affected the hemp fibre’s ability to 
give an acceptable performance at the composite level, as shown by the low 
tensile strength (27 ± 3 MPa) and (51 ± 9 MPa) at 30 and 50 wt.%  respectively, 
necessitating the need for fibre surface treatment to remove the cortical 
residues and separate the fibre bundles. 

3. FTIR, TGA and SEM analyses of the pretreated (water; alkali) and treated  
(water-silane, alkali-silane) hemp fibres found structural alterations that are due 
to the removal of targeted component. But these analyses, together with the 
fibre mass loss (4 ± 0.3%), confirmed that the water pretreatment was the least 
effective modification. However, despite the small amount of non-cellulosic 
fibre contents extracted by the water pre-treatment, the resulting structural 
changes were influential on the mechanical properties of the fibre by reducing 
the tensile strength and elongation at the break of the fibre by 28% and 17%, 
respectively. This was ascribed to high water retention ability due to the low 
lignin content that allows the fibre to store more moisture as bound water, 
removal of cortical residues and alterations in the S2 layer of the secondary cell 
wall of the hemp fibre.  

4. There was also a 20% and 17% decrease in the hemp fibre tensile strength and 
elongation at break, respectively, after alkali pretreatment, due to the reduction 
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of lignin and hemicellulose amounts and the potential degradation of cellulose 
chains/transformation of cellulose II to cellulose I. On the other hand, silane 
treatment improved these properties because of the additional shear resistance 
by the layer of chemicals attached to the microfibrils after silane modification. 

5. Regardless of the negative impact of the water and alkali pretreatment on the 
hemp fibre tensile performance, the composites of water and alkali pretreated 
hemp fibres produced a better tensile strength and modulus compared to the 
composites reinforced with untreated hemp fibres. This performance 
improvement was due to the better level of fibre individualisation and improved 
fibre/PLA bonding caused by the extraction of water soluble polysaccharides in 
the case of water pretreatment and the extraction of a substantial portion of 
the pectins, wax, and other non-cellulosic contents, during alkali pretreatment. 
The additional boost in mechanical performance occurred with silane treatment 
in both cases because of the higher performance of the fibres themselves and 
the better adhesion with the polymer matrix induced by silane couplings.  

6. Water pretreatment had insignificant effect on protecting the composite when 
exposed to wet conditions. But, with additional silane modification, the 
composites offered more resistance, which could be because of the extra 
removal of amorphous cell wall content and silane coupling at the hemp fibre 
surface. The alkali pretreatment and combined silane treatment produced no 
significant differences in these water related properties. The composite 
reinforced with 30 wt.% alkali pretreated hemp fibres had the lowest thickness 
swelling (7.5%), representing a 32% improvement compared to composites of 
untreated hemp fibre. Combined alkali and silane treatment absorbed water 
the least (13.3%) that was at 30 wt.% fibre content and denoting a 40% decrease 
compared to the untreated variant.  

7. A higher fibre content (50 wt.%) had no positive impact on the mechanical 
performance of the composites due to insufficient wetting of the fibres by the 
PLA, especially following alkali pretreatment and caused a reduction in the 
composite’s resistance to wet conditions, because of an increase in hydrophilic 
properties and porosity. However, where fire reaction is essential, a higher fibre 
content appears to be satisfactory.  

8. Overall, the hemp fibre surface treatments with joint alkali and silane produced 
a composite with the best performance. Yet, due to the cost, 9 times higher 
compared to alkali and, because mostly only slight improvements were 
achieved compared to alkali pretreatment, alkali treatment was considered a 
suitable approach to enhance the composite robustness during service.  

 
The current study successfully characterised the properties of frost-retted hemp fibre 

obtained from industrial hemp cultivated in Estonia and demonstrates the potential to 
use this locally obtained resource to develop biocomposites adequate for the 
transportation and construction sectors, allowing for a decrease in CO2 emissions, more 
upcycling and providing the opportunity to achieve the EGD commitments. However, 
product prototype testing is necessary and further studies are needed to improve the 
biocomposite fire resistance, as well as an automated fabrication process that reduces 
fabrication errors. 
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Abstract 

Characterisation of Frost-Retted Hemp Fibres  for Use as 
Reinforcement in Biocomposites 
To achieve the EU Green Deal (EGD) aims, there is a need to utilise more locally sourced 
materials and obtain suitable alternatives to synthetic products. Given this, there is a 
need for redesigning of processes and product utilisation by the industrial sectors, which 
causes a higher inclination to use biobased, healthy, sustainable, biodegradable, and 
renewable resources. Natural fibres (plant based materials) have thus gained more 
attention. In particular, industrial hemp shows high potential and is considered to be one 
of the ways to achieve the EGD targets. Currently, the demand for hemp is driven on the 
market mainly by the need for cannabidiol (CBD), although there is growing interest in 
the application of the fibres (by-product) as reinforcement in polymeric matrix 
composites in construction, automobile, packaging, and cosmetic industry, due to the 
high stiffness and strength compared to the available natural fibres. However, 
performance and durability concerns in service limit their adaptation. In addition, there 
is a lack of adequate information or resources in some cases about the performance or 
applicability of hemp fibres. 

Hence, this PhD research seeks to fill this gap and investigates the applicability of  
frost-retted hemp fibres from Estonia as reinforcing materials in biocomposites.  
The study aimed to augment the contribution to a carbon-neutral environment by 
applying the underutilised hemp plants (dioecious Hungarian variety) from Estonia as 
reinforcements in enhancing the technological and physicomechanical properties of 
sustainable biocomposites. The novelty of current research is based on the 
characteristics of frost-retted hemp fibres grown in Estonia which is not reported in the 
literature. Their utilisation will lead to valorisation of local resources. Furthermore, this 
research applied a uniquely comprehensive approach with double scale analysis, 
involving the examination of the characteristics of the unmodified and chemically modified 
hemp fibres on a micro-scale and their influence on a macro-scale (the biocomposite’s 
physicomechanical performance). 

In this regard, the chemical composition, strength properties and morphological 
features of the hemp fibre were first examined, biocomposites were fabricated by 
thermocompression from 30 and 50 wt.% fibre reinforcing polylactic acid (PLA), and the 
biocomposite tensile performance were evaluated. 

The research outcome revealed that the hemp fibres grown in Estonia had lower 
lignification (1.4%), compared to values reported for Western European regions, 
resulting from short daylight during the latter growth stage and high soluble content  
(12 ± 0.4%), because of limited microbial activities during frost-retting, which causes 
more bundled fibres that affect the mechanical performance of the biocomposites. 
Subsequently, four fibre modification methods (water immersion for 72 hours, alkali 
pretreatment with 5 wt.% NaOH solution for 4 hours, combined water with silane and 
combined alkali with silane treatment) were applied to alter the fibre properties and 
improve the performance of the biocomposite. The pre and post-modification 
characterisation of the hemp fibre done with a scanning electron microscope (SEM), 
Fourier transform infrared (FTIR) and thermogravimetric analysis (TGA) showed the 
relative effectiveness of the treatments in changing the fibre properties, due to the 
amount of non-cellulosic fibre components (pectin, wax, lignin, and hemicelluloses) 
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extracted. The fabricated biocomposite microscopic cross-sectional observation also 
showed that the treatments caused better fibre individualisation and homogeneity 
within the PLA matrix. Furthermore, the physicomechanical performance of the 
biocomposites at 30 and 50 wt.% fibre content indicated that the reinforcement of the 
PLA at 50 wt.%, caused a decrease in mechanical performance because of more  
fibre-fibre contact, especially after modification and in general, the inadequate wetting 
of the fibres by the PLA caused more porosity and poor stress transfer. The biocomposite 
performance also decreased at the high fibre content in wet conditions due to the more 
hydrophilic affinity and the presence of more voids. However, considering the future 
applications of the biocomposites such as in the building and transportaton sectors 
where fire reaction properites are essential, a higher fibre content appears to be 
satisfactory. Concerning biocomposites with modified hemp fibre, the combined alkali 
and silane treatment produced the most promising results, with a tensile strength of  
62 MPa, modulus of rupture of (113 MPa) and modulus of elasticity of 7.6 GPa at 30 wt.%, 
but the rupture modulus though slightly higher at 50 wt.% (5.8%) was not significant.  
In wet conditions, a similar improvement was obtained, although the results were not 
better when compared to biocomposites reinforced with the fibres treated only with 
NaOH solution. 

Considering that combined alkali and silane modification of hemp fibres is nine times 
more expensive than alkali treatment and that the improvement in the results was not 
significant in most cases, the study recommended that the fibre treatment with NaOH 
solution would be most preferable.  

Finally, this study successfully characterised the Estonian hemp fibre (dioecious 
Hungarian variety) and developed biocomposites with improved performance, which will 
contribute to the reduction of CO2 emissions, promote the use of locally obtained 
resources, and provide the opportunity to realise a sustainable environment. However, 
to scale up there is a need to improve the manufacturing technology to ensure the 
consistency in composite performance and therefore the use of an automated 
manufacturing strategy would assure product performance uniformity. 
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Lühikokkuvõte 

Külmligu kanepikiudude karakteriseerimine kasutamiseks 
sarrusena biokomposiitides 
Euroopa Liidu roheleppe eesmärkide saavutamiseks on vaja otsida sobivaid alternatiive 
sünteetilistele toodetele kasutades selleks rohkem kohaliku päritoluga materjale. Selle 
eesmärgi saavutamiseks on vajalik ümberkujundada tootmises kasutuselolevad 
protsessid, mis võimaldaksid säästvamalt ja efektiivsemalt kasutada biopõhiseid, 
tervislikke, taastuvaid ja biolagunevaid ressursse. Looduslikud kiud (sh taimsed kiud) on 
pälvinud suurt tähelepanu. Roheleppe eesmärkide saavutamisel nähakse suurt 
potentsiaali tööstuslikul kanepil. Praegu on nõudlus kanepi järele peamiselt tingitud 
vajadusest kannabidiooli järele. Kuna kanepikiul on võrreldes teiste looduslike kiududega 
suurem jäikus ja tugevus, siis on suurenenud huvi kiu (kõrvalsaaduse) kasutamise vastu 
polümeersete komposiitide armeerimisel ehituses, autotööstuses, pakendites.  

Kasutuse laiendamist piiravad nii adekvaatse info puudumine kanepikiudude 
kasutusomaduste ja materjali suutlikkuse kohta kui ka kasutuses olevate materjalide 
kasutusea ja vastupidavusega seotud probleemid.   

Käesolev uurimustöö püüab neid lünki täita. Doktoritöös uuritakse Eestis kasvatatud 
kiukanepivartest (Ungari Tisza) üle talve seismisega külmligu töödeldud kanepikiudude 
kasutatavust biokomposiitide sarrusena.  

Uuringu eesmärgiks oli panustada keskkonna süsinikuneutraalseks muutmisesse läbi 
Eestis kasvatatud kanepitaimedest (Ungari sort Tisza) saadud ja seni alakasutatud 
kanepikiude rakendamise jätkusuutlike biokomposiitide tehnoloogiliste ja füüsikalis-
mehaaniliste omaduste parendamiseks.  

Käesoleva uurimistöö uudsus seisneb Eestis kasvatatud külmligu kanepikiudude 
omaduste karakteriseerimises, kuna selle kohta teaduskirjanduses info puudus. Nende 
kasutamine suurendab kohalike ressursside väärindamist. Uuringus kasutati kanepikiu 
omaduste analüüsil ainulaadset terviklikku kahe skaalalist lähenemisviisi, mis hõlmas  
modifitseerimata ja keemiliselt modifitseeritud kanepikiudude omaduste uurimist 
mikroskaalal ja nende mõju uurimist biokomposiidi füüsikalis-mehaanilistele omadustele 
makroskaalal. 

Esmalt uuriti kanepikiu keemilist koostist, tugevus- ja morfoloogilisi omadusi.  
Seejärel valmistati polüpiimhappe (PLA) ja kanepikiududest biokomposiidid 30 ja 50 
massiprotsendilise (m.%) armeerivate kiudude sisaldusega ning hinnati nende 
tõmbetugevust ja tõmbeelastsusmoodulit. 

Uuringu tulemused näitasid, et Eestis kasvanud kanepikiu rakuseinte lignifitseerumine 
oli madalam (1,4%) võrreldes Lääne-Euroopas kasvatatud kanepiga, mis tulenes 
lühikesest päevavalguse ajast viimases kasvufaasis ja kõrgest lahustuvate ainete 
sisaldusest (12 ± 0,4%). Mikroobide tegevuse piiratuse tõttu külmleotuse ajal  halvenes 
üksikute kiudude eraldamine kiukimpudest, mis vähendas biokomposiitide mehaanilist 
tugevust. Peale kanepikiudude eraldamist kiukimpudest kasutati kiu omaduste 
muutmiseks ja biokomposiidi tugevusomaduste parandamiseks nelja kiudude keemilise 
modifitseerimise meetodit (72-tunnine vees leotamine, 4-tunnine leeliseline 
eeltöötlemine 5 m.% NaOH lahusega, kombineeritud vesi-silaan ja leelis-silaan 
töötlemine). Kanepikiu keemilise eel- (vee või leelisega) ja järeltöötluse (silaaniga)  
mõju kiu omadustele uuriti skaneeriva elektronmikroskoobi (SEM), Fourier’ 
transformatsiooniga infrapuna spektromeetri (FTIR) ja termogravimeetrilise analüüsiga 
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(TGA). Analüüsi tulemused näitasid keemilise töötluse suhtelist tõhusust kiu omaduste 
modifitseerimisel, mis oli tingitud mittetselluloossete ainete (pektiin, vaha, ligniin ja 
hemitselluloosid) osalisest ekstraheerimisest. Biokomposiidi ristlõike mikroskoopilised 
uuringud näitasid, et eeltöötlemine tagas parema kiudude jaotumise ja homogeensuse 
PLA maatriksis. Lisaks näitasid 30 ja 50 m.% kiusisaldusega biokomposiitide füüsikalis-
mehhaanilined katsetused, et 50 m.% kiusisaldusega biokomposiitide puhul mehaaniline 
tugevus vähenes, kuna PLA maatriks ei suutnud kõiki kiude enam siduda ja kiudude 
omavaheline kontakt oli suurem, eriti pärast modifitseerimist. Kiudude ebapiisav 
märgumine PLA-ga põhjustas biokomposiidi suuremat poorsust ja ebaühtlase pingete 
jaotumise komposiidis.  

Biokomposiidi töökindlus ja tugevus vähenesid märgades oludes kõrge kiusisalduse 
korral kiudude  suurema hüdrofiilsuse ja suurema tühimike arvu tõttu. Kuid arvestades 
biokomposiitide tulevasi rakendusi, näiteks ehitus- ja transpordisektoris, kus tuletõkke 
omadused on olulised, võiks suurem kiusisaldus anda rahuldava tulemuse. 
Modifitseeritud kanepikiuga biokomposiitide puhul andis 30% kiusisalduse juures kõige 
paremaid tulemusi kombineeritud töötlemine leelise ja silaaniga, kus komposiidi 
tõmbetugevus oli 62 MPa, paindetugevus 113 MPa ja elastsusmoodul 7,6 GPa.  
50% kiusisaldusega suurenes paindetugevus ainult 5,8%. Kanepikiudude eeltöötlusel 
veega saavutati sarnane kiu omaduste paranemine, kuid tulemused ei olnud  
oluliselt paremad võrreldes NaOH lahusega keemiliselt töödeldud kiududega tugevdatud 
biokomposiitidega. Arvestades, et leelise ja silaaniga kombineeritud modifitseerimine on 
9 korda kallim kui leelisega töötlemine ning tulemuste paranemine ei olnud enamikul 
juhtudel märkimisväärne, soovitati uuringus eelistada kiudude töötlemist NaOH 
lahusega.  

Kokkuvõtteks võib öelda, et doktoritöös karakteriseeriti Eestis kasvanud ja külmligu 
meetodil töödeldud kanepikiu (Ungari Tizsa) omadusi ja töötati välja suurema 
mehaanilise tugevusega biokomposiidid, mis aitavad kaasa CO2 emissiooni 
vähendamisele ja soodustavad kohapeal kasvatatud ressursside keskkonnasäästlikku 
kasutamist. Suuremate komposiitplaatide tootmiseks ja materjali tugevusomaduste 
ühtlustamiseks on vaja täiustada tootmistehnoloogiat protsessi automatiseerimisega. 
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Appendix 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Marrot, L.; Alao, P.F.; Mikli, V.; Kers, J. Properties of Frost-Retted Hemp Fibers for the 
Reinforcement of Composites. Journal of Natural Fibers 2021, 1–12.  
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Â ÃÄ�ÅÆÇÇÈÉ�ÊÉ�ÆÃÄ



��������	�
�����

�����
�������
�������������������������

�����
����������������������
����������������
�������������������
��������	�
�������

��������
�����������������������

�����
���������
�������
 �

�����
����
��	�������

�������	�������������������������
���
��!������������
 �

�����
����
��	���������

�����
�������"
����#�$�
���

����
���
��
����
�����������

�����
���"�����������
����
$������������
��
���������������

�����
�$����
��
����
��

�
����
��	
���
���
���
���������
�����������
���%��$�&
��'���(� �
$�
���)���
��#��#���"�����

�������������
���
�����

�����������
����������������

�����
��
�����������
����
�
�����
������"�������
���������	�������������
����
��������*
�����������
�������
���
� ���������������������������+�

�������%�
�����,

����+�

����
���%-
����#�!!�.�����
����
������
 ���
����
�
����	���������������
���������������
�
����������
������
�����������
�� ��������������	������������

�����
���/������������$��������������
�����������
���������������
��
��������������	�������������
�����������������	�������

����0� �
�������$�	�
������
��
�����������$�������
������
���
�
������������������
�
��$�
����������������������

��
���1���2��$�,

��
3,�����$�
���+4��2���#����$�	�
�����
�
���������
�����
�� ���1-5���-����
���1-5���-����
���#�!6����
��
�������������������
���
���
���
������	���������
3
��������
3�����������������������
���$����
��������$�
�����������7���������
����
������������	�������
����������������
��������	������
����
�����
���
���

������
����
����������������������$�����
����
���1-5���-����
���#�!6�����
�������
	�
�
�������������
���

����
������������
�����������������������!��#8�9�!�6��:)
�	�
�����
��

������������
���!8#�;�9�8<�8�=)
�	�
���������������
�������	����3
��������������
3
��������
����������=�
�� �
$��������
 �

������>�����	���������
�
��������
��	����
���������
���

��$�������
��

���� �
������������
���������
����	���

��������

������������

�����
���"��������
���������

�����

���
�������	�
�����
��

�������������#�?�	�
���

����
����!?�	�
�����

�����
�$�
������� �����
��$����
�����
�������$�	�
���������������
�������;!?�
���;8?$�
������� ������"��������
�����������

��� ����������������
 ����	�
��

�������������@���
��<��
�������������
������
���
�
���@���
��8���������� �
���������5�� 
�������
����
��	�������
��������������

�����
��
�����

�����������
���%���� 

�
��������
�
�������������5�� 
�������
����
����
�
����@�
�����

�����
�$��������
�
����	�����������
������
���
�
����������
�
�������
����
������������������
�
������
��
��������	��
 ����
�*
������������
��"������������
��
���
������������������:
�A����������	

����	�����
����
������
������	�	

������
��
�
����:
�A���
���"
���
�!B#!��
���������
��������������������
�������
������
�������������
���
������	��������
��
����
��*
����������
�
�����������
����
��	��������
��"������
�
����	�
��

�����������������������
����
��	���������

�����
�����
��
����������
��� �
�����
������	��>���� ���
���3���������������������
��������	������������ ���������������
���������������������
����C�������������
DEDDDFDDDDFEDDDGDDDDGEDDDHDDDDHEDDDIDDDD
D ED FDD FED GDD GED HDD HED IDD IED

JKLMNOPQPRSTUVWXKYYZ [\KTWUWX�N]TJ_̂̀abc�de�fgghijkl�mnopqpr�ojgjkoskt�nk�luj�oshmjlji�nv�luj�wxinpr�pksl�ypkslhiz�wxji�ni�rlihko{|

}~������~���������������� �



��������	��
���������
����	��������������	�
�����������
�������	���������
��������
�
�����������������
�������������������
�������
�������������� �!��"�#$ %&�'�(�)�*�+,�-�)��! ��!.�
��������
����������������������
�����������������
��������������	����
��	����	��/������������
������������
����
���
����0�
�12���������������34567�8�������������3459:����
�	�������������
���������
�����	�������;��<���	������
����	������������������������
��	��/����������
�����	�����
�
���������������������
����3=>��������������������?

��������������
������
��	���������
�	����/�������
���
����0�����������������3��@���������
��	����	��/����������
�����������������������������
��
���������
����������
�����
�/�����1AA�=B��
��	�����������
����������
��	��/����������C�������:����
����	��	���	��
������������=�6��	��
�D���������
�������������	����������/������������
��	�������
����������
������
�
������������	������������������
������	��������
�����
����������.�
����	�������
���������	�����	�������������������
�	���EFG?���������������	�64���
�=4���B��
�	����/���������������������
�������������������H�����6����	�����	���;������������������������������	�������������������������
�
����	��	���EFG?�������������H	��I�������
������
��	����������������	�64���B���
�=4���B�������������������JA���
�59AB�	��	����	����	����
������
��	��������
����
�FG?�13�J�KF�:��H	��������/������������������������������
�����	��	��	�����
������
��	��/������������
����FG?���
��	�����	����	��I�������
������
��	������������������������������
�����	��/��������������
������
����
��������	��/���E�����;������
�����H	���������	�����������
��	�������������������������
����53B����	�64���B�/���������
�������
����94B����	�=4���B�/�����1�������	�����������
��	��������
����
�FG?�����
���
�������9L�8F�:��<���	��/�������������	�64���B�����
�����������	������
��
�
������������M�����	��	�15NB:��������������������
��������
�/����
�������������	����	�����	��������������
�/�������������������<���	��������
�=4���B�/�������	������
��
�
��������������������1AB:����
��	��
������������������	�����������������
��������O���������������
��	��/���������	�������;���
�������
����
������
������������	��/�����

PQPPRPPSPP
TPPUPPPUQPP

P VP UPP UVP QPP QVP WPP WVP RPP RVP
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Publication II 
Alao, P.F.; Marrot, L.; Burnard, M.D.; Lavrič, G.; Saarna, M.; Kers, J. Impact of Alkali and 
Silane Treatment on Hemp/PLA Composites’ Performance: From Micro to Macro 
Scale. Polymers 2021, 13, 851.  
 









































 

95 

Appendix 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication III 
Alao, P.F.; Marrot, L.; Kallakas, H.; Just, A.; Poltimäe, T.; Kers, J. Effect of Hemp Fiber 
Surface Treatment on the Moisture/Water Resistance and Reaction to Fire of Reinforced 
PLA Composites. Materials 2021, 14, 4332. 
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The increasing growth of the world's population has resulted in a significant consumption of non-renewable resources like petroleum and renewable resources like water, posing severe economic and environmental challenges. Thus, materials derived from natural, renewable resources, such as annual-growth crops, have received much attention (Bourmaud et al., 2018). Policies such as the European Green Deal (EGD), approved in 2020, including European Climate Law (ECL) have been implemented to encourage the efficient use of biodegradable and renewable resources to promote a healthy, circular, and sustainable environment that helps to realise climate neutrality, zero-pollution, and halts biodiversity loss. For instance, the energy consumption for the production of natural fibres is 60% less than that of glass fibre (Bhattacharyya, Subasinghe and Kim, 2015). Consequently, construction, transportation, packaging, and cosmetic sectors are increasingly sorting the application of suitable biobased materials like plant fibres (flax, hemp, jute, and sisal). Interestingly, these plant materials have existed and applied for thousands of years. Hemp, for example, was first discovered in China about 8000 BCE.

Hemp is a flexible and promising plant-based renewable resource that is now receiving attention in the scientific community. Hemp is an annual crop grown from hemp seed that produces strong and woody fibres. Hemp, like other plants, has low input energy to develop and have the potential to capture carbon dioxide (CO2) from the environment during growth and cleaning the air. Consequently, the environmental carbon footprint decreases. The fibres are harvested from the hemp plant by retting (Nilsson, Svennerstedt and Wretfors, 2005) and they provide an intriguing, specialized performance for the construction of polymer composites. Given that the primary goal of hemp crop grown in most areas of the globe, notably in Europe and Estonia, is to create cannabidiol, the fibre and shives by-products, which are typically dismissed as trash, can become unbelievably valuable if used successfully in composite applications. Though, understanding and defining the fibre characteristics, which determine the intrinsic capabilities and efficacy of the fibre to reinforce polymer composites, it is required to fulfil a variety of applications. Natural fibres offer a wide variety of cell wall composition and strength qualities (Marrot et al., 2013) that are determined primarily by growth, maturity, and retting conditions (Bourmaud et al., 2018). Hydrophilic qualities of natural fibres impair interfacial adhesion with polymer matrices, resulting in voids and inadequate stress transfer, compromising mechanical performance. 

 As a result, it is critical to comprehend the characteristics and applications of plant fibre. There is a lack of data on the qualities or application of frost-retted hemp fibres (Hungarian species Tisza) in the reinforcement of composites. Therefore, this study 
seeks to fill this gap. The aim of this research was to augment the contribution to a 
carbon-neutral environment by applying this underutilised frost-retted hemp fibre as reinforcements in enhancing the technological and physicomechanical properties of sustainable biocomposites. The novelty of current research is based on the characteristics of frost-retted hemp fibres grown in Estonia which is not reported in the literature. Their utilisation will lead to valorisation of local resources. Furthermore, 
this research applied a uniquely comprehensive approach with double scale 
analysis, involving the examination of the characteristics of the unmodified and chemically modified hemp fibres on a micro-scale and their influence on a macro-scale (the biocomposite’s physicomechanical performance).

For this purpose, the biochemical and strength properties of the hemp fibres were first examined and defined. Surface pre-treatment with water and alkali and combined modification with silane were introduced to fabricate composites with hemp fibre at various wt.%. The impact of the fibre surface modification and content was examined from the mechanical and functional properties of the composites and the most effective treatment for the robust performance of the biocomposite was established. The research provides valuable information on the characteristics of Estonian hemp fibres and their suitability as an alternative composite reinforcing material.



[bookmark: _Toc102040281]Abbreviations and Symbols

		Af

		Alkali pretreated hemp fibre



		AH

		Alkali pretreated hemp fibre reinforced PLA composites



		APTES

		3 -Aminopropyl-triethoxysilane



		ASf

		Alkali and silane treated hemp fibre



		ASH

		Combined alkali and silane treated hemp fibre reinforced PLA composites



		BCE

		Before the Christian Era



		CO2

		Carbon dioxide



		E

		Modulus of elasticity (Young´s modulus) in tension



		EMCd.b

		Equilibrium moisture content (dry bases)



		FAO

		Food and Agriculture Organization (of the United Nations)



		FTIR

		Fourier Transform Infrared



		HDPE

		High density polyethylene



		NFC

		Natural Fibre Reinforced Composite



		MD

		Equilibrium moisture content (EMC)



		MOE

		Flexural modulus



		MOR

		Flexural strength 



		PCL

		Polycaprolactone 



		pH

		Potential of hydrogen



		PHAs

		Polyhydroxyalkanoates



		PHB

		Polyhydroxybutyrate 



		PLA

		Polylactic acid



		RH

		Relative humidity



		SEM

		Scanning Electron Microscopy



		T5

		Temperature at 5% mass loss



		T10

		Temperature at 10% mass loss



		TGA

		Thermogravimetric Analysis



		Uf

		Untreated hemp fibre



		UH

		Untreated hemp fibre reinforced PLA composites



		Wf

		Water pretreated hemp fibre



		WH

		Water pretreated hemp fibre reinforced PLA composites



		Wsf

		Water and silane treated hemp fibre



		WSH

		Combined water and silane treated hemp fibre reinforced PLA composites



		wt.%

		Weight percentage



		VIP

		Vacuum infusion process



		σ

		Tensile strength
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[bookmark: _Toc100663632][bookmark: _Toc102040283]Industrial hemp (Cannabis sativa) 

In the  past, Canada was the largest cultivator of hemp, however the hemp plant is originally native to India and Persia (Manaia, Manaia and Rodriges, 2019). According to 2019 data obtained from (Statista, 2021) shown in Figure 1, approximately 56,196 ha of land area was dedicated to hemp cultivation in Europe. France accounted for 70% of the total land area used for the cultivation, while Lithuania and Estonia make up the second and third largest, respectively. But the recent European Commission report on the cultivation of hemp fibres in Europe puts the Netherlands (10%) and Austria (4%) as the 2nd and 3rd largest producers, respectively, for the same period.



[bookmark: _Ref99634782][bookmark: _Toc102042620]Figure 1. Top 15 hemp cultivators in Europe as of 2019 (Statista 2021).

The market demand for hemp is driven by the growth in the application of cannabidiol (CBD) obtained from the hemp stalk, flowers, and leaves and, the hemp seed used for food and beverages, personal care, and animal feeds. The many benefits of hemp highlighted as important by the member of the board of advisors for the Industrial Hemp Association (EIHA) in the European Commission, Catherine Wilson are listed below:

1. Hemp has a negative carbon footprint. For instance, the cultivation of one hectare of hemp can absorb approximately 15 tonnes of CO2.

2. Growing hemp minimises environmental pollution as it does not require herbicides, pesticides, or fungicides.

3. Hemp has high growth and shading capacity that is suitable for breaking cycles of disease when used in crop rotation.

4. After the cultivation of hemp, the soil is left in optimum condition which helps prevents soil erosion and can be used for the recovery of land.

5. Additionally, hemp has several good uses, e.g., providing refuge for birds, seeds for animal feed, and because of the differing pollination season (July and September) compared to other crops, it is biodiverse.



Due to these merits, hemp cultivation in Europe is considered one of the means to reaching the European green deal targets. Besides, the land area dedicated to the growth of hemp in Europe has almost doubled. Varieties of industrial hemp include Anka, Uso, Zolotonosha (Canada), Felina, Fedora, Futura, etc (France), Carmagnola (Italy), FIN-314 (Finland, Canada) and Tisza, Kompolti and Fibriko from Hungary. Hemp plants thrive in semi-humid environments with temperatures ranging from 14 to 27 °C. It requires a lot of rain or irrigation (particularly in the first six weeks), roughly 30–40 cm per growing season, and is drought-resistant after that, although the bulk is diminished, and a lack of proper hydration also hastens maturity. Seedlings can tolerate a -5 °C frost, while adult plants can also withstand a -5 °C cold (British Columbia Ministry of Agriculture and Food, 1999). 

[bookmark: _Toc100663633][bookmark: _Toc102040284]Hemp fibre

There is conflicting information about the global production of hemp fibres. According to  (Manaia, Manaia and Rodriges, 2019) Russia accounts for the largest global production of hemp fibre with about 33%, but reportedly, China has an output of 93,000 tons/year, which is considered the largest based on FAO data reported by (Dayo et al., 2018). Besides, as of 2020, industrial hemp, hemp products, and end-use items such as paper and textiles were all produced and exported mainly by China (Market Analysis Report, 2021). In Estonia, hemp fibre is obtained as a by-product of cannabidiol (CBD) produced for medicinal purpose. “Estonia is a hidden gem for CBD production since it has a clean environment with good water, organic soil, and no local pests that would induce the use of chemicals for growing hemp” (Stephen J Wyatt, CEO of Hemp Futures). 

Hemp fibre is a plant biofibre derived from the bast of industrial hemp (Cannabis sativa L.). Ideally, hemp fibres fall in the classification of primary natural fibres like flax, cotton, Kenaf and jute, which are fibres grown for their fibre content (Bhattacharyya, Subasinghe and Kim, 2015). However, most often than not, these agricultural by-products are dumped in the open field or incinerated (Dayo et al., 2018). Hemp and flax are most widely accessible in Europe, and they might be an appealing alternative to glass fibre reinforcement in composites. But hemp fibres suffice as the most desirable of the two plants, owing to their specific mechanical characteristics and a price that has remained lower and more consistent throughout time than flax fibres. Hemp has received less attention by researchers than flax, and its morphology and mechanical behaviour are somewhat understood (Marrot et al., 2013).

[bookmark: _Toc100663634][bookmark: _Toc102040285]Fibre structure

In general, the structure of hemp fibre is quite similar to that of wood. Hemp stems are typically 1.5–2.5 m tall with a diameter of 5–15 mm (Liu, Thygesen, et al., 2017). 
Figure 2 shows the hemp stem with the arrangement of fibres. Typically, it consists 
of a pith assembled in layers of xylem, cambium, cortex, epidermis, and cuticle, diameters/thicknesses of which are 1–5 mm, 10–50 μm, 100–300 μm, 20–100 μm, 
2–5 μm, respectively (Liu, Thygesen, et al., 2017). Hemp fibres have primary and secondary fibres. The primary fibres range in length from 5 to 100 mm, whereas the secondary fibres, which are missing in the flax fibre, are around 2 mm long (Marrot et al., 2013). 

[image: Image preview]

[bookmark: _Ref99636771][bookmark: _Toc102042621]Figure 2. Organisation and morphology of a hemp stem, bundle of fibres and single fibre.

[bookmark: _Toc100663635][bookmark: _Toc102040286]Biochemical composition

Like all plant materials, the hemp fibre features cellulose, hemicelluloses, lignin, pectin, wax, and water-soluble extractives as the cell wall contents. Nevertheless, cellulose, 
a long-chain polysaccharide formed by units of β-D glucose is the principal cell component of the hemp fibre. The structure of the hemp fibre cell (Figure 3) is categorised into the primary wall, the secondary wall, and the lumen, which is responsible for the transportation of moisture and middle lamella (pectin) that binds the fibre. The primary cell wall deposited in the early growth stage (Pereira et al., 2015) is 70–110 nm thick (Liu, Thygesen, et al., 2017). It consists of disorderly arranged cellulose microfibrils immersed in a matrix of hemicelluloses and lignin. Hemicelluloses are highly concentrated in the primary cell wall, while lignin is an extremely crosslinked amorphous molecular structure that binds the individual fibres.

The secondary cell wall is thicker (3–13 μm) and comprises crystalline cellulose microfibril in three layers: the outer secondary cell wall (S1), the middle cell wall (S2) and the inner cell wall (S3) (Pereira et al., 2015). The composition and structural arrangement of the fibre is influenced by the plant growth conditions, the degree of retting and maturity (Bourmaud et al., 2018). Hence, to effectively apply the hemp fibres, the structural composition must be considered. 



[image: ]

[bookmark: _Ref99636923][bookmark: _Toc102042622]Figure 3. Schematic representation of hemp fibre cell layers (Henrique et al., 2015).

[bookmark: _Toc100663636][bookmark: _Toc102040287]Fibre properties

Table 1 shows that hemp fibres represent one of the strongest and stiffest of the available natural fibres. The high strength of hemp fibre could be attributed to the 
high cellulosic content and their special function to provide support in the plant stem (Bourmaud et al., 2018). According to (Bhattacharyya, Subasinghe and Kim, 2015), 
the properties of the hemp fibre depend on the fibre structure, chemical composition, microfibrillar angle, cell dimension, and inherent fibre defects. In other words, 
the amount and order of cellulose microfibril (microfibril angle) in S2 determines the inherent fibre strength. Additionally, the lignin also determines the fibre rigidity and affects the impact and compression properties (Pereira et al., 2015) whereas fibre retting conditions could influence the morphological and tensile properties of the fibre 
(Mazian et al., 2018) and affect the adhesion mechanism between the fibre and the polymer (Pereira et al., 2015).



[bookmark: _Ref99638271][bookmark: _Toc100420060][bookmark: _Toc102042636]Table 1. Comparison of the mechanical properties of natural and synthetic fibres (Pil et al., 2016).

		Properties

		E-glass

		Carbon (T300-T700)

		Flax

		Hemp

		Bamboo

		Jute



		Density, g/cm3

		2.55

		1.8

		1.45

		1.48

		1.4

		1.46



		Tensile strength, MPa

		2000–2400 

		3530–4900

		800–1500

		550–900

		750–950

		400–800



		Stiffness, GPa

		70–74

		230

		55–75

		40–65

		30–50

		10–30



		Specific strength, MPa cm3/g

		780–940

		1900–2700

		550–1030

		370–600

		535–680

		275–550



		Specific stiffness, GPa cm3/g

		27–29

		128

		38–52

		27–44

		21–36

		7–21



		Εlongation at break, %

		3

		1.5–2.1

		1.5–2

		1.6

		1.9

		1.8







[bookmark: _Toc100663637]One of the main advantages of hemp fibres over the synthetic alternatives is the low density that results in high specific strength and stiffness (Ku et al., 2011; Manaia, Manaia and Rodriges, 2019). Other benefits include environmental friendliness, non-abrasiveness to processing equipment, cheap cost, renewability, and less processing energy, which results in reduced air pollutants. But, hemp fibres have natural hydrophilic qualities, 
a high anisotropic nature, limited resistance to microbes, low heat stability, uneven mechanical properties, and inferior mechanical performance, which serve as limitations compared to synthetic fibres (Manaia, Manaia and Rodriges, 2019).

[bookmark: _Toc102040288]Retting 

Retting is a process that is used to loosen the bast fibres from the stem. This process involves the removal of non-fibrous tissues by the degradation of hemicellulose and pectins (Tavares et al., 2020). During retting, a combination of wet and moderate weather promotes the development of microorganisms (fungi, bacteria) that colonize the plant stem. These microorganisms secrete degrading (or hydrolases) enzymes such as polygalacturonases or xylanases that accelerate the breakdown of the plant’s polysaccharides. The enzymes gradually destroy the pectins of the cortical parenchyma’s middle lamellae, the epidermis, the xylem, and the bundles of fibres, which then facilitates the mechanical (scutching) or manual detachment of the bundles. There are 5 types of plant retting: (1) dew retting (2) water retting (3) mechanical retting (4) enzymatic retting and (5) chemical retting.

In Europe, the plant stalks are commonly dew (field) retted. This type of fibre retting is subject to weather conditions like rainfall and temperature (Liu, Silva, et al., 2016). Considering the hemp fibre and seed maturity period (mid-August), field retting normally begins in autumn (mid-August or September) in places like Northern France, Belgium, and the Netherlands (Réquilé et al., 2021). However, the autumn period in the Nordic region is often associated with cold and high rainfall (Pasila, 2000), which is unfavourable because of the possibility for high moisture content in the stems, collection difficulty, rotting or in some cases, over-retting, due to the secretion of cellulase that depolymerizes cellulose (Réquilé et al., 2021). Pasila (2000) proposed collecting the hemp straws during spring, which is the driest time of the year, to prevent an increase in moisture content in the plant stem and improve the possibility for mechanical drying. Straws harvested during this period are referred to as frost retted. For frost retting, the fibre separation from the bundle is induced by the daily temperature variation above and below zero. 
The repeated fluctuation of the springtime temperature causes the freezing and melting of water in the plant stem, creating an enlarging movement which results in the loosening of the fibre from the stalk. 

[bookmark: _Toc100663638][bookmark: _Toc102040289]Fibre modification

The objective of the fibre modification is to treat the fibre surface to remove the wax in natural fats present in the hemp fibre  for easy handling or better performance as a reinforcing material (Alix et al., 2009; Väisänen et al., 2018). Chemical and physical methods are commonly used (Manaia, Manaia and Rodriges, 2019) to achieve this. 
The chemical treatments involve the modification of the fibre surface by any of the following methods: acetylation, peroxide treatment, benzoylation, isocyanate treatment, and using maleated coupling agents (Pereira et al., 2015; Sepe et al., 2018). The objective of chemical treatment is to modify the hydroxyl and carbonyl groups in the fibre and introduce networking groups that enhance the interfacial bond with the polymeric matrix, because the hydroxyl groups in natural fibres increase hydrophilic properties that limit the interfacial adhesion with the polymer matrices, since these matrices are hydrophobic in nature (Liu, Thygesen, et al., 2017). The poor adhesion between the fibres and matrix causes ineffective stress transfer and induces voids that subsequently impede the  mechanical performance of the composites (Islam, Pickering and Foreman, 2010). Hence, the chemical treatment primarily removes non-amorphous fibre contents such as pectin, wax, hemicellulose, and lignin to obtain cellulose rich fibres (Sgriccia, Hawley and Misra, 2008; Liu, Meyer, et al., 2016; Liu, Thygesen, et al., 2017). The physical treatments involve corona, cold plasma, ultraviolet, heat treatment and, electron radiation (Sreekumar et al., 2009). But these treatments can often cause the deterioration of the flexural properties of composites (Sepe et al., 2018; Sood and Dwivedi, 2018).

Nonetheless, of all the listed methods, alkaline treatment with sodium hydroxide (NaOH) has been found to be the utmost applied process (Manaia, Manaia and Rodriges, 2019), because of its’ feasibility (Islam, Pickering and Foreman, 2010). The treatment of the fibres with NaOH modifies the fibre surface by removing a certain amount of lignin, hemicelluloses, wax, and oils covering the external surface of natural fibre, revealing more hydroxyl bonding sites and making the fibre surface rough (Demir et al., 2006; Pickering, Efendy and Le, 2016; Dayo et al., 2018; Sepe et al., 2018), thereby causing better interfacial bonding (Islam, Pickering and Foreman, 2010). As a result, alkaline treatment enhances the mechanical behaviour of the natural fibre, particularly fibre strength, and thus the mechanical characteristics of the composite (Fiore, Di Bella and Valenza, 2015). The procedure of the alkali treatment (Kabir et al., 2013a; Sepe et al., 2018) is shown below: 



Fibre–OH + NaOH → Fibre–O–Na+ + H2O



Silane treatment has also been used to further improve the composite performance by enhancing the interfacial relationship between the fibre and the polymer matrix. 
The impregnation process where the hemp fibres are treated with prehydrolyzed silane solution ensures modification of the fibre surface and cell walls (Xie et al., 2010). 
The silane coupling agents are hydrophilic compounds with a silicon atom attached to separate functional groups, allowing one end to engage with the matrix and the other end to react with the hydrophilic fibre, which acts as a bridge between both (Sepe et al., 2018). However, silane treatment works more efficiently with the presence of more free OH groups. Therefore, it is often combined with alkali treatment. There are four phases to the interaction of silane with the natural fibre: hydrolysis phase where the silane monomers are hydrolysed, condensation phase that is slowed down using an acidic environment (usually acetic acid) to ensure availability of free silanols that are then adsorbed to form siloxane bonds (– Si– O–Si –); consequently, grafting on the fibre surface via covalent bonds – Si– O–C – of the silanols. As a result, the hemp fibre becomes less hydrophilic (Cyras et al., 2004), which decreases the water affinity of the reinforced composites. Silanes commonly used for modification of natural fibres/polymer matrices consists of organic functionalities, such as amine, methacrylic, vinylic, azide, alkylic etc. But amino silane such as (3-Aminopropyl) triethoxysilane (C9H23NO3Si) known as APTES is one of the most versatile because of its ability to treat majority of the commonly used polymer matrices. The processes involved in the siloxane bridges that occur after thermal stimulation (Brochier Salon et al., 2005) are shown: 

[image: ]   [image: ]



Thermal stimulation occurs when the fibres are oven dried at elevated temperature usually about 120 °C for 1 hour. 

[bookmark: _Toc100663639][bookmark: _Toc102040290]Composite matrices

Thermoplastic and thermosetting matrices are the two types of polymer matrices used in composite production. The parameters of the most widely studied polymer matrices used for hemp fibres are listed in Table 2. The nature of polymers can be thermoset or thermoplastic, depending on the structural and chemical linkages. Thermoplastic polymers contain one- or two-dimensional molecular structures that are flexible under heat or force and may reshape when pressure and heat are reapplied. On the other hand, thermosetting polymers consist of cross-links and form an irreversible chemical connection when pressure and heat are applied. Thermoset polymers cannot be melted or reformed, and they only degrade when heated to a high enough temperature, which is a disadvantage for recyclability. Thus, when chemical and thermal stability are required, thermoset matrices are preferable. Thermoplastic polymers are resistant to damage and can be recycled since they can be heated and reformed. Polymer materials have a low density and a low melting temperature in general. The polymer matrices protect the fibres from environmental degradation, preserve fibre arrangement, transfer stress to the fibres, and influence the form and appearance of the composite. Overall, the polymer matrices govern the composite’s optimum service temperature, moisture resistance, chemical resistance, and thermal stability (Manaia, Manaia and Rodriges, 2019). The application, needs, and desired qualities of the composite material being developed, and accessibility in the location where manufacturing is being considered are the factors that influence the matrix selection.



[bookmark: _Ref99642761][bookmark: _Toc100420061][bookmark: _Toc102042637]Table 2. Properties of polymer matrices used for hemp fibres (Manaia, Manaia and Rodriges, 2019).

		Polymer

		Density, g/cm3

		Failure Strain, %

		Tensile Strength, MPa

		Young’s Modulus, GPa

		Glass Transition Temperature, °C

		Melting Temperature, °C



		Synthetic Thermoplastics



		Polypropylene 

		0.89–0.92

		20–400

		30–40

		1.1–1.6

		- 10 to - 23

		161–170



		Polyethylene - HDPE

		0.94–0.96

		2–130

		14.5–38

		0.4–1.5

		- 100 to - 60

		120–140



		Polystyrene 

		1.04–1.06

		1–2.5

		25–69

		4–5

		100

		110–135



		Polylactic acid (PLA)

		1.21–1.25

		2.5–6

		21–60

		0.35–3.5

		45–60

		150–162



		Thermosetting



		Epoxy

		1.1–1.4

		1–6

		35–100

		3–6

		60 to 170

		–



		Polyester

		1.2–1.5

		4–7

		40–90

		2–4.5

		-47 to 120

		–







Because of environmental concerns, biopolymers such as polylactic acid (PLA), modified cellulose, soya oil-based epoxy, polycaprolactone (PCL), polyhydroxybutyrate (PHB), lignin, and starch have become more desirable and are studied for many industrial applications. Table 3 presents the properties of some of the known biopolymers. Despite the increased desire for adoptability of these biopolymers, low toughness/commercial availability, processability, prohibitive cost, limited moisture resistance, and low thermal stability are the key drawbacks (Pappu, Pickering and Thakur, 2019). Regardless, PLA is at the fore with regards to utilisation, thanks to a recently developed cost-effective polymerisation process (Sawpan, Pickering and Fernyhough, 2011b; Pappu, Pickering and Thakur, 2019) and good mechanical performance.

[bookmark: _Ref99643295][bookmark: _Toc100420062][bookmark: _Toc102042638]Table 3. Bio-based polymers, properties, application (Douglas D. Stokke, Qinglin Wu, Guangping Han, 2013).

		Polymer type

		Properties

		Application



		Natural

		Starch-based polymers

		Short shelf-life, biodegradable and compostable

		Films, moulding, extrusion



		

		Cellulose derivatives

		Biodegradable, limited, compostable, good mechanical properties

		Films, injection moulding



		Derived by bacterial fermentation of sugars or lipids

		PHAs

		Long shelf-life, varying biodegradability, limited, compostable

		Moulding, films



		Derived from biobased materials 

		PLA

		Weatherproof, high strength, high modulus

		Films, moulding, extrusion, fibres







[bookmark: _Toc100663640][bookmark: _Toc102040291]Polylactic acid (PLA)

PLA polymers are lactic acid polyesters that have lately been used in applications where biodegradability is essential (Oksman, Skrifvars and Selin, 2003). PLA is a bio-based thermoplastic polymer with excellent mechanical characteristics (Hu and Lim, 2007). 
The polymer fibre is made from the monomer of yearly renewable crops including maize, potato, and cane sugar; it is 100% biodegradable (Oksman, Skrifvars and Selin, 2003; 
Hu and Lim, 2007), and its life cycle can help to reduce carbon dioxide levels on the planet. It seems to be an obvious alternative to conventional polymers for a product that is both environmentally benign and mechanically sound (Baghaei et al., 2014). Hydrolysis to lactic acid, which is then metabolised by bacteria to water and carbon monoxide, 
is required for deterioration, which is reported to happen in two weeks, with total absence taking three to four weeks after breakdown. However, according to Hu and Lim, (2007) the degradation process may take several months to two years.

The two polymerisation processes currently employed to make PLA are direct 
poly-condensation of lactic acid and cyclic intermediate dimer (lactide), which includes a ring-opening process; the latter is favoured owing to its capacity to yield high molecular weight PLA. The polymer is obtained from the monomer of lactic acid (2-hydroxy propionic acid) by the fermentation of dextrose, produced from the enzymatic hydrolysis of plant starch (Douglas D. Stokke, Qinglin Wu, Guangping Han, 2013). The commercial use of PLA is expected to grow significantly in the future and is already used to make plastic bags for home biowaste, sanitary products and diaper wrappings, planting cups, disposable cups, and plates (Oksman, Skrifvars and Selin, 2003). However, PLA’s intrinsic brittleness and poor toughness, as well as its low melt viscosity and excessive cost, may limit its usage as a polymer matrix in composite production (Manaia, Manaia and Rodriges, 2019). Though more research is currently being geared towards improving some of these issues.

[bookmark: _Toc100663641][bookmark: _Toc102040292]Biocomposites

[bookmark: _Hlk90389913]Composites are the product of a stiff material (the fibre) that reinforces a polymer matrix (thermoplastic or thermosetting). The composite is a biocomposite when at least one of its components is from a natural material (Tavares et al., 2020); hence, composites reinforced with biobased (lignocellulosic) fibres are biocomposites and otherwise known as natural fibre reinforced composites (NFCs). According to Manaia, Manaia and Rodriges (2019), NFCs have a lower environmental impact, reduce the weight and volume of polymeric matrices due to the ability to use higher fibre content for specific performance, and reduce emissions and fuel consumption throughout the life cycle. Because lignocellulosic fibres are employed, NFCs have low health risks and are less expensive than today’s most popular synthetic fibre reinforced composites (Merkel et al., 2014). However, in selecting the natural fibre for precise application, it is essential to consider the fibre strength, dimension, structure and the biocomposition (Pereira et al., 2015). According to Liu et al. (2017), the fibre and matrix properties, fibre orientation, porosity, fibre length, fibre packing ability, fibre/matrix interface properties and fibre content are the range of parameters influencing the performance of natural fibre reinforced composites.

[bookmark: _Hlk90389941]The application of hemp fibre with the most potential is as reinforcement material in polymeric composites (Pickering, Efendy and Le, 2016; Pappu, Pickering and Thakur, 2019). Considering that hemp growth, in most parts of the world is predominantly for nutritional application i.e., extraction of CBD, the fibre and shives by-products often considered as waste can thus become immensely valuable if effectively utilised for composite application. Some properties of hemp fibre composites published are presented in Table 4. Overall, 30 wt.%. fibrous reinforcement was considered because the fibre reinforcement range of 25 wt.% to 35 wt.% is reported as the most suitable to achieve optimum performance and economic benefit (Pappu, Pickering and Thakur, 2019). Although Islam, Pickering and Foreman (2010) attained a remarkably high mechanical outcome with fibre contents of 65 wt.%, no other study has reported such high values at such fibre content. Additionally, Table 4 shows that the hemp fibre surface was often treated with NaOH solution or by combined a modification using NaOH solution and a coupling agent (silane). 

[bookmark: _Ref100408449][bookmark: _Toc100420063]







[bookmark: _Toc102042639]Table 4. An overview of some results previously published for hemp fibre reinforced composites.

		Composite description

		Mechanical strength



		Fibre content (reference)

		Polymer type

		Treatment type

		Fabrication method

		Tensile strength (, MPa 

		Flexural strength (MoR), MPa



		30 wt.% Hybrid (15 wt.% hemp + 15 wt.% sisal) (Pappu, Pickering and Thakur, 2019)

		PLA

		none

		Injection moulding

		46 ± 7 

		95 ± 11



		Woven hemp fibres (42 ± 1 wt.%) (Sepe et al., 2018)

		Epoxy

Epoxy

		

		VIP

		81 ± 3

		118 ± 5



		

		

		1 wt.% NaOH solution

		

		69 ± 4

		114 ± 5



		

		

		5% silane

		

		72 ± 1

		123 ± 6



		65 wt.%

(Islam, Pickering and Foreman, 2011)

		

		untreated

		Compression moulding

		165

		180



		

		

		2 wt.% Na2SO3 + 5 wt.% NaOH

		

		130 ~

		170 ~



		30 (2) wt.% (Väisänen et al., 2018)

		

		none

		

		64 ± 14

		91 ± 20



		

		

		10 wt.% NaOH soln.

		

		41 ± 5

		74 ± 9



		25 wt.% (Dayo et al., 2018)

		Poly

benzoxazine

		Cyclohexane/ ethanol washing + silane

		

		45 ± 2

		114 ± 3



		30 wt.% (Baghaei et al., 2014)

		PLA

		4 wt.% NaOH

		

		77 ± 3

		101



		45 wt.% (250 wraps/m) (Baghaei, Skrifvars and Berglin, 2013)



		PLA yarns



		None



		

		59.3



		124.2





		Composite description

		Mechanical strength



		Fibre content (reference)

		Polymer type

		Treatment type

		Fabrication method

		Tensile strength (, MPa 

		Flexural strength (MoR), MPa



		40 wt.% (Lu, Swan and Ferguson, 2012a)

		HDPE

		5 wt.% NaOH soln.

		Compression moulding

		60

		44



		40 wt.% (Hu and Lim, 2007)

		PLA

		6 wt.% NaOH

		

		55

		113



		30 wt.% (Islam, Pickering and Foreman, 2010)

		

		2 wt.% Na2SO3 + 5 wt.% NaOH

		Film stacking

		83

		143







[bookmark: _Hlk90390210]Although using natural fibres as a reinforcement in composites has several advantages, the intrinsic features of the natural fibres cause certain undesirable traits in the composites. Limited mechanical performance, excessive water absorption, poor fire resistance, and concerns linked to manufacturing irregularities and inhomogeneity are the four key challenges that restrict the use of natural fibres in composites (Väisänen et al., 2018). Therefore, it is essential to assess the multifunctional performance of biocomposites to meet a variety of applications (Mohd Ishak and Mat Taib, 2015). As a result, studies have examined the resistance to water in addition to the mechanical performance of biobased composites (Pejic et al., 2008; Sreekumar et al., 2009; Dayo et al., 2018; Thiagamani et al., 2019). 

The fire reaction of these composites has also been studied (Naughton, Fan and Bregulla, 2014; Mohd Ishak and Mat Taib, 2015) though in a limited number of publications. Most importantly, a fire resistance test is essential for any construction material to fulfil building standard regulations (Naughton, Fan and Bregulla, 2014). Hence, to classify NFCs as construction materials, there is a need to provide data or improve fire resistance of the biocomposite, which has been achieved through using higher fibre content, an additive such as magnesium hydroxide, or fire retardant treatment (Hapuarachchi et al., 2007).

[bookmark: _Toc100663642][bookmark: _Toc102040293]Application or potential use of hemp fibres and their biocomposite

The most researched and growing application for hemp and natural fibres, in general, 
is reinforcement in polymeric composites in automotive applications (Lu, Swan and Ferguson, 2012b; Dayo et al., 2018; Sepe et al., 2018; Alao et al., 2019; Islam and Bhat, 2019) because the automobile sector is continually seeking ecologically friendly materials in its products (Zegaoui et al., 2018). NFCs have been used to make vehicle components such as door panels, glove boxes, hat racks, dashboards, and other components, by the car manufacturers Audi, BMW, Mercedes-Benz, Fiat and Volvo (Manaia, Manaia and Rodriges, 2019). NFCs show prospects for use in the production of parts of musical instrument (Pickering, Efendy and Le, 2016), in sports goods and consumer electronics (Zegaoui et al., 2018). In particular, hemp fibres have a better vibration dampening ability than synthetic fibres that make them a more suitable alternative. Other applications of NFCs include aircraft interior panelling, toys, packaging, casings for electronic devices like laptops and phones, surfboards, heat insulation materials, fibre reinforced concretes in building construction, and brake pads, which are commonly made of geopolymers reinforced with hemp fibres (Hussain et al., 2019; Manaia, Manaia and Rodriges, 2019; Pappu, Pickering and Thakur, 2019).

Biocomposites made of natural fibres have a wide range of physical and mechanical characteristics, making them difficult to use in structural applications where reliability is critical (Marrot et al., 2013). However, more structural components, such as seat backs and outside underfloor panelling in the automobile, are increasingly being manufactured (Manaia, Manaia and Rodriges, 2019).

[bookmark: _Toc100663643][bookmark: _Toc102040294]Summary of the literature review and aim of the study

[bookmark: _Hlk90024832][bookmark: _Hlk90025709]Hemp is regarded as one of the natural resources that can be used to meet environmental sustainability, reduce carbon emissions, and improve population health. Hemp cultivation is mostly for the manufacture of cannabidiol (CBD); the shives and fibres as by-products, acquired after harvesting the plant have received little attention. As demand for CBD oil rises, especially in Estonia, so will the amount of hemp stem waste generated, sparking a need to value this locally created product. An environmentally sound method for retting is required to effectively separate the fibres from the stem. The frost-retting process recommended by (Pasila, 2000) is the most suitable in the Estonian climate to avoid physical fibre damage by moisture and save drying energy. 

Amongst natural fibres, hemp fibres show promising mechanical properties for reinforcing biocomposites. However, the performance of the hemp fibre is impacted by the fibres’ structural composition of the fibre that is dependent on growth, retting conditions, and further processing. Therefore, it is important to examine the properties of the fibre to determine the most effective processing parameters for durable performance.

Although hemp fibres may be used to reinforce a variety of polymers, the use of PLA matrix creates better environmental impact, because it is a biopolymer obtained from renewable resources that shows comparable strength to the synthetic polymers and is readily available. Due to low surface activity and inherent hydrophilic properties hemp fibres often require surface treatments with chemicals such as NaOH and silane to improve the interfacial bonding for good composite performance with polymer matrices.

Hemp fibre composites can be applied in a broad range of applications but for durable and tailored application, it is essential to understand the compositional and mechanical features of the hemp fibre.

Thus, this research aims to augment the contribution to a carbon-neutral environment by applying underutilised frost-retted hemp fibre as reinforcements in enhancing the technological and physicomechanical properties of sustainable biocomposites. The following objectives were focused on to achieve this aim:

1. To study the fibre properties for determining the biochemical composition and strength features and fabrication of biocomposites from hemp fibres and PLA using various compositions of the fibrous reinforcement to ascertain the strengthening capabilities of the hemp fibre.

2. To obtain the most effective hemp fibre surface treatments (water, alkali, or combined modification with silane) for enhanced mechanical performance of the biocomposite fabricated from the hemp fibre and PLA composites at various wt.%.

3. To study the influence of the fibre surface treatments and content on the functional qualities of the biocomposites, such as moisture adsorption, water resistance and fire behaviour.

4. To examine the most cost effective and efficient surface treatment for a robust biocomposite performance.



[bookmark: _GoBack]For these objectives, the following activities were carried out:

· Harvested and frost retted hemp stems were manually cleaned to obtain fibres and carded.

· The fibre cell wall composition was determined by using a biochemical composition analysis.

· The strength of the hemp fibre was determined from tensile properties of individual and bundle of fibres.

· The hemp fibre was subjected to a variety of surface pretreatment and treatment procedures.

· The effectiveness of the pretreatment and treatment methods was studied from the structural and morphological properties of the fibres.

· The strength properties of the hemp fibres were subsequently investigated.

· Biocomposites were manufactured with various amounts of fibre contents and PLA. 

· Mechanical (tensile and flexural performance), water resistance, and fire reaction capabilities were studied to characterise the biocomposite properties.











[bookmark: _Toc102040295]Experimental

This chapter presents the material parameters, analytical methodologies, composite production process, and testing procedures employed in this study to characterise the frost-retted hemp fibre, treat the fibres, develop the biocomposite and study the properties. Table 5 gives an overview of the materials and methods used in this PhD thesis.



[bookmark: _Ref99718865][bookmark: _Toc100420064][bookmark: _Toc102042640]Table 5. Overview of materials and methods.

		Materials

		Methods

		Aim of the study

		Paper



		Decorticated hemp stem; PLA 

		SEM observation;

Fabrication of biocomposite; Tensile properties

		Identify and provide information on Estonian hemp fibre (Tisza variety) and its suitability for biocomposite fabrication using PLA as a matrix.

		Paper I



		Hemp fibre, PLA, distilled water; chemicals: NaOH, APTES

		Fibre surface treatment;

Biocomposite fabrication;

SEM observation;

FTIR analysis; TGA analysis; Mechanical properties: tensile and flexural strength and modulus

		Investigate the effects observed at the fibre micro properties, especially the influence of the treatments on the tensile qualities of the fibres, their overall impact at the macroscale (composite properties), and to demonstrate applicability of Estonian hemp fibres in composite reinforcement.

		Paper II



		Untreated and treated hemp (water, alkali, and combined silane treatment) fibres, PLA



		Biocomposite fabrication;

SEM observation; Water absorption; Moisture adsorption; Reaction to fire properties

		Examine the input of the fibre surface pre-treatment (water; alkali pre-treatment) and silane modification on the moisture adsorption, water absorption and reaction to fire of the biocomposite

		Paper III





















[bookmark: _Toc100663644][bookmark: _Toc102040296]Materials

The hemp (Cannabis sativa: Tisza) was grown on the Saaremaa Island in Estonia from 
10 June 2016 to October 2016. The stems were harvested in May 2017 after standing in the field (shown in Figure 4) for about 6 months. The branches harvested around this period in the Baltic region are referred to as frost retted. Table 6 shows the average monthly temperature and sunlight during growth (June, July, August, September, and October 2016) and the temperature during frost-retting. The biochemical composition of the hemp fibre was examined in Paper I (see Table 1 in Paper I).

[image: ]

[bookmark: _Ref99723804][bookmark: _Ref99723775][bookmark: _Toc102042623]Figure 4. Hemp stems a) at the seed maturity stage in October 2016; b) during the frost retting period in January 2017.

[bookmark: _Ref99723766][bookmark: _Toc100420065][bookmark: _Toc102042641]Table 6. Average monthly temperature and sunlight during growth and temperature during 
frost-retting.

		Parameters during growth

		Retting period



		Months

		Temperature °C

		Sunlight

		Months

		Temperature °C



		June

		15

		13

		November

		3



		July

		18

		11.5

		December

		3



		August

		17

		8.9

		January

		0



		September

		15

		8.6

		February

		0



		October

		7

		4.0

		March

		2



		–

		–

		–

		April

		4



		–

		–

		–

		May

		9







In Paper I, TREVIRA® 400 PLA fibre was used. In Paper II and III, biobased polymer (IngeoTM 4043D PLA fibre) from NatureWorks (Minnetonka, MN, USA) was used. 
The polymer fibre was 60 mm long, with a round cross-section, a finesse of 6.7 dtex (linear density) and a density of 1.24 g/cm3.

In Paper II and III, Na granules from Sigma-Aldrich were used to make NaOH solutions for pre-treatment of the hemp fibres. The silane treatment was done using APTES: 
3-Aminopropyl-triethoxysilane (98% concentration) produced by Alfa Aesar, ethanol with a concentration of 97%, distilled water and acetic acid produced by Lach-ner s.r.o. (99.8% concentration).

[bookmark: _Toc100663645][bookmark: _Toc102040297]Methods

[bookmark: _Toc100663646][bookmark: _Toc102040298]Hemp fibre preparation

[bookmark: _Hlk94702278][bookmark: _Hlk94702297]The decorticated hemp stems (Figure 5a) were hand cleaned to separate the shives and carded (in two runs) using a classic drum carder (300 mm batt width and 72 teeth per inch) shown in Figure 5b. The carded hemp fibres (Figure 5c) were subsequently dried in the oven at 80 °C until uniform weight. By amount of the decorticated hemp stem, approximately 29% and 19% of hemp fibres were obtained after hand cleaning and 
2nd carding, respectively. The obtained amount of hemp fibre is similar to the reported total for the fibre content of dry stem matter (approximately 25–35%, depending on variety) (British Columbia Ministry of Agriculture and Food, 1999).



[image: ]

[bookmark: _Ref100569483][bookmark: _Toc102042624]Figure 5. a) Bail of decorticated stem, b) Carding of hemp fibres with a 300 mm batt width; c) hemp fibres. 

[bookmark: _Toc100663647][bookmark: _Toc102040299]Fibre surface treatment

First, the hemp fibres were treated using four methods as shown in Figure 6. Water 
pre-treatment was applied separately to remove water soluble fibre content and to clean the fibre surface while alkali (NaOH) pre-treatment was used to remove pectins, hemicelluloses and lignin content. For both the water and silane pre-treatment, the fibre to water ratio was 1/10. After 4 hours of soaking in the 5 wt.% NaOH solution, the fibres were washed in tap water to remove residual alkali. For the silane treatment, the two variants of pre-treated immersed solutions of 3 wt.% APTES were stirred in ethanol, 
and water. The ethanol/water volume ratio was 80/20. The solution pH was controlled to 5 with acetic acid and pre-hydrolysed by stirring for 2 h at 23 °C.



[image: ]

[bookmark: _Ref99726934][bookmark: _Toc102042625]Figure 6. Hemp fibre surface modification with water, NaOH solution and silane presented in Paper II & III.

[bookmark: _Toc100663648][bookmark: _Toc102040300]Determination of fibre mass loss

In Paper III, the reduction in fibre weight (Wloss) after the surface modification was estimated from the equation (1).



 , (1)

where W0 is the weight of the fibre before any treatment, and W1 is the weight of the fibre after pre-treatment/treatment.

[bookmark: _Toc100663649][bookmark: _Toc102040301]Biocomposite fabrication

The biocomposites were fabricated by thermocompression using a hot press at a temperature of 180 °C and pressure of 3 MPa for 10 minutes. The blend of hemp and PLA fibres was dried for 4 hours at 80 °C before hot pressing. Figure 7(a) shows a blend of 
50 wt.% hemp and PLA fibres while Figure 7(b) shows the biocomposites reinforced with the hemp fibres. The biocomposite density was measured using a Mettler Toledo AX balance by EN ISO 1183-1. The samples were conditioned following ISO 291. 
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(a)
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(b)

[bookmark: _Ref99793741][bookmark: _Toc102042626]Figure 7. (a) Hemp (50 wt.%) and PLA fibre blend; (b) fabricated biocomposite.

In Paper I, composites were fabricated from untreated hemp and PLA fibres at two hemp/PLA ratios (30 and 50 wt.% based on hemp fibre weight) with a metal frame of 
300 x 300 x 4 mm. The mixtures were weighed using a Mettler Toledo PL202-s and combined with a drum carder (15 mm batt width). The test samples were machine cut using a saw blade.

In Papers II and III, a metal frame of 450 x 450 x 2 mm was used to produce the four variants: untreated, water pre-treated, alkali pre-treated, water with silane treated and alkali with silane treated) of the biocomposites using hemp fibre reinforcements of 30 and 50 wt.%. The blends were combined using a classic drum carder (300 mm batt width, 72 teeth per inch (tpi) and 100 g capacity). The composites of the resulting fibre variants were labelled UH, WH, AH, WSH and ASH. 

[bookmark: _Toc100663650][bookmark: _Toc102040302]Compositional and structural characterisation of the hemp fibre and composite

1 Scanning Electron Microscopy (SEM). The hemp fibre surface and composite cross sections were examined using a Zeiss Ultra 55 scanning Electron Microscope to a depth of 100 nm at energy between 4 to 20 kV and resolution of 50000. All the examined specimens (fibre and composites) were carbon glued to the stud and vacuum coated with Au/Pt before observation.

In Paper I, the SEM observation was only carried out on the frost retted, untreated hemp fibres to examine the fibre separation and nature of the composition. In Paper II, the morphology of the fibres and the composite cross section were examined. In Paper III, the composite cross sections were thoroughly observed.

2 Fourier Transform Infrared (FTIR). The FTIR spectroscopy was done to qualitatively identify the constituents of the fibre before and after surface/FR treatments. Before the sample scanning processes, a background scan of a clean Zn–Se diamond crystal was performed. All spectra were taken at a spectrum resolution of 4 cm−1. 
In Paper II, the analysis was performed on twisted bundles of hemp fibres using a Nicolet™ iS50 FTIR spectrometer after conditioning in the spectrometer room for two weeks. 22 scans were collected on each specimen and from 10 replicas per batch. 

3 Thermogravimetric Analysis (TGA). The TGA was performed in a nitrogen atmosphere (20 mL/min) on the untreated and modified hemp fibres using a NETZSCH STA 449F3. Three (3) replicates of 6 mg of the granulated fibre were measured from 40 to 600 °C at the rate of 2 °C/min, after an isothermal segment at 40 °C for 1 min. The specimens were conditioned in the testing room with relative humidity of (43 ± 10)% and temperature of 22 ± 1 °C for at least one week before the test. All samples were held in an aluminium pan (Al2O3) during the test. TGA analysis was applied in Paper II.

[bookmark: _Toc100663651][bookmark: _Toc102040303]Determination of the mechanical properties of the fibre

In Paper I tensile tests were carried out on single hemp fibres on a Zwick Roell Z010 universal test machine equipped with a 20 N load cell (Class 0.5, ISO 7500-1) at a speed of 1 mm/min and gauge length of 10 mm. At least 50 samples were tested. The mean diameter of each fibre was measured before testing (average of 3 points). In Paper II, 
the test was carried out on the treated batches and compared to the untreated hemp fibre.

[bookmark: _Toc100663652][bookmark: _Toc102040304]Determination of the mechanical properties of the biocomposite

1. Tensile and Flexural test. The tensile and flexural properties of the composite specimens were examined by EN ISO 527 (type 2) and EN ISO 14125 (Class II), respectively. All tests were carried out at a test speed of 2 mm/min. The specimens were conditioned at room conditions for seven days prior to the test.

In Paper I only the tensile properties of the biocomposite were examined. Five replicas were used, and all specimens were machine cut with a circular saw. 
The test was performed on an Instron 5688 universal test machine. In Paper II, both tensile and flexural properties were characterised. Test specimens were cut with a circular saw. The test was conducted on 5 replicates per batch using an Instron 8516 universal test machine with a load cell of 10 kN (Figure 8). 
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[bookmark: _Ref99799237][bookmark: _Toc102042627]Figure 8. Rectangular tensile test specimen being tested with extensometer.

[bookmark: _Toc102040305]Determination of moisture behaviour of the biocomposite

1. Water adsorption (hygroscopic properties). In Paper III, the water adsorption test was performed on the ten batches (five variants at 30 and 50 wt.%) of biocomposites by EN ISO 12571:2013 at relative humidity (RH) levels of 30, 50, 75 and 95% 
and constant temperature (23 ± 0.5 °C) using an Ecocell conditioning chamber. 
The dimension of the specimens was 100 mm x 100 mm. Four (4) replicates were tested per batch. The samples were dried in the oven according to EN ISO 12570:2000 until constant weight to ≤ 0.1% before the test. The EMCd.b was determined using the following equation (2).

 (2)

where m0 is the mass of the oven dried samples; m is the mass of the specimens at any given RH.

The moisture adsorption curve was also fitted using the modified Oswin model shown in equation (2).

(3)

where MD is equilibrium moisture content, d.b %; HR is the relative humidity in decimal; T is the temperature, °C; A, B and C are the modified Oswin model constants.

Nonlinear regression analysis was used to find the parameters of the equation. Constants A, B, and C were assumed values in this case, and the model (MD) was then calculated at the observed temperature and specified RH. For each RH, 
the sum of squares was calculated using the differences between the observed equilibrium moisture contents (EMCd.b) and the predicted equilibrium moisture contents (MD). The sum of squares was then used in a non-linear regression to 
re-obtain the values of the constants A, B, and C, which were then employed in model fitting.



2. Long-term water behaviour. In Paper III, the long-term (28-day) immersion of the composite in water was used to determine the composite water absorption (WA) and thickness swelling (TS) by EN ISO 16535 and EN 325, respectively. WA was obtained by measuring the mass change of the specimen following the 28 days immersion in water, using five replicas that were initially conditioned at 23 ± 2 °C and 50% RH for 24 hours. For the TS, the specimens' original thickness was measured with an accuracy of 0.01 mm using a digital micrometre screw gauge (Hans Schmidt). Before the test, all specimens were conditioned in the climatic chamber at a temperature of (20 ± 2) °C and a RH of (65 ± 5) %. 

[bookmark: _Toc100663654][bookmark: _Toc102040306]Fire reaction test

The reaction to fire was determined by the cone calorimeter method, according to EN 5660-1:2015. The dimension of the specimens was 100 x 100 mm. The test was administered with a heat flux of 50 kW/m2. The specimens were conditioned for at least seven (7) days prior to the test at a temperature of 23 °C and RH of 50%. To record the temperature during the test, a 0.25 mm diameter type K thermocouple (Pentronic AB, Sweden) was connected to the midpoint (50 mm) of the surface directly exposed to the cone heater and to the surface of the composite placed on the timber block. Figure 9(a) shows the prepared samples with the attached thermocouple, while Figure 9(b) shows the testing in progress. 
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                    (b)





[bookmark: _Ref100415290][bookmark: _Toc102042628]Figure 9. (a) PLA samples with thermocouples; (b) fire testing with a cone calorimeter.

[bookmark: _Toc102040307]Results and discussion

[bookmark: _Toc100663655][bookmark: _Toc102040308]Characterisation of the fibre properties following surface treatment

[bookmark: _Toc100663656][bookmark: _Toc102040309]SEM analysis

In Paper I, the limited data on the Tisza variety of hemp fibres that have undergone 
frost-retting inspired the authors to investigate morphological (see Figure 1A and 1B in Paper I) and biochemical features (see Table 1 in Paper I). The SEM observation of the frost retted hemp fibres presented a morphology consisting of unitary and large amount of unindividualized fibres (with diameters up 300 μm). This substantial presence of bundles of fibres is attributed to the high amount of soluble content (approximately 13%) identified by the biochemical analysis. The high pectin content and the agglomeration of the hemp fibre led the author to further study by applying fibre surface treatment (with water, alkali, and silane) to clean the hemp fibre and enhance the fibre separation in Paper II. 

Figure 10 (same as Figure 6 in Paper II) shows that there was no major removal of 
a large quantity of cortical residues by the water pre-treatment (Wf) as the fibre morphology is similar to the untreated fibres (Uf). However, combining the 
pre-treatment with silane modification led to a slightly cleaner surface (WSf) implying that silane treatment may have caused an additional removal of the fibre constituents. When the surface pre-treatment was done for 4 hours with 5 wt.% NaOH solution, 
a much cleaner, clearer fibre surface was observed (Af) compared to Uf, Wf and WSf. which is reportedly due to the extraction of substantial amounts of hemicelluloses, 
lignin, and soluble contents (Sawpan, Pickering and Fernyhough, 2011a; Kabir et al., 2013a; Liu, Thygesen, et al., 2017; Väisänen et al., 2018). With subsequent silane treatment of the alkali pretreated hemp fibres (ASf), a slightly smoother surface was observed, which is due to the formation of a siloxane layer (Sepe et al., 2018). 

These observations are further supported by the mass loss result published in 
Paper III (see Table 2 in Paper III). The fibre surface pre-treatment with water for 
72 hours led to 4 % fibre mass loss, which was meaningfully lower than the total 
non-cellulosic fibre contents. On the other hand, the 4-hour pre-treatment with 5 wt.% NaOH solution caused the substantial removal of the non-cellulosic fibre content 
(14%). Besides, the mass loss result of the combined water and silane treatment showed that an additional 3% mass loss had occurred. Conversely, the fibre weight remained almost unchanged for the combined alkali and silane modification. This was explained 
as the ability of silane treatment to extract non-cellulosic contents in the event 
where there is still a substantial amount; in this regard, at 14% majority of the water solubles contents together with other amorphous components were reduced to the extent that the silane treatment of alkali pre-treated hemp fibres showed no further weight loss.

[image: Polymers 13 00851 g006]

[bookmark: _Ref99806782][bookmark: _Toc102042629]Figure 10. SEM images of (Uf) untreated, (Wf) water-treated, (Wsf) water + 3% silane-treated, 
(Af) 5% alkali-treated, and (Asf) 5% alkali + 3% silane-treated hemp fibre surfaces (Paper II).

[bookmark: _Toc100663657][bookmark: _Toc102040310]FTIR analysis

The FTIR spectra of the hemp fibres are shown in Figure 11a and b (See Figures 3a and 3b in Paper II). The untreated (Uf) and waterpre-treated (Wf) hemp fibre spectra look similar, but a slightly higher absorbance is observed at the wavelengths between 
3000–3600 cm−1 for Wf compared to Uf which indicates that the water pre-treatment may have caused an increase in the OH functional groups. According to Dayo et al. (2018), 
this increase in functional groups leads to a decrease in hydrophilic properties and is due to the removal of non-cellulosic polysaccharides from the fibre surface (Bourmaud, Morvan and Baley, 2010). However, the alkali pre-treated hemp fibre spectrum was much different compared to that of Uf with peak absence or attenuation at 1735 cm−1, 1235 cm−1 1635 cm−1 and 2850 cm−1, 2918 cm−1. These peaks are associated with carboxylic ester groups of hemicellulose or wax (1735 cm−1), non-aromatic compounds of cellulose and hemicelluloses contents (2850 cm−1) and acetyl groups (1235 cm−1), conjugated carbonyl (1635 cm−1), aromatic hydrocarbon, methoxyl, and methylene groups of lignin (2918 cm−1) (Dayo et al., 2018; Panaitescu et al., 2020; Viscusi et al., 2020). The alterations in these peaks following alkali pre-treatment are evidence of the significant reduction in the amount of the non-cellulosic components of the fibre.

Minor changes were observed in the spectra of the silane modified samples Wsf and Asf compared to Wf and Asf (see Figure 4a and 4b in Paper II). A peak shift (1635 cm−1 to 1624 cm−1) was observed and reduction at about 1539 cm−1, 1369 cm−1, and 1248 cm−1 are seen in the spectra of Wsf compared to Wf. Kabir et al. (2013); Panaitescu et al. (2015); Dayo et al. (2018), who attributed such a peak shift to the extraction of some hemicellulose, wax, and lignin fibre contents, which supports the estimated decrease in the fibre weight. Compared to Af, the spectra of Asf revealed new peaks between 1500–1680 cm−1 that could be due NH2 bending vibrations in amino silane (see Figure 4b in Paper II). Overall, the FTIR result agrees with the findings of the SEM observation and fibre mass loss and presents the level of effectiveness of the types of fibre modification processes examined.
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[bookmark: _Ref99971925][bookmark: _Toc102042630]Figure 11. Vertically shifted FTIR spectra for (a) untreated (Uf), distilled water (Wf), and alkali treated (Af) hemp fibres; (b) Uf, water + silane (Wsf) and alkali + silane (Asf) treated hemp fibres with the wavenumbers for differences observed (Paper II).



[bookmark: _Toc100663658][bookmark: _Toc102040311]TGA analysis

To support the SEM and FTIR results, the author also conducted a TGA analysis in 
Paper II, because the extraction of amorphous contents from hemp fibres should 
slightly increase thermal stability due to the lower start of decomposition temperature of hemicelluloses (180–280 °C) and lignin (150–450 °C) (Kabir et al., 2013a) compared to cellulose (325–400 °C).

The TGA curves showed two mass loss levels (see Figures 5a in Paper II). The first 
mass loss/degradation, at 39–160 °C is mainly due to the evaporation of moisture 
(Dayo et al., 2018; Viscusi et al., 2020). At this stage, the untreated hemp fibre showed the most mass loss (1.4%), which is indicative of the hydrophilic properties due to the presence of non-cellulosic polysaccharides. The second mass loss occurred from 
160–600 °C with a peak of 346 °C, which indicates that the fibre degradation at this 
level begins with the decomposition of hemicellulose and lignin and peaked with cellulose degradation. To analyse this mass loss, the temperatures T5 and T10 corresponding to a mass loss of 5 and 10% were used (see Table 2 in Paper II). It was found that the untreated hemp fibre presented the lowest T5 (254 °C) and T10 (289 °C), which was increased by about 7 and 4%, respectively following water pretreatment, while the hemp fibres pretreated with alkali recorded the highest values, 292 °C (T5) 
and 313 °C (T10). The introduction of silane to water pretreated hemp fibres further increased both T5 and T10 by 2%. The obtained results indicate that for the main degradation temperature 240–350 °C the fibres pretreated with alkali had the lowest mass loss, because of the removal of parts of the hemicelluloses and lignin 
(Kabir et al., 2013a). Also, the differential thermogravimetric (DTGA) curves in Figure 12a and b show that there is hardly any difference between the temperature peaks at points 240–290 °C for Uf and Wf; however, dTG curve for Af highlights lower temperature peaks at the same range, which is due to the low presence of decomposable hemicellulosic matter. 

The TGA results support the findings of the SEM and FTIR analyses, which shows that alkali pre-treatment was more effective than water pre-treatment in removing amorphous contents, and that water pre-treatment still slightly altered the hemp fibre structure, regardless of the small amount of fibre constituents removed.



		

(a)



		

(b)





[bookmark: _Toc102042631]Figure 12: DTGA curves of a) untreated (Uf) and water pretreated (Wf); (b) Uf and alkali pretreated hemp fibres (Af) (see Figure 5b in Paper II).

[bookmark: _Toc100663659][bookmark: _Toc102040312]Tensile properties of the hemp fibres

To evaluate the impact of the fibre surface pre-treatments on the mechanical properties, the tensile performance of the fibres was studied from 50 replicas per batch in Paper I and II.

Table 7 presents the mean maximum tensile strength (), modulus (E), and strain of the hemp fibres. The  (500 ± 239 MPa) of the untreated hemp fibre (see Table 2 in Paper I) was found to be in the middle range (285–969 MPa) of published data (Bourmaud 
et al., 2018) and the E (16.6 ± 8.5 GPa) is at the lower range (14.4–51 GPa) (Bourmaud 
et al., 2018; Gregoire et al., 2019). This low strength performance by the hemp fibres is suggested to be due to the low lignification (Liu, Baum, et al., 2017) compared to the level reported for Western European Tisza variety (2–6%). When the strength of the fibre is compared after modification, statistical analysis (see Table 4 in Paper II) showed that the water and alkali pre-treatments both significantly caused a reduction in the  and elongation at break but did not affect the E. Although, there was no meaningful difference in the tensile properties when water and alkali pre-treatments are considered.

The decrease in  following the water pre-treatment is suggested to be due to the high-water retention ability of the fibre and component rearrangement in the S2 layer because of the partial removal of pectins and hemicelluloses from the fibre surface, 
cell wall and middle lamella. According to Pejic et al. (2008) high water retention of hemp fibre can be influenced by low lignin content, which was identified by the chemical analysis of Estonia grown hemp fibre while studies by Le Duigou et al. (2012) noted alteration of the structural cohesion (cell-wall peeling process) of a flax fibre after water treatment. However, the decrease in the fibre mechanical properties experienced after alkali pre-treatments can be due to a reduction of lignin and hemicellulose amounts 
(Le Duigou et al., 2012; Garat et al., 2020), transformation of cellulose II to cellulose I (Sair et al., 2017) and an increase of the cellulose crystallinity (Islam, Pickering and Foreman, 2010).

Furthermore, Table 7 also shows that the silane treatment increased the tensile properties of the hemp fibres pre-treated with water and silane, though no meaningful change in the MOE was observed for that with alkali pre-treatment (see Table 4 in 
Paper II). The reason for the increase in the performance due to silane treatment is reported to be the additional shear resistance brought by the layer of chemicals that are attached to the microfibrils (Kabir et al., 2013a).

[bookmark: _Ref100416689][bookmark: _Toc100420067][bookmark: _Toc102042642]Table 7. Means of tensile strength, modulus, and elongation at break (Table 3, Paper II).

		Treatment

		, MPa

		E, GPa

		Strain, %



		Untreated

		500 ± 239

		16.6 ± 8.5

		2.93 ± 1.02



		Water

		376 ± 220

		14.3 ± 7.9

		2.43 ± 0.78



		Alkali

		381 ± 189

		15.0 ± 5.2

		2.42 ± 0.91



		Water & silane

		490 ± 210

		17.2 ± 8.3

		2.71 ± 1.16



		Alkali & silane

		466 ± 287

		15.6 ± 9.0

		2.81 ± 0.89





[bookmark: _Toc100663660][bookmark: _Toc102040313]Mechanical performance of the hemp fibre reinforced PLA composite

The mechanical performance of the aligned hemp fibre reinforced PLA composites was studied in Paper I and II.

[bookmark: _Toc100663661][bookmark: _Toc102040314]Tensile properties of the untreated hemp fibre reinforced PLA composite

In Paper I, further to the determination of the fibre properties, the tensile properties of the composites reinforced with 30 and 50 wt.% untreated hemp fibres were evaluated to investigate the applicability of the hemp fibre for composite production. It should be recalled that the blend mix of hemp fibres with PLA fibres in this study was done using a 15 mm width drum carder and fabricated by hot pressing with a 300 x 300 x 4 mm metal form. As seen in Table 8 (same as Table 3 in Paper I) the 30 wt.% reinforcement produced a  of (51 ± 9 MPa) and E of (4.8 ± 0.3 GPa) that represent an 11% and 79% increase, respectively can be compared to the neat PLA (46 MPa and 2.7 GPa, respectively). However, with 50 wt.% reinforcement,  decreased by roughly 41% while the E increased by 149%. The decrease in the  at 50 wt.% fibrous reinforcement is attributed to the insufficient wetting of the hemp fibres by the matrix that inhibit the load transfer between the fibres and the matrix (Pickering, Efendy and Le, 2016). 

Additionally, since the fibres were found to consist of high number of cortical residues and bundled fibres, it was impossible to attain a good adhesion between the fibres and the PLA at the higher fibre content. The examination of the void/porosity contents also supports this explanation, because the 50 wt.% hemp fibre presented 17% void content that was 10% higher than that at 30 wt.%. According to (Madsen, Hoffmeyer and Lilholt (2007), the higher fibre fraction causes an increase in composite porosity that leads to a decrease in mechanical performance. Although the outcome, especially at 30 wt.% shows the possibility to use the hemps fibres as a composite reinforcement, a high deviation in the  occurred which may have been due to the inhomogeneous distribution of the hemp fibres due to the presence of high amount of fibre bundles. 

[bookmark: _Ref100417857][bookmark: _Toc100420068][bookmark: _Toc102042643]Table 8. Average physicomechanical and tensile properties of hemp/PLA composites with 30 and 50 wt.% fibre reinforcement (Paper I).

		Fibre content, %

		Volume fraction, %

		Density, g/cm3

		Porosity, 

%

		, 

MPa

		E, 

GPa



		30

		28

		1.26

		7

		51 ± 9

		4.8 ± 0.3



		50

		48

		1.04

		17

		27 ± 3

		6.7 ± 0.6







Following the results of the biocomposite mechanical performance obtained this study, it was found that to improve the composite properties through the following is essential:

· Increasing the fibre individualisation

· Limiting the composite void content through improved manufacturing process, and

· Improving the fibre/matrix adhesion by removing the non-cellulosic/soluble contents. 

[bookmark: _Toc100663662][bookmark: _Toc102040315]Effect of the fibre surface modification on the tensile and flexural properties of the reinforced composite

In Paper II, to improve the composite mechanical performance based on the recommendations in Paper I, the author fabricated the composites from pre-treated hemp fibres (Wf, Af, WSf and ASf) and compared the performance to Uf reinforced composites at 30 and 50 wt.%. The tensile results are presented in Figure 13a and b 
(see Figure 11 in Paper II). The  of the composites reinforced with the untreated hemp fibre (UH) at 30 and 50 wt.% was similar to the results in Paper I. Regardless, the results showed that the fibre surface pre-treatments improved the composite mechanical performance, especially at 30 wt.% and significantly for composites reinforced with Af (AH) and ASf (ASH), compared to those with Wf (WH) and WSf (WSH). The E shows similar trend as the  and mirrors the result of the fibre E. Other studies have also obtained similar improvements in the properties of the composite following fibre treatments especially with alkali (Hu and Lim, 2007; Kabir et al., 2013b; Väisänen et al., 2018; Pappu, Pickering and Thakur, 2019), but Sepe et al. (2018) obtained some depreciation in the composite performance after treating the hemp fibres with 1 and 5wt.% NaOH solution that was ascribed to the ease of fibril pull out due to the substantial removal of hemicellulose and lignin.



(a)



(b)

[bookmark: _Ref100655709][bookmark: _Toc102042632]Figure 13. Average maximum (a) tensile strength;(b) modulus (UH) and treated (water (WH), water and silane (WSH), alkali (AH); alkali with silane (ASH) composites at 30 and 50 wt.% hemp fibre content compared to neat PLA.

Figure 14a shows that compared to the neat PLA, flexural strength (MOR) decreased when Uf was used as reinforcement. Although no meaningful change was seen between UH and WH composites, the overall result indicates that the fibre pre-treatments gave some level of improvement in the composite MOR. The most notable improvement in MOR was by AH and ASH. There was a similar reduction in MOR with an increase in the composite fibre content from 30 to 50 wt.%.; at 50 wt.% no notable change was revealed in the MOE when the UH, WH, WSH and AH composites are compared, though at 30 wt.% the MOE of AH was significantly better (see Figure 14b). The composite flexural performance from this study is consistent with previous studies by (Sawpan, Pickering and Fernyhough, 2011b; Sair et al., 2017; Dayo et al., 2018).





(a)



(b)

[bookmark: _Ref100656142][bookmark: _Toc102042633]Figure 14. Average maximum (a) MOR; (b) MOE of untreated (UH) and treated (water (WH), water and silane (WSH), alkali (AH); alkali with silane (ASH) composites at 30 and 50 wt.% hemp fibre content compared to neat PLA.





The results revealed that a deterioration in the fibre tensile performance was obtained after the water and alkali pre-treatments. The improvement in the composite mechanical performance showed that the hemp fibres are more individualized and that there is a better interfacial bonding between the fibre and the matrix, which is mainly due to the availability of more cellulose interlocking sites with removal of water-soluble polysaccharides during water pre-treatment (Bourmaud, Morvan and Baley, 2010) and pectin, wax and intercellular contents during alkali pre-treatment. Furthermore, the improved mechanical performance after silane treatment can be related to the higher properties of the fibres themselves and the better adhesion with the PLA matrix brought on by the silane couplings.

The cross-sectional SEM images presented in Figure 7 of Paper II as well as Figure 5 in Paper III showed evidence of the fibre individualisation and distribution within the matrix after pre-treatments. The AH and ASH composites were found to have smaller fibres that are more dispersed within the PLA matrix and, compared to UH and WH, fewer fibre bundles were present in WSH composites.

[bookmark: _Toc100663663][bookmark: _Toc102040316]Effect of the hemp fibre modification on the water behaviour of the composite

The hygroscopic moisture adsorption and water absorption of the hemp fibre reinforced PLA composites were analysed in Paper III.

[bookmark: _Toc100663664][bookmark: _Toc102040317]Hygroscopic Moisture Adsorption

Figure 15a and b show that the composites’ hygroscopic adsorption decreases with 
fibre surface modification and increases with the fibre content. The highest EMC (11.76%) was by UH (50 wt.%) at 95% RH, which lowered significantly by 18% following alkali pre-treatment and 16% with combined alkali and silane treatments. WSH also produced notably less EMC at both fibre contents than UH and WH composites (see Table 4 in Paper III). The higher adsorption at 50 wt.% compared to 30 wt.% is ascribed to the presence of a higher fibrous ratio with more hydrophilic groups than the PLA matrix 
and the higher volume of porosities for the composites with 50 wt.% fibres (see Table 3 in Paper III). The reduction in EMC for the composites reinforced with the pre-treated hemp fibre is caused by (i) less free OH groups in the case of combined water and 
silane treatment, (ii) a change in the fibre microstructure in the case of water and 
alkali pre-treatments and (iii) the enhanced bonding between the fibre and PLA. These findings very much agree with the results published in Paper II.





(a)



(b)

[bookmark: _Ref100656782][bookmark: _Toc102042634]Figure 15. Adsorption isotherms (predicted MD (- -) and measured (—) for (a) the neat PLA, the 30 wt.% composites; (b) the 50 wt.% composites of untreated (UH ж), water pre-treated (WH ▲), alkali 
pre-treated (AH ●) and combined treatment with silane (water (WSH ♦); alkali (ASH+) (Paper III).

[bookmark: _Toc100663665][bookmark: _Toc102040318]Water Absorption (WA) and Thickness Swelling (TS)

The water absorption and thickness swelling of the composites were mostly dependent on the fibre content, illustrated in Figure 16. This is due to the less porosity (see Table 3 in Paper III) and lower hydrophilic character of the composite at 30 wt.%. Comparison of the water absorption and thickness swelling values of UH, WH, WSH, AH, and ASH showed that all the composites with treated hemp fibres had lower water absorption and thickness swelling than UH, which is consistent with result of the hygroscopic sorption as well as, the composite mechanical performance studied in Paper II. The water pre-treatment slightly increased the composite (WH) water resistance, but composites with alkali pre-treated fibres (AH) produced the most significant resistance. The combined fibre surface modification further decreased the composite affinity for water, though hardly any difference was observed, especially in the thickness swelling of AH compared to ASH. The neat PLA showed no apparent changes in mass or thickness (0%) after 
28 days of immersion, so no values are reported. 

The changes in the porosity nature of hemp fibres are one cause of the low water reactivity of AH and ASH. After partly eliminating non-cellulosic constituents, alkali 
pre-treatment of hemp fibres modifies the surface topology, resulting in a more fibre surface roughness (also mentioned in Paper II) that improves mechanical interlocking between the fibre and the matrix. The enhanced bonding between the fibre and the matrix causes adequate packing of the fibres in the composite, lowering the composite porosity (see Table 3 in Paper III) and reducing the water behaviour of the composites (Sreekumar et al., 2009). Another explanation is that alkali pre-treatment enhances matrix accessibility to cellulose and diminishes hydrophilic characteristics due to less amorphous OH available for water molecule interactions.





[bookmark: _Toc102042635]Figure 16. Water absorption and thickness swelling of the hemp reinforced PLA composites (Paper III).

Overall, water pre-treatment showed negligible effect on the studied characteristics of the composite; however, further silane modification produced significantly higher moisture resistance, which may be attributed to the extra removal of the amorphous cell wall content and silane coupling at the hemp fibre surface.

[bookmark: _Toc100663666][bookmark: _Toc102040319]Effect of the hemp fibre modification on the fire behaviour of the composite

Table 9 shows that the ignition time and temperature of the composites at 30 wt.% was slightly lower and mass loss was higher because of the high PLA content, since the neat PLA showed a fast rate of degradation (180 s) (see Figure 8 in Paper III). However, 
the hemp fibre surface treatment appears to sustain the composite thermal stability, which is in correlation with the fibre TGA analysis in Paper II.



[bookmark: _Ref100418699][bookmark: _Toc100420069][bookmark: _Toc102042644]Table 9. The mass loss, ignition time and temperature of the composites compared to neat PLA (Table 6 in Paper III).

		Fibre content, %

		Samples

		Ignition time, s

		Ignition temperature, °C

		Mass loss, %



		30

		UH

		29 ± 10

		112 ± 23

		93 ± 2.0



		

		WH

		31 ± 10

		117 ± 18

		95 ± 0.1



		

		WSH

		30 ± 04

		131 ± 28

		94 ± 0.4



		

		AH

		44 ± 02

		118 ± 08

		94 ± 1.0



		

		ASH

		33 ± 03

		159 ± 18

		94 ± 2.0



		50

		UH

		32 ± 07

		129 ± 15

		90 ± 1.0



		

		WH

		49 ± 06

		134 ± 17

		91 ± 2.0



		

		WSH

		46 ± 10

		179 ± 29

		90 ± 1.0



		

		AH

		51 ± 10

		178 ± 18

		90 ± 4.0



		

		ASH

		47 ± 09

		181 ± 18

		89 ± 1.0



		0

		Neat PLA

		37 ± 02

		104 ± 04

		100 ± 0.0





[bookmark: _Toc102040320]Cost analysis of the fibre surface pretreatment & treatment

The results of Papers II and III demonstrated that alkali pre-treatment of hemp fibres 
and modification with silane had the highest impact on the composite qualities 
studied. The substances required for the fibre pre-treatment/treatment were previously mentioned in Section 2.2.2 of Chapter 2. Table 10 shows the current price of these materials. Because of the excessive cost of silane treatment (Table 11) the author concluded in Paper III that treatment of the hemp fibres with alkali should be 
sufficient, as only minor gains were observed in most cases when the properties of 
AH composites were compared to ASH. Furthermore, Paper II highlighted that the 
pre-treatment of the hemp fibre with NaOH solution caused a decrease in the fibre tensile properties. Therefore, it can be assumed that despite the improvement 
achieved in the composite mechanical performance, there might have been some performance limitations due to the lower fibre strength. Hence, regardless of the presence of a more effective surface area for matrix bonding, the reduction of the hemp fibre strength provides some limitation in the mechanical performance of the biocomposite.



























[bookmark: _Ref100418719][bookmark: _Toc100420070][bookmark: _Toc102042645]Table 10. The cost of material required for cleaning and modifying the hemp fibre surface.

		Materials

		Distilled water

		NaOH (sigma-Aldrich)

		APTES, 98% conc. (Alfa Aesar)

		Acetic acid 99.8% G.R (Lach-ner)

		Ethanol, 97% conc.



		Cost €/Quantity

		0.55/1000 ml

		5.5/1000 g

		128/500

g

		7.19/1000 ml

		5.8/1000 ml



		Water pre-treatment

		✓

		-

		-

		-

		-



		Alkali pre-treatment (NaOH)

		✓

		✓

		-

		-

		-



		Silane treatment (water)

		✓

		-

		✓

		✓

		✓



		Silane treatment (alkali)

		✓

		✓

		✓

		✓

		✓







[bookmark: _Ref100418735][bookmark: _Ref102161980][bookmark: _Toc100420071][bookmark: _Toc102042646]Table 11. The cost of pre-treatment/modification required to fabricate a 30 wt.% hemp fibre reinforced composites from a 450 x 450 x 2 mm mould.

		Pre-treatment/modification type

		Cost, €



		Water pre-treatment

		0.87



		Alkali pre-treatment

		1.30



		Combined water + silane

		9.71



		Combined alkali + silane 

		11.71





It can be concluded from these results that the frost retted hemp fibres from Estonia showed comparably satisfactory results in comparison to the results reported in the literature (Table 4) and thus indicate a derivable potential.

[bookmark: _Toc102040321]Conclusions

This thesis examined frost-retted Estonian hemp fibre (Cannabis sativa, dioecious Hungarian (Tisza) variety) for potential use in biocomposite materials. The main benefit of using these fibres is that they are a by-product of cannabidiol manufacturing in Estonia and have no practical application today. The application of these fibres in biocomposites might pave the way for the increased adoption of renewable materials in the transportation and construction industries, which will enhance a more circular and sustainable economy. To that end, the hemp fibres were manually detached from the shives and carded, the chemical and mechanical properties were analysed, and various surface modifications (water pre-treatment, alkali pre-treatment, and combined treatments with silane) were applied to improve the properties of the fibre to produce a robust biocomposite that was characterised by the mechanical performance (tensile and flexural), hygroscopic moisture adsorption and water absorption, and fire resistance behaviour. The following conclusions may be drawn from the research results:

1. Chemical analysis showed that the frost-retted Estonian hemp fibre has a high soluble (pectin) content (12.6 ± 0.4%) as well as a low lignin level (1.4%) compared to the values reported in Western European hemp varieties (2–6%). The high soluble content is attributed to the limited activity of microbes and enzymes during the low-temperature retting period in Estonia, whereas the low lignin concentration is due to the short daylight duration during the hemp’s later development stage. Although the fibre contained a high cellulose content 
(77.4 ± 0.3), the tensile strength of the unitary fibre (500 ± 239 MPa) and modulus (16.6 ± 8.5 GPa) were respectively found to be in the middle (285–969 MPa) and lower (14.4–51 GPa) range of data from past studies. These low mechanical properties were attributed to the measured low lignin content of the hemp fibre.

2. The high concentration of solubles impacted fibre separation, resulting in many bundled fibres in the stem, both of which affected the hemp fibre’s ability to give an acceptable performance at the composite level, as shown by the low tensile strength (27 ± 3 MPa) and (51 ± 9 MPa) at 30 and 50 wt.%  respectively, necessitating the need for fibre surface treatment to remove the cortical residues and separate the fibre bundles.

3. FTIR, TGA and SEM analyses of the pretreated (water; alkali) and treated 
(water-silane, alkali-silane) hemp fibres found structural alterations that are due to the removal of targeted component. But these analyses, together with the fibre mass loss (4 ± 0.3%), confirmed that the water pretreatment was the least effective modification. However, despite the small amount of non-cellulosic fibre contents extracted by the water pre-treatment, the resulting structural changes were influential on the mechanical properties of the fibre by reducing the tensile strength and elongation at the break of the fibre by 28% and 17%, respectively. This was ascribed to high water retention ability due to the low lignin content that allows the fibre to store more moisture as bound water, removal of cortical residues and alterations in the S2 layer of the secondary cell wall of the hemp fibre. 

4. There was also a 20% and 17% decrease in the hemp fibre tensile strength and elongation at break, respectively, after alkali pretreatment, due to the reduction of lignin and hemicellulose amounts and the potential degradation of cellulose chains/transformation of cellulose II to cellulose I. On the other hand, silane treatment improved these properties because of the additional shear resistance by the layer of chemicals attached to the microfibrils after silane modification.

5. Regardless of the negative impact of the water and alkali pretreatment on the hemp fibre tensile performance, the composites of water and alkali pretreated hemp fibres produced a better tensile strength and modulus compared to the composites reinforced with untreated hemp fibres. This performance improvement was due to the better level of fibre individualisation and improved fibre/PLA bonding caused by the extraction of water soluble polysaccharides in the case of water pretreatment and the extraction of a substantial portion of the pectins, wax, and other non-cellulosic contents, during alkali pretreatment. The additional boost in mechanical performance occurred with silane treatment in both cases because of the higher performance of the fibres themselves and the better adhesion with the polymer matrix induced by silane couplings. 

6. Water pretreatment had insignificant effect on protecting the composite when exposed to wet conditions. But, with additional silane modification, the composites offered more resistance, which could be because of the extra removal of amorphous cell wall content and silane coupling at the hemp fibre surface. The alkali pretreatment and combined silane treatment produced no significant differences in these water related properties. The composite reinforced with 30 wt.% alkali pretreated hemp fibres had the lowest thickness swelling (7.5%), representing a 32% improvement compared to composites of untreated hemp fibre. Combined alkali and silane treatment absorbed water the least (13.3%) that was at 30 wt.% fibre content and denoting a 40% decrease compared to the untreated variant. 

7. A higher fibre content (50 wt.%) had no positive impact on the mechanical performance of the composites due to insufficient wetting of the fibres by the PLA, especially following alkali pretreatment and caused a reduction in the composite’s resistance to wet conditions, because of an increase in hydrophilic properties and porosity. However, where fire reaction is essential, a higher fibre content appears to be satisfactory. 

8. Overall, the hemp fibre surface treatments with joint alkali and silane produced a composite with the best performance. Yet, due to the cost, 9 times higher compared to alkali and, because mostly only slight improvements were achieved compared to alkali pretreatment, alkali treatment was considered a suitable approach to enhance the composite robustness during service. 



The current study successfully characterised the properties of frost-retted hemp fibre obtained from industrial hemp cultivated in Estonia and demonstrates the potential to use this locally obtained resource to develop biocomposites adequate for the transportation and construction sectors, allowing for a decrease in CO2 emissions, more upcycling and providing the opportunity to achieve the EGD commitments. However, product prototype testing is necessary and further studies are needed to improve the biocomposite fire resistance, as well as an automated fabrication process that reduces fabrication errors.
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Characterisation of Frost-Retted Hemp Fibres  for Use as Reinforcement in Biocomposites

To achieve the EU Green Deal (EGD) aims, there is a need to utilise more locally sourced materials and obtain suitable alternatives to synthetic products. Given this, there is a need for redesigning of processes and product utilisation by the industrial sectors, which causes a higher inclination to use biobased, healthy, sustainable, biodegradable, and renewable resources. Natural fibres (plant based materials) have thus gained more attention. In particular, industrial hemp shows high potential and is considered to be one of the ways to achieve the EGD targets. Currently, the demand for hemp is driven on the market mainly by the need for cannabidiol (CBD), although there is growing interest in the application of the fibres (by-product) as reinforcement in polymeric matrix composites in construction, automobile, packaging, and cosmetic industry, due to the high stiffness and strength compared to the available natural fibres. However, performance and durability concerns in service limit their adaptation. In addition, there is a lack of adequate information or resources in some cases about the performance or applicability of hemp fibres.

Hence, this PhD research seeks to fill this gap and investigates the applicability of 
frost-retted hemp fibres from Estonia as reinforcing materials in biocomposites. 
The study aimed to augment the contribution to a carbon-neutral environment by applying the underutilised hemp plants (dioecious Hungarian variety) from Estonia as reinforcements in enhancing the technological and physicomechanical properties of sustainable biocomposites. The novelty of current research is based on the characteristics of frost-retted hemp fibres grown in Estonia which is not reported in the literature. Their utilisation will lead to valorisation of local resources. Furthermore, this research applied a uniquely comprehensive approach with double scale analysis, involving the examination of the characteristics of the unmodified and chemically modified hemp fibres on a micro-scale and their influence on a macro-scale (the biocomposite’s physicomechanical performance).

In this regard, the chemical composition, strength properties and morphological features of the hemp fibre were first examined, biocomposites were fabricated by thermocompression from 30 and 50 wt.% fibre reinforcing polylactic acid (PLA), and the biocomposite tensile performance were evaluated.

The research outcome revealed that the hemp fibres grown in Estonia had lower lignification (1.4%), compared to values reported for Western European regions, resulting from short daylight during the latter growth stage and high soluble content 
(12 ± 0.4%), because of limited microbial activities during frost-retting, which causes more bundled fibres that affect the mechanical performance of the biocomposites. Subsequently, four fibre modification methods (water immersion for 72 hours, alkali pretreatment with 5 wt.% NaOH solution for 4 hours, combined water with silane and combined alkali with silane treatment) were applied to alter the fibre properties and improve the performance of the biocomposite. The pre and post-modification characterisation of the hemp fibre done with a scanning electron microscope (SEM), Fourier transform infrared (FTIR) and thermogravimetric analysis (TGA) showed the relative effectiveness of the treatments in changing the fibre properties, due to the amount of non-cellulosic fibre components (pectin, wax, lignin, and hemicelluloses) extracted. The fabricated biocomposite microscopic cross-sectional observation also showed that the treatments caused better fibre individualisation and homogeneity within the PLA matrix. Furthermore, the physicomechanical performance of the biocomposites at 30 and 50 wt.% fibre content indicated that the reinforcement of the PLA at 50 wt.%, caused a decrease in mechanical performance because of more 
fibre-fibre contact, especially after modification and in general, the inadequate wetting of the fibres by the PLA caused more porosity and poor stress transfer. The biocomposite performance also decreased at the high fibre content in wet conditions due to the more hydrophilic affinity and the presence of more voids. However, considering the future applications of the biocomposites such as in the building and transportaton sectors where fire reaction properites are essential, a higher fibre content appears to be satisfactory. Concerning biocomposites with modified hemp fibre, the combined alkali and silane treatment produced the most promising results, with a tensile strength of 
62 MPa, modulus of rupture of (113 MPa) and modulus of elasticity of 7.6 GPa at 30 wt.%, but the rupture modulus though slightly higher at 50 wt.% (5.8%) was not significant. 
In wet conditions, a similar improvement was obtained, although the results were not better when compared to biocomposites reinforced with the fibres treated only with NaOH solution.

Considering that combined alkali and silane modification of hemp fibres is nine times more expensive than alkali treatment and that the improvement in the results was not significant in most cases, the study recommended that the fibre treatment with NaOH solution would be most preferable. 

Finally, this study successfully characterised the Estonian hemp fibre (dioecious Hungarian variety) and developed biocomposites with improved performance, which will contribute to the reduction of CO2 emissions, promote the use of locally obtained resources, and provide the opportunity to realise a sustainable environment. However, to scale up there is a need to improve the manufacturing technology to ensure the consistency in composite performance and therefore the use of an automated manufacturing strategy would assure product performance uniformity.
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Külmligu kanepikiudude karakteriseerimine kasutamiseks sarrusena biokomposiitides

Euroopa Liidu roheleppe eesmärkide saavutamiseks on vaja otsida sobivaid alternatiive sünteetilistele toodetele kasutades selleks rohkem kohaliku päritoluga materjale. Selle eesmärgi saavutamiseks on vajalik ümberkujundada tootmises kasutuselolevad protsessid, mis võimaldaksid säästvamalt ja efektiivsemalt kasutada biopõhiseid, tervislikke, taastuvaid ja biolagunevaid ressursse. Looduslikud kiud (sh taimsed kiud) on pälvinud suurt tähelepanu. Roheleppe eesmärkide saavutamisel nähakse suurt potentsiaali tööstuslikul kanepil. Praegu on nõudlus kanepi järele peamiselt tingitud vajadusest kannabidiooli järele. Kuna kanepikiul on võrreldes teiste looduslike kiududega suurem jäikus ja tugevus, siis on suurenenud huvi kiu (kõrvalsaaduse) kasutamise vastu polümeersete komposiitide armeerimisel ehituses, autotööstuses, pakendites. 

Kasutuse laiendamist piiravad nii adekvaatse info puudumine kanepikiudude kasutusomaduste ja materjali suutlikkuse kohta kui ka kasutuses olevate materjalide kasutusea ja vastupidavusega seotud probleemid.  

Käesolev uurimustöö püüab neid lünki täita. Doktoritöös uuritakse Eestis kasvatatud kiukanepivartest (Ungari Tisza) üle talve seismisega külmligu töödeldud kanepikiudude kasutatavust biokomposiitide sarrusena. 

Uuringu eesmärgiks oli panustada keskkonna süsinikuneutraalseks muutmisesse läbi Eestis kasvatatud kanepitaimedest (Ungari sort Tisza) saadud ja seni alakasutatud kanepikiude rakendamise jätkusuutlike biokomposiitide tehnoloogiliste ja füüsikalis-mehaaniliste omaduste parendamiseks. 

Käesoleva uurimistöö uudsus seisneb Eestis kasvatatud külmligu kanepikiudude omaduste karakteriseerimises, kuna selle kohta teaduskirjanduses info puudus. Nende kasutamine suurendab kohalike ressursside väärindamist. Uuringus kasutati kanepikiu omaduste analüüsil ainulaadset terviklikku kahe skaalalist lähenemisviisi, mis hõlmas  modifitseerimata ja keemiliselt modifitseeritud kanepikiudude omaduste uurimist mikroskaalal ja nende mõju uurimist biokomposiidi füüsikalis-mehaanilistele omadustele makroskaalal.

Esmalt uuriti kanepikiu keemilist koostist, tugevus- ja morfoloogilisi omadusi. 
Seejärel valmistati polüpiimhappe (PLA) ja kanepikiududest biokomposiidid 30 ja 50 massiprotsendilise (m.%) armeerivate kiudude sisaldusega ning hinnati nende tõmbetugevust ja tõmbeelastsusmoodulit.

Uuringu tulemused näitasid, et Eestis kasvanud kanepikiu rakuseinte lignifitseerumine oli madalam (1,4%) võrreldes Lääne-Euroopas kasvatatud kanepiga, mis tulenes lühikesest päevavalguse ajast viimases kasvufaasis ja kõrgest lahustuvate ainete sisaldusest (12 ± 0,4%). Mikroobide tegevuse piiratuse tõttu külmleotuse ajal  halvenes üksikute kiudude eraldamine kiukimpudest, mis vähendas biokomposiitide mehaanilist tugevust. Peale kanepikiudude eraldamist kiukimpudest kasutati kiu omaduste muutmiseks ja biokomposiidi tugevusomaduste parandamiseks nelja kiudude keemilise modifitseerimise meetodit (72-tunnine vees leotamine, 4-tunnine leeliseline eeltöötlemine 5 m.% NaOH lahusega, kombineeritud vesi-silaan ja leelis-silaan töötlemine). Kanepikiu keemilise eel- (vee või leelisega) ja järeltöötluse (silaaniga) 
mõju kiu omadustele uuriti skaneeriva elektronmikroskoobi (SEM), Fourier’ transformatsiooniga infrapuna spektromeetri (FTIR) ja termogravimeetrilise analüüsiga (TGA). Analüüsi tulemused näitasid keemilise töötluse suhtelist tõhusust kiu omaduste modifitseerimisel, mis oli tingitud mittetselluloossete ainete (pektiin, vaha, ligniin ja hemitselluloosid) osalisest ekstraheerimisest. Biokomposiidi ristlõike mikroskoopilised uuringud näitasid, et eeltöötlemine tagas parema kiudude jaotumise ja homogeensuse PLA maatriksis. Lisaks näitasid 30 ja 50 m.% kiusisaldusega biokomposiitide füüsikalis-mehhaanilined katsetused, et 50 m.% kiusisaldusega biokomposiitide puhul mehaaniline tugevus vähenes, kuna PLA maatriks ei suutnud kõiki kiude enam siduda ja kiudude omavaheline kontakt oli suurem, eriti pärast modifitseerimist. Kiudude ebapiisav märgumine PLA-ga põhjustas biokomposiidi suuremat poorsust ja ebaühtlase pingete jaotumise komposiidis. 

Biokomposiidi töökindlus ja tugevus vähenesid märgades oludes kõrge kiusisalduse korral kiudude  suurema hüdrofiilsuse ja suurema tühimike arvu tõttu. Kuid arvestades biokomposiitide tulevasi rakendusi, näiteks ehitus- ja transpordisektoris, kus tuletõkke omadused on olulised, võiks suurem kiusisaldus anda rahuldava tulemuse. Modifitseeritud kanepikiuga biokomposiitide puhul andis 30% kiusisalduse juures kõige paremaid tulemusi kombineeritud töötlemine leelise ja silaaniga, kus komposiidi tõmbetugevus oli 62 MPa, paindetugevus 113 MPa ja elastsusmoodul 7,6 GPa. 
50% kiusisaldusega suurenes paindetugevus ainult 5,8%. Kanepikiudude eeltöötlusel veega saavutati sarnane kiu omaduste paranemine, kuid tulemused ei olnud 
oluliselt paremad võrreldes NaOH lahusega keemiliselt töödeldud kiududega tugevdatud biokomposiitidega. Arvestades, et leelise ja silaaniga kombineeritud modifitseerimine on 9 korda kallim kui leelisega töötlemine ning tulemuste paranemine ei olnud enamikul juhtudel märkimisväärne, soovitati uuringus eelistada kiudude töötlemist NaOH lahusega. 

Kokkuvõtteks võib öelda, et doktoritöös karakteriseeriti Eestis kasvanud ja külmligu meetodil töödeldud kanepikiu (Ungari Tizsa) omadusi ja töötati välja suurema mehaanilise tugevusega biokomposiidid, mis aitavad kaasa CO2 emissiooni vähendamisele ja soodustavad kohapeal kasvatatud ressursside keskkonnasäästlikku kasutamist. Suuremate komposiitplaatide tootmiseks ja materjali tugevusomaduste ühtlustamiseks on vaja täiustada tootmistehnoloogiat protsessi automatiseerimisega.
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Weight derivative, %/min
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Weight derivative, %/min









PLA	0.44721359549995954	0.44721359549995954	PLA	UH	WH	WSH	AH	ASH	51.000000000000007	30 wt.%	2.3941529796139753	7.2909049964621193	3.7157771730823685	5.7637207370075565	3.1852920646328515	2.3941529796139753	7.2909049964621193	3.7157771730823685	5.7637207370075565	3.1852920646328515	PLA	UH	WH	WSH	AH	ASH	48.016063979023954	51.158896846256916	51.779999999999994	55.810905019518188	62.107078514238104	50 wt.%	7.4229374239582375	4.9756888970272248	3.7157771730823685	2.2928148638736641	7.3665529186855814	7.4229374239582375	4.9756888970272248	3.7157771730823685	2.2928148638736641	7.3665529186855814	PLA	UH	WH	WSH	AH	ASH	33.05939270013161	48.536000000000001	51.779999999999994	52.52	54.306709195001325	

s, MPa









PLA	6.1644140029689765E-2	6.1644140029689765E-2	PLA	UH	WH	WSH	AH	ASH	3.4200000000000004	30 wt.%	0.47178384881214408	0.68835310706061315	0.53335729112856445	1.0378487365700215	0.22611943746613145	0.47178384881214408	0.68835310706061315	0.53335729112856445	1.0378487365700215	0.22611943746613145	PLA	UH	WH	WSH	AH	ASH	5.4259999999999993	6.4640000000000004	6.7879999999999994	6.984	8.5060000000000002	50 wt.%	0.82639578895345445	0.34978564864785394	0.17082154430867322	0.72919818979478335	0.69834089096944596	0.82639578895345445	0.34978564864785394	0.17082154430867322	0.72919818979478335	0.69834089096944596	PLA	UH	WH	WSH	AH	ASH	4.4539999999999997	5.49	6.1659999999999995	6.4359999999999999	7.5860000000000003	

E, GPa









PLA	2.5012235995825898	2.5012235995825898	PLA	UH	WH	WSH	AH	ASH	84.21530702182757	30 wt.%	12.558830114099278	4.5388027288485508	4.724550780736549	4.4568196341263011	3.2394359720971	12.558830114099278	4.5388027288485508	4.724550780736549	4.4568196341263011	3.2394359720971	PLA	UH	WH	WSH	AH	ASH	72.777917236447834	80.800145986031239	83.039182120234869	95.351584008041044	112.9596943864256	50 wt.%	6.3875986847345461	6.7668734422677241	5.0745357190834532	9.3135150557720205	7.769880146994244	6.3875986847345461	6.7668734422677241	5.0745357190834532	9.3135150557720205	7.769880146994244	PLA	UH	WH	WSH	AH	ASH	53.152355663191486	53.815806719880641	80.800145986031239	84.221900870867813	109.62756496097093	

MoR, MPa









PLA	5.2153619241621235E-2	5.2153619241621235E-2	PLA	UH	WH	WSH	AH	ASH	3.5880000000000001	30 wt.%	0.8509994124557333	0.42926681679347167	0.64717076571798249	0.87440265324391619	0.71855410373889017	0.8509994124557333	0.42926681679347167	0.64717076571798249	0.87440265324391619	0.71855410373889017	PLA	UH	WH	WSH	AH	ASH	5.34	5.0520000000000005	5.9660000000000002	7.9040000000000008	8.1080000000000005	50 wt.%	0.36909348409312237	0.64565470648017109	0.79528611203767929	0.53603171547959716	0.68357150320943005	0.36909348409312237	0.64565470648017109	0.79528611203767929	0.53603171547959716	0.68357150320943005	PLA	UH	WH	WSH	AH	ASH	5.0140000000000002	5.128000000000001	5.6440000000000001	5.6859999999999999	8.5779999999999994	

MoE, GPa









UH	0	30	50	75	95	0	1.2558560654177293	1.840489021033838	3.0210741091743687	6.9466533906945145	UH	

0	30	50	75	95	0	1.0405690200210549	1.8177028451001085	3.2270811380400408	6.9020021074815432	WH	0	30	50	75	95	0	1.1756586065753729	1.7250793775544413	2.8361569307380221	6.53896318956033	WH	

0	30	50	75	95	0	0.92924832091267917	1.711288987027338	3.0637593154844036	6.4863372895390663	AH	0	30	50	75	95	0	0.82808390559244205	1.2717658973494808	2.2182353286918222	5.6484737909925693	AH	

0	30	50	75	95	0	0.6785714285714205	1.232142857142853	2.3660714285714208	5.6160714285714217	WSH	

0	30	50	75	95	0	1.08	1.54	2.4500000000000002	5.3222270576502213	WSH	0	30	50	75	95	0	0.81904761904761858	1.5428571428571471	2.7333333333333378	5.2571428571428669	ASH	0	30	50	75	95	0	1.153346956704252	1.6599175308926986	2.6614265088507207	5.88289310911731	ASH	

0	30	50	75	95	0	0.93321134492224178	1.6193961573650468	2.9002744739249788	5.8279963403476582	PLA	0	30	50	75	95	0	0.25081117404024289	0.31705640256130141	0.42965284324416914	0.71592088134925058	PLA	

0	30	50	75	95	0	0.14598540145987687	0.35832780358329164	0.50431320504315436	0.69011280690115107	UH	0	30	50	75	95	0	1.9875754526345102	2.9604079827123626	4.962503177398685	11.820607066654523	UH	0	30	50	75	95	0	1.7292377701933808	2.8555176336746197	5.2673492605233161	11.763367463026169	WH	0	30	50	75	95	0	1.7959886934311635	2.7088771991520213	4.615461586896882	11.299099065602967	WH	0	30	50	75	95	0	1.5748886716628683	2.6284348864994049	4.8658629303790644	11.252308026501591	AH	0	30	50	75	95	0	1.5609544500914254	2.3752813473220504	4.0937252944329492	10.216704142703897	AH	0	30	50	75	95	0	1.3730419648037009	2.2626184490427281	4.3511893250821752	10.172113711081025	RH, %





EMCd.b & MD, %









UH	0	30	50	75	95	0	1.9875754526345102	2.9604079827123626	4.962503177398685	11.820607066654523	UH	

0	30	50	75	95	0	1.7292377701933808	2.8555176336746197	5.2673492605233161	11.763367463026169	WH	0	30	50	75	95	0	1.7959886934311635	2.7088771991520213	4.615461586896882	11.299099065602967	WH	



0	30	50	75	95	0	1.5748886716628683	2.6284348864994049	4.8658629303790644	11.252308026501591	AH	0	30	50	75	95	0	1.5609544500914254	2.3752813473220504	4.0937252944329492	10.216704142703897	AH	

0	30	50	75	95	0	1.3730419648037009	2.2626184490427281	4.3511893250821752	10.172113711081025	ASH	0	30	50	75	95	0	1.6899152157340367	2.4523634766049747	3.9744040320884158	8.9449235814525725	ASH	

0	30	50	75	95	0	1.4882066641707259	2.3586671658554677	4.2399850243354562	8.8918008236615496	WSH	

0	30	50	75	95	0	1.4884622159591439	2.492513651576548	4.4213493042099792	9.3447243262286541	WSH	0	30	50	75	95	0	1.7472257587551037	2.5447226370733356	4.1434800709961594	9.3992538486123127	UH	0	30	50	75	95	0	1.2558560654177293	1.840489021033838	3.0210741091743687	6.9466533906945145	UH	0	30	50	75	95	0	1.0405690200210549	1.8177028451001085	3.2270811380400408	6.9020021074815432	WH	0	30	50	75	95	0	1.1756586065753729	1.7250793775544413	2.8361569307380221	6.53896318956033	WH	0	30	50	75	95	0	0.92924832091267917	1.711288987027338	3.0637593154844036	6.4863372895390663	AH	

0	30	50	75	95	0	0.82808390559244205	1.2717658973494808	2.2182353286918222	5.6484737909925693	AH	0	30	50	75	95	0	0.6785714285714205	1.232142857142853	2.3660714285714208	5.6160714285714217	WSH	0	30	50	75	95	0	1.08	1.54	2.4500000000000002	5.3222270576502213	WSH	

0	30	50	75	95	0	0.81904761904761858	1.5428571428571471	2.7333333333333378	5.2571428571428669	ASH	

0	30	50	75	95	0	1.153346956704252	1.6599175308926986	2.6614265088507207	5.88289310911731	ASH	0	30	50	75	95	0	0.93321134492224178	1.6193961573650468	2.9002744739249788	5.8279963403476582	RH, %





EMCd.b & MD, %









TS30wt.%	1.9819216159698162E-2	1.4971274431845306E-2	2.9161318906568937E-2	2.0145567017902197E-2	1.0333399252645268E-2	1.9819216159698162E-2	1.4971274431845306E-2	2.9161318906568937E-2	2.0145567017902197E-2	1.0333399252645268E-2	UH	WH	WSH	AH 	ASH	0.10966889538923477	0.10883373369701096	0.10827484583904705	7.478168665002749E-2	9.4474725240414642E-2	TS50wt.%	6.4044741602539441E-3	1.4442635597201891E-2	9.4007335784161115E-3	2.9556579010119093E-2	3.7516836897145689E-2	6.4044741602539441E-3	1.4442635597201891E-2	9.4007335784161115E-3	2.9556579010119093E-2	3.7516836897145689E-2	UH	WH	WSH	AH 	ASH	0.21281172638989743	0.21561361813948551	0.1972364376064395	0.12173865795012676	0.12990374367776775	WA30wt.%	2.1285511053436665E-2	1.4821229664078549E-2	1.7217574839611519E-2	1.5120422601705288E-2	4.4016450763980287E-2	2.1285511053436665E-2	1.4821229664078549E-2	1.7217574839611519E-2	1.5120422601705288E-2	4.4016450763980287E-2	UH	WH	WSH	AH 	ASH	0.22314987495016525	0.20374269695837147	0.18517505271213971	0.16270656055635974	0.13302779981507232	WA50wt.%	3.3928860030844207E-2	1.2906563156463716E-2	3.9279721974130204E-2	3.9750398182652608E-2	8.5615489548903512E-3	3.3928860030844207E-2	1.2906563156463716E-2	3.9279721974130204E-2	3.9750398182652608E-2	8.5615489548903512E-3	UH	WH	WSH	AH 	ASH	0.29157593089819001	0.26083377091054649	0.24791599054584373	0.2436382513984508	0.23712081339220212	
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